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1 North Africa Research Group, Department of Earth and Environmental Sciences, 6 
University of Manchester, Manchester, M13 9PL, UK.  7 

2 Aix-Marseille Université, CNRS, INRD, IRA, Collège de France, CEREGE, France  8 

Abstract  9 

The Cenomanian-Turonian Oceanic Anoxic Event (OAE2) is a significant global event that 10 

has been linked to major source rock development in marine environments. The aim of this 11 

study is to integrate biostratigraphic, sedimentological and geochemical data (including 12 

stable carbon isotopes and trace elements) to document the timing and controls of organic 13 

matter enrichment across the Cenomanian-Turonian boundary.  14 

Morocco has excellent exposures of Tethyan carbonate platform and basinal facies and this 15 

paper details a high-resolution analysis of organic-rich Late Cretaceous intervals exposed in 16 

the Errachidia-Goulmima Basin, to investigate their relationship to the OAE2.  Integrating 17 

planktic foraminiferal and ammonite biostratigraphy with carbon isotope correlations indicate 18 

that organic-rich black mudstones identified were deposited from latest Cenomanian to early 19 

Turonian, suggesting a late-OAE2 to post-OAE2 age.  20 

The sedimentology, redox water conditions and palaeoproductivity of the 21 

palaeoenvironments were studied to characterise the lithofacies and geochemical signatures, 22 

and to analyse the controlling factors for organic–enrichment. In the study area during the 23 
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lower OAE2 interval, a shallow water mid-ramp environment prevailed, with predominantly 24 

bivalve-rich limestone deposition. Subsequent organic-rich mudstone development can be 25 

correlated with the latest Cenomanian (late OAE2 interval) and early Turonian (post-OAE 26 

interval) transgression, which allowed development of anoxic to euxinic conditions in the 27 

outer-ramp environment, characterized by high TOC values, from 2.7 to 17 wt%.  Shallow 28 

platform locations continued to experience limestone deposition with no organic enrichment.  29 

Trace and major element data from the C/T black mudstones show an extremely high 30 

concentration in palaeoproductivity-sensitive (P, Zn, Ni and Cu) and redox-sensitive 31 

elements (V, Mo, and U).  The redox environments evolved from dysoxia to anoxia and 32 

sulfidic euxinia, which is interpreted to have provided optimum conditions for organic carbon 33 

preservation in the Errachidia area.  34 

The results highlight the important interplay of local paleogeography and eustatic sea-level 35 

(the late Cenomanian/early Turonian transgressions) as the main controls on organic 36 

mudstone deposition, rather than simply global OAE2 control.  The development of organic-37 

rich mudstones reflects both increased productivity at this time and enhanced organic matter 38 

preservation due to the change in redox bottom water conditions. 39 

Keywords: Cenomanian, Turonian, OAE2, Organic carbon, Carbonate platform, Stratigraphy,  40 

Geochemistry, Morocco  41 

1. Introduction  42 

The Cenomanian-Turonian Oceanic Anoxic Event (OAE2) was a significant global event that 43 

has been linked to the widespread deposition of organic carbon in a variety of 44 

palaeobathymetric settings, such as continental margins, shelf seas and abyssal plains 45 

(Schlanger and Jenkyns, 1976; Schlanger et al., 1987; Kolonic et al., 2005). These 46 
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approximately coeval stratigraphic deposition of global organic-rich mudstones  in the late 47 

Cenomanian and early Turonian (C/T) intervals have been extensively studied, but there is 48 

still debate on the local to global controls on the deposition of enhanced organic matter (OM) 49 

accumulations and its relation to the OAE2 (Schlanger et al., 1987; Sageman et al., 2003; 50 

Lüning et al., 2004; Kolonic et al., 2005; Brumsack, 2006; Jarvis et al., 2011; Jarvis et al., 51 

2015).   52 

The OAE2 has been extensively studied in deep-water basins, where well-preserved OM-rich 53 

black mudstones and shales have been reported, and can be correlated to a positive carbon 54 

isotope excursion (Tsikos et al., 2004; Kolonic et al., 2005; Kuhnt et al., 2017).  However, 55 

C/T OM-rich mudstones were only rarely developed in shallow carbonate platforms, despite 56 

the strata recording the typical δ13C positive excursion of the OAE2 interval (Elrick et al., 57 

2009; Gertsch et al., 2010; El-Sabbagh et al., 2011; Korbar et al., 2012). A number of 58 

questions remain regarding the controls of OM accumulation and the response of the OAE2 59 

in shallow marine settings.  60 

A wide shallow carbonate platform developed across the West Saharan platform during the 61 

Late Cenomanian to Early Turonian (Benadla et al., 2018), and outcrops in the Pre-African 62 

basins of Morocco afford the opportunity to address some of these outstanding questions.     63 

The Upper Cenomanian to Lower Turonian successions in the Errachidia-Goulmima Basin 64 

are dominated by shallow-marine palaeoenvironments (Lézin et al., 2012). These deposits 65 

contain comparable fossil assemblages and facies to paleo-Tethys Ocean-influenced platform 66 

sediments across Tunisia and Algeria (Caron et al., 2006; Grosheny et al., 2008; Zagrarni et 67 

al., 2008; Reolid et al., 2015; Aguado et al., 2016; Ferré et al., 2017; Benadla et al., 2018).   68 

In the Errachidia-Goulmima Basin, the interval has been the focus of a number of previous 69 

biostratigraphic studies, based on ammonites (Kennedy et al., 2008; Meister et al., 2017), 70 
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planktic foraminifera (Lézin et al., 2012; Reolid et al., 2015) and ostracods (Andreu et al., 71 

2013; Benadla et al., 2018).  Lézin et al. (2012) integrated biostratigraphic data with a δ
13C 72 

study, but the results were inconclusive and several possible locations for the C/T boundary 73 

were proposed.   The uncertain position of the C/T boundary in this area has impeded  74 

regional and global correlation, and thus further assessment of global paleoclimate change or 75 

the relationship of eustatic sea level change to the deposition of C/T strata.  Lézin et al. 76 

(2013) also undertook the first geochemical analysis on samples in the studied basin, 77 

including at the Goulmima and Ziz sections, proposing an oxygenated water condition in the 78 

Upper Cenomanian, but a reducing condition recorded in the Lower Turonian induced by the 79 

increased palaeoproducitivity related to geochemical weathering input.  However, they did 80 

not identify any sections with anoxic bottom water conditions or organic-rich sediments, and 81 

as such were unable to evaluate any association of anoxia and organic carbon burial  to the 82 

OAE2 in this area.   83 

This paper presents detailed sedimentological, palaeontological, mineralogical and 84 

geochemical analyses undertaken on seven sections in the Pre-African Trough, focusing on 85 

the Errachidia-Goulmima Basin. The purpose of this study is firstly to describe the 86 

distribution and characteristics of organic carbon in this shallow marine carbonate platform 87 

environment, and secondly to build a new C/T stratigraphic framework to improve regional 88 

correlation to the C/T boundary and OAE2.  Thirdly, this study reconstructs the 89 

palaeoenvironment of the Tethyan Errachidia-Goulmima Basin and investigates the driving 90 

factors for organic matter sequestration and black shale deposition in order to better 91 

understand the OAE2 response in shallow platform environments.   92 

2. Geological setting  93 

Located in southeast Morocco, the Pre-African Trough extends over the provinces of Souss- 94 
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Massa-Drâa and Meknes-Tafilalet.  It forms a low-relief plain, sandwiched between the  95 

Moroccan High Atlas to the North and the Anti-Atlas mountain range to the South (Figure 1).   96 

From west to east, the Pre-African Trough can be subdivided into the Souss, Ouarzazate and 97 

Errachidia-Boudnib-Erfoud Basins(Ambroggi and Choubert, 1952).   98 

 99 
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Figure 1. Location of studied sections in the Errachidia-Goulmima Basin.  The late Cenomanian-early 100 
Turonian palaeogeography (inset Fig 1A) of Northwest Africa (modified after Weaver et al., 2000) 101 

The Cretaceous succession lies unconformably upon either Palaeozoic or Jurassic sediments.  102 

It is dominated by shallow-marine palaeoenvironments comprising similar facies and fossil 103 

assemblages to Neo-Tethys platform deposits described from Algeria and Tunisia (Busson et 104 

al., 1999; Grosheny et al., 2008; Zagrarni et al., 2008; Robaszynski et al., 2010; Grosheny et 105 

al., 2013; Reolid et al., 2015; Benyoucef et al., 2016; Benyoucef et al., 2017; Benadla et al., 106 

2018).  The absence of Cretaceous strata in most of the High Atlas and Anti Atlas is 107 

attributed to post-Cretaceous erosion.  It is likely that Cenomanian/Turonian deposition 108 

extended across a large part of these areas, with maximum depositional extent during the 109 

early Turonian transgression(Zouhri et al., 2008).  110 

Seven outcrops were studied in the Errachidia-Goulmima Basin: 1. the Errachidia section 111 

(Errachidia) (lat 31°59'53"N and long 4°33'29"W), 2. the Errachidia West section (ETW) (lat 112 

31°59'5"N and long 4°34'57"W), 3. the Ghaba Tarda section (EGS) (lat 31°48'50"N and long 113 

4°36'7"W), 4. the Zouala section (ZS) (lat 31°48'1"N and long 4°14'17"W), 5.the Goulmima 114 

Section (GS) (lat 31°42'30"N and long 4°55'43"W), 6. the Tadighoust section (TKS) (lat 115 

31°52'22"N and long 4°55'56"W) and 7. the Tinghir section (TS) (lat 31°31'57"N and long 116 

5°28'33"W) (Fig. 1B).  117 

 These sections belong to the Cenomanian–Turonian Akrabou Formation, which was 118 

introduced by Dubar (1948) (Dubar, 1948), and formally defined by Ettachfini and Andreu 119 

(2004) (Figure 2). The thickness of the Akrabou Fm. varies from 12m to 50 m across the 120 

basin. It is subdivided into four lithostratigraphic units (Unit C1, C2, T1 and T2), that are 121 

bound by regional unconformities (D2 to D6) (Ettachfini and Andreu, 2004) (Figure 2). 122 

Lateral facies changes were recognised and extensively discussed by Ettachfini and Andreu 123 

(2004). The biostratigraphic interpretation of the successions was initially based on 124 

ammonites, foraminifera and ostracods, and the C/T boundary was tentatively placed at the 125 
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base of unit T1 and marked by a major regional unconformity (D4) (Ettachfini and Andreu, 126 

2004; Lézin et al., 2012; Andreu et al., 2013). The T1 and T2 units were defined at the 127 

ammonite rich section of Tadighoust (Kennedy et al., 2008). 128 

This scheme was modified in subsequent work by Lézin et al. (2012), Andreu et al. (2013) 129 

and Lebedel et al. (2013), following collection of new data (ammonites, foraminifera and 130 

δ13C). The Upper Cenomanian to Lower Turonian age of the formation was confirmed, but 131 

the C/T boundary was shifted to a position equivalent to the D5 unconformity of Ettachfini 132 

and Andreu (2004) (Figure 2).  133 

 134 

Figure 2. Stratigraphic column and unconformities in Pre-African basin.  The position of 135 
Cenomanian/Turonian boundary as it was previously defined by (a) Lézin et al. (2012) and (b) Ettachfini 136 

and Andreu (2004). 137 
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3. Materials and Methods  138 

A total of seven sections were logged at high resolution and photographed, and 268 samples 139 

of limestones, marls and organic-rich mudrocks collected to investigate the 140 

palaeoenvironmental changes during the C/T transition. A number of samples (102 in total) 141 

from the Errachidia, Goulmima and Tadighoust sections were made into thin sections and 142 

polished for optical and scanning electron microscopy observation.   143 

A total of 52 samples were selected for XRF analysis. These were made into pressed pellet-144 

shape samples and analysed using Axios Sequential X-ray Fluorescence Spectrometer at the 145 

University of Manchester. The obtained trace elements were normalized to aluminium to 146 

eliminate the dilution effect of detrital input linked to silicates (Turekian and Wedepohl, 147 

1961; Wedepohl, 1971; Brumsack, 1989; Calvert and Pedersen, 1993; Wedepohl, 1995). All 148 

the trace elements are displayed as Al-normalized values with units of 10-4.  The richness of 149 

elements is expressed as normalized elements divided by average shale (As) values 150 

(Brumsack, 1989, 2006), using the average shale compositions of Wedepohl (1971).  151 

Enrichment factors (EFs) were calculated using:  152 

EFelement = (element/Al) sample / (element/Al)As 153 

Using the enrichment factors, five categories, based on the work of Sutherland (2000), were 154 

used to describe enrichment in the sediments: 1) EF<2, depleted concentration; 2) 2<EF<5, 155 

moderate enrichment; 3) 5<EF<20, significant enrichment; 4) 20<EF<40 highly enriched 156 

elements; 5) EF>40, extremely enriched elements.  157 

Carbon and oxygen stable isotope analysis (δ
13C and δ18O) on samples from the Errachidia 158 

section were carried out at the University of Liverpool using an Elemental Analyser coupled 159 

to the Thermo Scientific Delta VAdvantage mass spectrometer fitted with Conflo IV gas 160 

handling system, with the purpose of identifying the OAE2 interval and C/T boundary based 161 
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on correlation to published regional and global δ
13C curves.  Small amounts (a few grams) of 162 

samples were carefully selected from the fresh samples collected in the field. All samples 163 

were pre-treated in order to remove reactive organic compounds present in bulk limestones 164 

prior to isotopic analysis. The carbon (13C/12C) and oxygen (18O/16O) isotope ratios of bulk 165 

limestone samples were measured following a modified version of the classical manual 166 

‘sealed vessel’ procedure described by McCrea (1950) and Swart et al. (1991) (McCrea, 167 

1950; Swart et al., 1991). Data are reported as delta (δ) values with respect to the Vienna Pee 168 

Dee Belemnite (VPDB) carbon and oxygen isotope scales (via NBS 19, NBS 18). Analytical 169 

precision (1σ), based on replicate analysis of inhouse quality control calcite, is estimated to 170 

be ±0.04 ‰ for carbon isotope values and ±0.06 ‰ for oxygen isotope values.  171 

Mineralogical quantification was performed on 51 samples from the Errachidia section using 172 

a Philips PW1730 and Bruker D8 Advance in the University of Manchester, to identify the 173 

compositions of organic-poor limestones and organic-rich mudstones. A total of 35 samples 174 

have been analysed for Total Organic Carbon content (TOC) from the Errachidia section, 175 

using a Leco carbon analyser in the University of Manchester and Jilin University. The TOC 176 

values were calculated by subtracting the Inorganic Carbon (IC) values from the Total 177 

Carbon (TC) values.  178 

 179 

4 Sedimentology and Results  180 

4.1. Lithofacies  181 

Twelve lithofacies are identified from the seven studied sections, based on sedimentological 182 

features and fossil assemblages, detailed on Table 1.   183 

These lithofacies can be grouped into three broad associations: 184 
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Fossil-rich packstone-floatstone (LF1-LF7): widely developed in the lower part of the 185 

sections (Figure 3 and Figure 4), displaying deposition on a generally shallow carbonate 186 

marine platform, midramp to inner-ramp environment.   187 

Fine-grained wackestone or black mudrock (LF8-LF10) dominates the middle part of the 188 

section (Figure 5), intercalated with bivalve-rich grainstone, showing a dominant deeper 189 

outer-ramp marine deposition.   190 

Bivalve rich floatstone (LF11 and LF12) forms the upper part of most logged sections 191 

(Figure 5), presenting a mid-ramp environment again.  192 

Based on the above lithological patterns and fossil assemblages, a regional correlation was 193 

carried out (Figure 6) and three depositional units were defined:  a lower bioclastic limestone 194 

unit (LBL), a middle fine-grained limestone unit (MFL) and an upper bioclastic limestone 195 

(UBL) unit (Figure 6 and Table 1).   196 

4.1.1. Lower Bioclastic Limestone (LBL) Unit  197 

This unit forms the basal part of the Cenomanian-Turonian deposition in this area, it is the 198 

thickest unit and is dominated by fossil-rich limestone (from wackestone to floatstone).  199 

These strata contain abundant benthic fauna (bivalves, gastropods, echinoids, benthic 200 

foraminifera and ostracods) and associated minor planktic fauna (planktic foraminifera and 201 

calcispheres). Seven lithofacies were identified in this unit (Table 1).   202 

LF1 and LF2 are the two most common lithofacies in this unit.  Beds are relatively thick, up 203 

to 2 m in the lower part of the Errachidia section. Also common are nodular, thin-bedded 204 

layers (less than 20cm) interbedded with thin marly limestone.  These are widely observed in 205 

all sections except the Zouala section (Figure 1B and Figure 6).  LF3 and LF 4 are also well 206 

developed in this unit, mainly distributed towards the middle part (the Errachidia, Tadighoust 207 
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and Goulmima sections).  The unit is dominated by a diverse assemblage of small 208 

macrofossils, such as bivalves, gastropods and some shell fragments, together with ostracods 209 

and foraminifera microfossils. LF5 is only identified in the Zouala section, and is 210 

characterized by a floatstone dominated by large Nerinea (gastropods). LF6 and LF7 are also 211 

locally recorded in the Zouala and Ghaba Tarda  sections in this unit, with some beds 212 

comprising interbeds of these two lithofacies (Figure 6).  213 

The high amount of micrite matrix and the presence of well-preserved fossils in LF1 and LF2 214 

suggest a low energy environment below the fair weather wave base (FWWB).  The co-215 

occurrence of large bivalves/oyster fragments with a micrite matrix could be evidence of 216 

reworking by strong wave action and redeposited in a relative quite condition between the 217 

FWWB and the storm wave base (SWB), suggesting a mid-ramp environment.  The abundant 218 

reworked shell fragments in LF3 and LF4 are interpreted to be a medium-energy 219 

environment above the SWB, and integrated with rarely developed benthic foraminifera, 220 

suggesting a mid-ramp environment. LF5 was commonly developed in between the lower 221 

part of the intertidal zone to the upper subtidal zone (HUA‐ZHANG, 1990), an inner ramp 222 

environment above FWWB.  The abundance of rudist and reworked rudist fragments in the 223 

LF6 and LF7 indicate an inner-ramp setting. Overall, this unit is composed of a lithofacies 224 

association of mid- and inner-ramp conditions in the Zouala and Ghaba Tarda  sections, 225 

while the other sections show deposition in a mid-ramp environment.   226 

4.1.2. Middle Fine-Grained Limestone (MFL) Unit   227 

This unit is composed of four lithofacies (Figure 4). Micritic limestones and mudstone 228 

(LF8/LF9) at the base, followed by bioclastic-rich limestone beds (LF2/LF10), and capped 229 

again by LF8/LF9.  The foraminiferal wackestone lithofacies (LF 9) is the most commonly 230 

developed in all of the sections.    231 
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Organic-rich black mudrocks (LF8) were recorded in this unit in both the Errachidia and 232 

Errachidia West sections, interbedded with the OM-poor fine-grain limestone (LF9). The 233 

middle part of this unit is dominated in most of the studied area by LF10, consisting of 234 

nodular limestone beds that contain well-preserved bivalves. Individual beds are typically 235 

thinner than 20cm. However, in the Zouala and Ghaba Tarda sections, the middle part of this 236 

unit is mainly composed of LF2.   237 
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Table 1 Characteristics and interpretations of lithofacies in the studied basin 238 

Lithofacies  Sedimentological features  Biogenic features  Interpretation  Sections  Unit  

LF1 Oyster-rich 
floatstone (Figure 3  
A)  

Limestone with oyster beds interbedded 
with thin greyish fine-grain limestone 
or grey marls beds.  Up to 2 m thick. 
Massive oysters distributed in a micrite 
limestone matrix.  

Abundant large (up 10 cm) and 
well-preserved oysters (Figure 3  
A1), some shell fragments (Figure 
3 A2) and rare planktic and 
benthic foraminifera   

Mid-ramp, 
low energy, 
above the 
SWB  

ETS,  
ETW, GS,  
EGS, TKS, ZS 
and TS  

LBL 

LF2 Bivalve-rich 
floatstone (Figure 3  
B)  

Greyish bivalve-rich limestone, 
interbedded with thinly marly 
limestone or marls beds. Abundant 
bivalves distributed in a micrite matrix.  

Abundant well-preserved bivalves 
(Figure 3 B1), bivalve fragments 
(Figure 3 B2),  
various size of bivalves up to 3cm  

ETS,  
ETW, GS, 
EGS, TKS and 
TS  

LBL 

MBL 

LF3 Shelly 
wackestone 

Thin beds of greyish wackestone 
interbedded with thin beds of marly 
limestone (Figure 3 C1).  

Minor planktic and benthic  
foraminifera, and shell fragments 
(Figure 3 C2).   

Middle ramp, 
low-medium 
energy, 
between  
the SWB and  
FWWB  
 

ETS,  
ETW, GS, 
EGS, TKS and 
TS  

LBL 

LF4 Bivalve-rich 
packstone/grainstone 

Greyish fossil-rich limestone 
interbedded with thin beds of 
marly limestone.  

Abundant reworked bivalve shells, 
gastropods (Figure 3A1), 
ostracods, peloids, rare planktic 
foraminifera (Figure 3 D2)  

LF5 Gastropod-rich 
floatstone 

Thick beds (up to 5m) of greyish 
micritic limestone with common 
gastropods (Figure 4 A).  

Large Nerinea-dominated 
gastropods up to 10 cm long   

Inner Ramp  
(above 
FWWB)  

ZS  

LF6 Bryozoans-rich 
floatstone 

Greyish bryozoans rich floatstone, up 
to 6 metres,  

Abundant bryozoans (Figure 4B), 
commonly mixed with rudists, rare 
bivalves, echinoids fragments, 
benthic foraminifera.   

ZS and  
EGS  

12 239 
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LF7 Rudistic 
floatstone 

Yellowish thick rudist-rich 
floastone, rudist shells isotlated in  
a bioclastic wackestonepackstone 
matrix.  

High abundance of Slightly reworked 
rudist shells and fragments (C1 and 
C2), and burrows and some bioclasts 
were identified in the mud matrix.   

Inner Ramp  
(above 
FWWB)   

ZS and  
EGS  

 

LF8 OM-rich black 
mudrock 

Laminated black mudstone. Light 
grey to tan coloured when 
weathered, but black on freshly 
broken surfaces. (Figure 4 D3). 
Contains scattered calcite nodules  
(Figure 4 D1)  

Abundant foraminifera (Heterohelix 
and Whitenella) (Figure 4 D2 and 
D4), some crinoids and rare oyster 
fragments (Figure 4 D4). No benthic 
foraminifera identified  Outer ramp 

below SWB   

ETS and  
ETW  

MFL

 
LF9 Foraminiferal-
rich wackestone 

Whitish and greyish limestone 
wakestone with intercalated 
carbonate nodules (Figure 5 A1), 
and carbonate layers  

Abundant planktic foraminifera, and 
presence of crinoid and oyster 
fragments (Figure 5 A2)  

ETS,  
ETW, GS,  
EGS, TKS, 
ZS and TS  

LF10 Nodular 
floatstone 

Alternating thinly bedded nodular 
limestone and marly limestone 
(Figure 5 B1). Nodular limestone 
contains large bivalves.  

Abundant well-preserved bivalves 
observed in the nodular limestone, 
abundant peloids and minor benthic 
foraminifera and ostracods (Figure 5 
B2).  

Middle Ramp, 
below the  
FWWB  

ETS,  
ETW, GS and 
TKS   

LF11 Bivalve and 
crinoid-rich 
floatstone 

Thick bedded (up to 80 cm) greyish 
grainstone with thickness (Figure 5 
C1)  

Well-preserved bivalves, shell 
fragments, crinoids and peloids were 
highly developed (Figure 5 C2)  

ETS,  
ETW, and  
TKS   

UBL 

LF12 Bivalve and 
peloidal floatstone 

Big package of grainstone some 
fossils are highly weathered 
(Figure 5 D1)  

Abundant well-preserved bivalves, 
shell fragments and peloids (Figure 5 
D2)  

GS, EGS, and 
ZS  
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 242 
Figure 3. Illustration of LF 1 to LF4 lithofacies. 243 

LF1: (A1) the Errachidia section, illustrating the oyster-rich dominated floatstone; (A2) 244 
Photomicrograph of the oyster-rich floatstone in the Errachidia section, LF2: (B1) the Errachidia 245 
section, illustrating the bivalve-rich floatstone; (B2) Photomicrograph, showing bivalves and 246 
bivalve fragments in the Tadighoust section. LF3: (C1) the Errachidia section, illustrating the 247 
thinly bedded wackestone alternating with marly limestone beds; (C2) Photomicrograph, 248 
displaying wackestone mainly composed of planktic and benthic foraminifera in the Tadighoust 249 
section. LF4: (D1) the Errachidia section, showing packstone with small bivalves, gastropods and 250 
some shell fragments; (D2) Photomicrograph of a packstone in the Errachidia section composed 251 
of shell fragments with foraminifera. 252 
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 253 
 254 

Figure 4. Illustration of LF4 to LF7 lithofacies.   255 

LF5: (A) Zouala section, showing large weathered gastropod over 10cm; (B) Zouala 256 
section, showing the bryozoans in this lithofacies; (C1) Zouala section, rudist-rich 257 
floatstone, rudist shell still shows the well-preserved prismatic structures and some 258 
original microstructures though with some mud infilled; (C2) Ghaba Tarda section, view 259 
of slightly reworked rudists in LBL unit. LF8: (D1)  the Errachidia section, showing 260 
highly weathered (weathering tan coloured) black mudstone and calcite nodules in black 261 
mudstone beds; (D2) Photomicrograph, showing lamination and abundant planktic 262 
foraminifera in the mudrocks; (D3) the Errachidia section, displaying fresh black and 263 
laminated mudrocks (D4) Photomicrograph, displaying crinoids and planktic 264 
foraminifera within the black mudstones. 265 
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 266 
Figure 5. Illustration of LF9 to LF12 lithofacies. 267 

 LF9: (A1) the Goulmima section, illustrating nodular form of this lithofacies; (A2) 268 
Photomicrograph, presenting the planktic foraminifera and crinoid fragments. LF10: (B1) 269 
the Errachidia section, showing a nodular bivalve-rich floatstone interbedded with thin beds 270 
of marly limestone; (B2) Photomicrograph, bivalve-rich floatstone; LF11: (C1) the 271 
Errachidia section, illustrating the crinoids and bivalves rich floatstone; (C2) Optical 272 
micrograph, illustrating bivalves floatstone with abundant peloids in the Errachidia section; 273 
LF12: (D1) Goulmima section, showing the massive bivalves in this lithofacies; (D2) Optical 274 
micrograph, showing bivalves fragments with abundant peloids in the Goulmima section. 275 
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The dominance of fine-grained limestones (wackestone texture) and abundance of planktic 276 

foraminifera and crinoids in this unit suggest a low-energy environment in an outer-ramp 277 

setting, below the SWB. The vertical stacking pattern is interpreted to record a regional 278 

transgression that can be recognised across the whole area. However, the middle part of this 279 

unit is associated with LF10 and LF1, interpreted to record a change to a mid-ramp 280 

environment, suggesting a short interval of marine regression.   281 

4.1.3. Upper Bioclastic Limestone (UBL) Unit  282 

This unit comprises two main lithofacies and only accounts for a small part of studied 283 

sections (Figure 5).  A thick package of floatstone-boundstone, mainly composed of bivalves, 284 

peloids and crinoids (LF11) is the dominant facies in the Errachidia, Errachidia West and 285 

Tadighoust sections, while in the Zouala, Ghaba Tarda and Goulmima sections this unit is 286 

dominated by LF12, containing abundant bivalves and peloids.   287 

Both lithofacies are interpreted to represent deposition in a quiet subtidal water condition, 288 

suggesting a mid-ramp environment. This suggests a marine regression from the MFL unit.  289 

Overall, based on the recorded lithofacies, the LBL unit is interpreted to record mid- to inner-290 

ramp deposition, followed by dominantly outer ramp environment in MFL following a 291 

transgression.   The UBL unit records a return to middle-ramp conditions.    292 

Laterally, the southeast part of the studied area displays the shallowest environment of 293 

deposition based on the lithofacies associations, with deepening observed towards the 294 

north and west. The Errachidia section records the deepest water condition generally, 295 

with deposition of thick OM-rich black mudstone during the transgression of the MFL 296 

unit.    297 
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  298 

Figure 6. The lithological correlation of studied section of the Pre-African Basin. Three units were recognised: Lower bioclastic limestone unit 299 
(LBL), middle fine-grained limestone unit (MFL) and upper bioclastic limestoneunit(UBL).   300 
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4.2. Distribution of organic-rich black mudstones  302 

In this study, OM-rich black mudstones were recognised in the Errachidia and Errachidia 303 

West sections. No previous study has reported this occurrence in the Pre-Africa Basin.  304 

Detailed sedimentological logging and both inorganic and organic geochemical analyses 305 

were undertaken on samples collected from the black mudstones and associated 306 

limestone strata, in order to evaluate their characteristics and assess the controls on 307 

organic matter accumulation and processes active in the carbonate platform environment.    308 

The Errachidia section is located 15km north of Errachidia city, and the Errachidia West 309 

section is situated 3km west of the Errachidia section (Figure 1). The sections record 310 

similar lithological patterns, but much thicker organic-rich mudstone layers were 311 

recognised in the Errachidia section. Therefore, the Errachidia section (Figure 7) was 312 

chosen for the most detailed study of the Cenomanian-Turonian deposition in this area.  313 

An association of LF1, LF2, LF3 and LF4 (Table 1) are recognised in the LBL unit , 314 

with LF1 and LF2 the two most common lithofacies, forming the lower and upper part 315 

of this unit.  Three lithofacies (LF8, LF9 and LF10) (Table 1) are identified in the MFL 316 

unit , which has an overall thickness of 17m.   This unit is significantly weathered at 317 

outcrop, hindering detail description.   LF8 and LF9 are the best-developed lithofacies, 318 

forming bedding couplets, characterized as alternations of grey bioturbated limestone 319 

and black organic-rich mudstone.    320 
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322 
  323 

Figure 7.  Cenomanian-Turonian succession of the Errachidia section showing the 324 
lithofacies, TOC values, fossils content and bulk rock mineralogy analysis  325 

The black mudstones of LF8 contain abundant organic matter and have a bituminous 326 

smell when hit by a hammer.  The TOC of the black mudstone (LF8) ranges from 2.7 327 

wt% to 17.7 wt%, averaging 9.7 ± 3.9 wt% (standard deviation).  It displays vertical 328 

variation throughout the unit (Figure 7). LF10 is only 1m thick, developed towards the 329 
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upper part of this unit.  Most of the organic-rich mudstones have a high calcite content, 330 

ranging from 66% to 95% (average 90.1 ± 3%), with quartz values from 2.3% to 7.6 % 331 

(average 4.3 ± 1.5%) (Figure 7).    332 

The overlying UBL unit  is only 1m thick and comprises a package of bivalve and crinoid 333 

rich limestones (LF11) (Table 1).   334 

4.3. Biostratigraphy and chemostratigraphy 335 

A revised bio- and chronostratigraphic framework is proposed based on new material 336 

and analytical results obtained in the course of our study (including new identification 337 

of ammonites, planktic foraminifera and carbon isotope data) and a subsequent 338 

reinterpretation of published data (Figure 8).   339 

4.3.1. Biostratigraphy  340 

4.3.1.1. Ammonites  341 

The nomenclature of the ammonite zones follows the definitions of the Southern 342 

Tethys and Western Interior Seaway zonation schemes (Meister and Piuz, 2013). 343 

Ammonoid species were mainly identified for specimens recovered from the 344 

Tadighoust section (previously called the Asfla section in Kennedy et al., 2008). 345 

Detailed logs published by Kennedy et al. (2008) and Meister et al. (2017) clearly 346 

show that the distribution of Turonian ammonites is not as restricted to the lower part 347 

of Unit T2 as suggested in previous literature, but can be found throughout the upper 348 

part of the lower Turonian. This is also supported by our own findings. Ammonoids 349 

occur, but are rare, within the nodule beds in the lower part of Unit T2, and become 350 

more abundant in the upper part of that interval (Figure 8).  351 
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Vascoceras durandi, Hoplitoides gr.wohltmanni and Neoptychites cephalotus co-occur in the 352 

lowest ammonite horizon, while Hoplitoides mirabilis and Fagesiaperoni are recognised at a 353 

slightly higher level in the Tadighoust section (Figure 8). The typical Lower Turonian M. 354 

nodosoides Zone fauna was collected from upper part of Unit T2, and forms the highest 355 

ammonite level. It include the index species, Mammites nodosoides, but also 356 

Nannovascoceras intermedium that characterises the M. nodosoides Zone in Venezuela 357 

(Kennedy et al., 2008; Meister et al., 2017).   358 

4.3.1.2. Planktic foraminifera  359 

Planktic foraminifera events provide a useful alternative biostratigraphic tool to characterize 360 

the C/T interval. The biostratigraphic value of the most significant events that characterise 361 

the Rotalipora cushmani, Whiteinella archaeocretacea and Helvetoglobotruncana helvetica 362 

zones, was recently discussed at length by Falzoni et al. (2018).  However, the discrepancies 363 

and uncertainties of foraminiferal bioevents limited the biostratigraphic value in the Pre-364 

African Basin. In this study, Planoheterohelix moremani and Whiteinella spp. 365 

(e.g.,Whitenella archaeocretacea and Whiteinellabaltica) are the dominant species in this 366 

C/T succession. The“Heterohelix” shift event (Leckie, 1985; Leckie et al., 1998; Elderbak 367 

and Leckie, 2016), which has been considered as a useful indicator that allows regional 368 

correlation, is recognised in all the studied sections. The onset of “Heterohelix” shift (HSO) 369 

has been recognised in the Erracchidia, Goulmima and Tadihoust sections based on the thin 370 

sections analysis (Figure 7 and Figure 8).  It is located in the lower part of the MFL unit 371 

(Figure 8), which is consistent with the studies by Lezin et al. (2012).  372 
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  373 

Figure 8. Correlation of three studied sections in the Pre-African Trough. The subdivided units were identified based on Ettachfini and 374 
Andreu (2004), and the carbon isotope data of Goulmima section was from Lézin et al. (2012) 375 
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4.3.2. Carbon and Oxygen isotope stratigraphy  377 

Carbon isotope and oxygen isotope analysis were conducted on samples from the Errachidia 378 

section (Figure 7) and compared to data published from other sections in this area reported by 379 

Lézin, et al. (2012) (Figure 10). The integrated results offer a better understanding of the 380 

palaeoenvironmental changes during the C/T interval in studied basin and establish a more 381 

robust C/T stratigraphic framework.  382 

Bulk carbon isotopic analysis of 52 samples from the Errachidia section displays a wide 383 

range of δ13C values from -4.09‰ to +4.90‰ (Figure 7). It should be noted that the carbon 384 

isotope values measured from the LBL unit and the lower part of MFL unit can generally be 385 

characterized as uniform (Figure 7). The δ
13C and δ18O values of the bulk carbon plot within 386 

three clearly distinct fields (Figure 9). One data set (n=18), all from the LBL unit, has δ13C 387 

values from +2.18 to +4.90‰ (mean 3.52‰, standard deviation = 0.76) and δ18O values from 388 

-4.91 to -2.56‰ (mean -3.55‰, standard deviation = 0.49‰). The second data grouping 389 

(n=31), including samples from the MBL and UBL units, and displays δ13C values from -390 

+1.62 to +2.08‰ (mean +0.78‰, standard deviation = 1.60) and δ18O values from -2.91 to -391 

4.43‰ (mean -3.78‰, standard deviation = 0.72). The final grouping, all from the MBL unit, 392 

has the lowest δ13C values (n=3), highlighted in Figure 9, with values from -3.35 to -4.09‰ 393 

(mean -3.71‰, standard deviation = 0.30) and δ
18O values from -3.05 to -3.11‰ (mean -394 

3.08‰, standard deviation = 0.03) (Figure 9).   395 
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 396 

 397 

Figure 9. δ13C and δ18O plot of C/T sediments in the Errachidia section. 398 
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  399 
Figure 10. Cenomanian-Turonian succession of the Errachidia section with carbon and oxygen isotope curves, and correlation with carbon 400 

isotope curves of other sections by Lézin et al. (2012). 401 
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4.4 Trace and Major Elements  402 

A suite of trace and major elements have been analysed on samples from the Errachidia, 403 

Tadighoust and Goulmima sections (Figure 11), to explore the geochemical response to 404 

spatial and temporal changes in palaeoenvironments associated with the different lithofacies.   405 

Aluminium (Al), titanium (Ti), thallium (Th), and zirconium (Zr) are commonly utilized as 406 

proxies for terrigenous input (Tribovillard et al., 2006), and are generally associated with the 407 

terrigenous aluminosilicate fraction, clay minerals and some biogenic components. These 408 

detrital sensitive elements occur in relatively low concentration throughout the Errachidia 409 

section (Figure 11). The values are extremely low in both the LBL and UBL units, showing a 410 

depleted concentration, while slightly increased values are recorded in the MFL unit, which 411 

has a moderate concentration.  The Tadighoust and Goulmima sections show similar trends to 412 

the Errachidia section (Figure 11), but with less concentration, indicating minor detrital 413 

influx.  Overall, these detrital influx indicators displayed consistently low values in all the 414 

C/T sediments analysed in the studied area (Figure 11). 415 

Phosphorus (P), nickel (Ni), zinc (Zn), and copper are commonly used palaeoproductivity 416 

indicators.  Cu and Ni influx has been associated with marine organic matter in sediments 417 

(Tribovillard et al., 2006) and during organic matter preservation, these elements are 418 

generally more sensitive than P and Zn.  Al-normalized elemental ratios are used to correct 419 

possible dilution by organic matter and authigenic minerals (Calvert and Pedersen, 1993; 420 

Morford and Emerson, 1999) (Figure 11).  Elemental enrichment is based on comparison 421 

between the ratios of Elements/Al to a standard shale (Turekian and Wedepohl, 1961; 422 

Wedepohl, 1971; Calvert and Pedersen, 1993; Wedepohl, 1995; Morford and Emerson, 1999; 423 

Van der Weijden, 2002). These results display values of productivity-sensitive elements in 424 

both the LBL and MFL units that suggests a moderate to significant enrichment (Figure 11).  425 
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Higher average values are recorded in the MFL unit across the basin, showing high/extremely 426 

high enrichment.  Maximum values are recognised in the middle part of this unit.  The OM-427 

rich mudstone interval in the MFL unit of the Errachidia section shows the highest 428 

concentration of these elements, interpreted to indicate significantly enhanced productivity 429 

associated with organic matter accumulation.  430 

Co, Zn, Ni, U, Cr and V have also been considered as possible indicators of oxygen-depleted 431 

water conditions (Calvert and Pedersen, 1993; Brumsack, 2006; Fleurance et al., 2013), as 432 

they also show an association of generally higher concentrations in organic-rich sediments.  433 

However, some of these trace elements, such as Zn, Ba, Co and Cr, are readily remobilised 434 

after deposition, thus V, Mo and U are considered to be better redox-sensitive indicators 435 

(Tribovillard et al., 2006; Algeo and Tribovillard, 2009; Tribovillard et al., 2012). These 436 

elements are commonly applied and analysed together allowing the discrimination of dysoxic 437 

conditions from anoxic water conditions (Tribovillard et al., 2006).    438 

In studied sections, the redox-sensitive elements V, Mo, and U show depleted to moderate 439 

concentration in both the LBL and UBL units.  Samples throughout the MFL unit in the  440 

 Errachidia section are associated with the highest concentration of all the elements, whilst in 441 

the Tadighoust and Goulmima sections, high values of enrichment were limited to certain 442 

elements in selected intervals.   443 
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 444 
Figure 11. Enrichment proxies representing clastic factors for influx, redox conditions and 445 

productivity in the Errachidia, Tadighoust, and Goulmima sections. 446 

Jo
urn

al 
Pre-

pro
of



31 

 

5 Discussion  447 

5.1 C/T boundary and OAE2 interval  448 

5.1.1. Biostratigraphy   449 

Ammonites have long been known to occur in the studied area (Basse and Choubert, 1959), 450 

although, despite their reported identification, the precise distribution of the faunas was not 451 

documented.  A limited number of specimens were previously reported from Unit C1 at  452 

Tazzouguert and Unit T2 at Goulmima and Tadighoust (Figure 8) (Meister and Rhalmi, 2002; 453 

Ettachfini and Andreu, 2004), but it was only in recent years that the larger faunas were 454 

formally described (Kennedy et al., 2008; Gale et al., 2017; Meister et al., 2017). 455 

The co-occurrence of ammonite species Vascoceras durandi, Hoplitoides gr.wohltmanni, and 456 

Neoptychites cephalotus found in the Tadighoust section, are known to range through the  457 

P. flexuosum and T. rollandi subzones of the lowest Turonian W. coloradoense Zone (Meister 458 

and Piuz, 2013) but it does not allow discrimination between the two subzones (Figure 8). 459 

The in-situ specimen of Vascocerascompressum reported by Meister et al. (2017), is a junior 460 

subjective synonym of Vascocerasproprium, and supports that the P.flexuosum subzone is 461 

represented at the Tadighoust section (Kennedy et al., 1987; Courville, 1993) . The 462 

recognition of Hoplitoides mirabilis and Fagesiaperoniin the middle part of the Tadighoust 463 

section leaves no doubt that this level belongs to the upper part of T. rollandi subzone. The 464 

highest ammonite species, Mammites nodosoides and Nannovascoceras intermedium, are 465 

typical species from the lower Turonian M. nodosoides Zone. The fauna found also include 466 

Romaniceras (Yubariceras) reymenti, which is a common element of the M. nodosoides Zone 467 

of the Tarfaya Basin (LGB pers. observation). As discussed above, the successive ammonite 468 

faunas found in Unit T2 indicate the W. coloradoense (P. flexuosum and T. rollandi 469 
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subzones) and M. nodosoides zones of the Lower Turonian (Figure 8).  This re-interpretation 470 

together with new faunal identification suggests that the proposition by Lézin et al. (2012), 471 

that this section only shows the occurrence of the fauna associated with the M. nodosoides 472 

Zone can definitively be ruled out. None of the ammonites documented so far allow the 473 

recognition of the basal Turonian (W. devonense Subzone of the W. coloradoense Zone).  474 

Therefore, the precise position of the C/T boundary cannot be identified by means of 475 

ammonite biostratigraphy alone.  476 

Planktic foraminifera bioevents commonly serve as a complementary tool to improve 477 

precision in C/T stratigraphy studies. The interpretation of Lebedel et al. (2015), who stated 478 

that three planktic foraminifera zones were recognised in the Akrabou Formation based on 479 

the discontinuous distribution of foraminifera identified from samples recovered from the  480 

Tazzouguert and Goulmima sections (Lézin et al., 2012), should be tempered. According to  481 

Lézin et al. (2012), the transition between the Rotalipora cushmani and Whiteinella 482 

archaeocretaceazones lies in the lower part of the Akrabou Formation (Unit C1, Ettachfini 483 

and Andreu, 2004). In our opinion, the recognised planktic formainifera species are 484 

insufficient to identify the biozone boundaries in this study, but the commonly identified 485 

onset of the “Heterohelix shift” (HSO) below the first occurrence of the Lower Turonian 486 

ammonites in the studied sections, is useful to characterise the C/T interval (Figure 8). The 487 

HSO was first identified in the Western Interior Seaway (Leckie, 1985; Leckie et al., 1998), 488 

as an abrupt change in planktic foraminiferal assemblages (see discussion in Elderbak and 489 

Leckie, 2016; and Falzoni et al., 2018). The biserial species Planoheterohelixmoremani and 490 

P. globulosa dominate the assemblage, and this change has been interpreted as an ecologic 491 

event resulting from a period of unstable eutrophic surface water conditions that inhibited the 492 

proliferation of the keeled K-strategist taxa.  It should be noted that the HSO shift is likely 493 

diachronous across low to mid-latitude localities, but despite this, it always occurs in the 494 
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latest Cenomanian (Caron et al., 2006; Falzoni et al., 2018).  In Morocco (i.e., High-Atlas, 495 

Middle-Atlas and High Moulouya), the highest occurrence (HO) of Hedbergella 496 

(Asterohedbergella) asterospinosa had been taken (Ettachfini et al., 2005; Sandoval et al., 497 

2008) to mark the base of the C/T boundary. However, as this species does not appear in the 498 

syntheses of planktic foraminifera mentioned above, its biostratigraphic value is difficult to 499 

evaluate.  500 

Therefore, neither ammonites nor planktic foraminifera allow the precise recognition of the 501 

position of the C/T boundary.  The above results and dicussions suggest the interval of 502 

uncertain age control containing the C/T boundary ranges from the HSO to the lowest 503 

occurrence of Turonian ammonites. It merely corresponds to a time equivalent that includes 504 

the uppermost Cenomanian N. juddii Zone and the lowermost Turonian W. devonense Zone.    505 

Compared to our predecessors, we place the C/T boundary at a higher level in the Akrabou 506 

Formation (shown as the ‘grey shadow’ interval on Figure 8).  As a consequence, in our 507 

interpretation, unconformities D4 and D5 fall within the Late Cenomanian and none of them 508 

mark the C/T boundary. This new biostratigraphic framework has significant implications for 509 

the interpretation and calibration of the δ
13C curve by comparison with reference sections at 510 

Wadi Bahloul and Pueblo.  511 

5.1.2. Carbon Isotope Stratigraphy  512 

The carbon isotope curve, as a chemostratigraphic proxy, has been widely applied in C/T 513 

stratigraphic studies. Regional and global correlation to biostratigraphy demonstrates that 514 

carbon isotope curves can be a powerful additional tool for high resolution  515 

C/T stratigraphic studies (Jenkyns, 1980; Scholle and Arthur, 1980; Pratt and Threlkeld, 516 

1984; Tsikos et al., 2004; Caron et al., 2006; Sageman et al., 2006; Lowery et al., 2014; 517 

Falzoni et al., 2018). Plots of δ13C and δ18O data from C/T sediments in the Errachidia 518 
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section show three clearly distinct clusters (Figure 9). This suggests there is some 519 

relationship between isotopic values and lithofacies in the Errachidia section, with more 520 

positive δ13C values in skeletal-rich lithofacies (Figure 7). However, the various isotopic data 521 

occur in the same lithofacies, and similar values are identified among different lithofacies. 522 

This might suggest the lithofacies is not the dominant control on the isotopic values. The 523 

δ
13C values in the area denoted by the two rectangles in Figure 8 show no significant 524 

recrystallisation based on the petrographic analysis. The narrow range in the δ18O values 525 

throughout all samples, in contrast to the δ
13C values means that diagenetic alteration and re-526 

setting of the δ18O values are highly possible and cannot be ruled out.   527 

Moreover, comparable δ13C shifts are also recognised in other sections of the studied basin 528 

(Figure 10). The different δ13C in the two rectangle areas are more-likely due to global 529 

changes in oceanic δ13C properties related to the Oceanic Anoxic Event.  This supports the 530 

correlation of the δ13C shift with the global reference sections (Figure 12).     531 

The three outliers, denoted by the circles in Figure 8, show low δ13C values that probably do 532 

indicate some early cement in these sediments, associated with bacterial processes, which 533 

decomposed the organic carbon, resulting in more negative δ13C values. Therefore, the data 534 

for the sediments from these three points are likely to be altered by diagenesis and should be 535 

ignored for stratigraphic purposes.   Overall, the range of δ13C values, except the three circled 536 

clusters, show no or little diagenetic modification of the primary isotopic composition and 537 

suggest they can be used for regional and global correlation.  538 

The C/T successions of the Wadi Bahloul section (Tethys Ocean influenced deposits) in 539 

Central Tunisia and the Pueblo sections in USA have been widely studied in terms of 540 

biostratigraphy and carbon isotopic stratigraphy(Tsikos et al., 2004; Kolonic et al., 2005; 541 

Caron et al., 2006; Sageman et al., 2006; Falzoni et al., 2018). These two sections have good 542 
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age control, with the C/T boundary and biostratigraphical zones well defined. Three distinct 543 

δ
13C peaks were identified in the δ13C profile during the OAE2 interval in both sections 544 

(Kennedy et al., 2005; Caron et al., 2006; Falzoni et al., 2018). Peak I is generally present at 545 

the top of the R. cushmani Zone, while the Peak II and Peak III are located in the W. 546 

archaeocretacea Zone. Peak III (Peak C in some references) is considered to be close to the 547 

C/T boundary (Caron et al., 2006; Jarvis et al., 2011; Falzoni et al., 2018) (Figure 12). 548 

According to the correlation, the onset of the OAE2 interval is generally below the Peak I, 549 

and terminated in the W. devonense Zone, commonly before the ‘Trough a’ (Figure 12) 550 

(Tsikos et al., 2004; Kennedy et al., 2005; Kolonic et al., 2005; Kuhnt et al., 2005; Jarvis et 551 

al., 2011; Košťák et al., 2018).    552 

The absence of R. cushmani Zone indicates that Peak I is not recognised in the studied 553 

Errachidia section (Figure 12). A combination of the biostratigraphic and carbon isotopic 554 

curve correlations suggests the C/T boundary should be below the ‘Trough a’ of the δ13C 555 

profile, recorded in both the Wadi Bahloul and Pueblo section in W.devonense Zone (Figure 556 

12). Moreover, as Peak III is commonly present before the C/T boundary, but after the onset 557 

of HSO (Falzoni et al., 2018) and we recognize Peak III in the lower part of the ‘grey 558 

shadowed zone’, this places the C/T boundary of the Errachidia section based on the 559 

correlation (Figure 12). Ammonite zones recognised in this section, integrated with the δ13C 560 

curve correlation, allow us possibly to establish the age of the ammonite and planktic 561 

foraminifera zones in this area (Figure 12).   562 

Given this observation and the δ13C correlation (Figure 12), the OAE2 interval in the 563 

Errachidia section should start below the studied LBL unit and end before ‘Trough A’ with a 564 

negative value.  This indicates the OAE2 interval in the studied area includes the LBL unit 565 

and lower MFL unit and that the C/T boundary in the Errachidia section is identified in the 566 
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lower part of the MFL unit. Therefore, the recorded organic-rich black mudstones developed 567 

from the latest Cenomanian to early Turonian, equivalent with upper OAE2 interval to post 568 

OAE2 interval.  569 
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 570 

Figure 12. Carbon isotope curve correlation with the Wadi Bahloul sections (Tethys ocean influenced), and the Pueblo section in USA 571 
(GSSP for the base of the Turonian; Kennedy et al., 2005). 572 
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5.2. Palaeoenvironmental Implications   573 

5.2.1. Palaeoenvironments 574 

Palaeoenvironments during the Cenomanian/Turonian interval in the Pre-African Basin are 575 

inferred from the lithofacies associations and redox-sensitive element analysis.  Multiple 576 

other proxies, such as Ni/Co-U/Th and Mo-TOC have also been applied for the 577 

environmental analysis (Jones and Manning, 1994; Tribovillard et al., 2006; Tribovillard et 578 

al., 2012; Dickson et al., 2016).  579 

As previously discussed, the LBL unit was deposited during the latest Cenomanian, 580 

corresponding to the OAE2 interval, typified by a positive δ13C excursion.  However, OM 581 

was below detection limits in these sections, which are commonly associated with bioclastic-582 

rich limestone deposition, indicating a relatively shallow, well oxygenated marine 583 

environment. The extremely low concentrations of redox-sensitive trace element (V, Mo, and 584 

U) indicate that predominantly oxic water conditions prevailed during deposition of the LBL 585 

unit (Figure 13).  Therefore, the typical OAE2 related anoxic conditions did not influence this 586 

part of the carbonate platform, and there is no evidence of anoxia at this time. Globally the 587 

OAE2 interval is commonly associated with high detrital influx and anoxic conditions (Du 588 

Vivier et al., 2014).  The slight increase in detrital sensitive element concentration (Al, Ti, Zr, 589 

and Th) and the local recognition in the LBL unit of dysoxic bottom water conditions (in the 590 

Goulmima section) (Figure 13), might be associated with influence of the OAE2 (Van 591 

Helmond et al., 2014), but the detrital-sensitive trace element (TE) enhancement is 592 

insignificant. This is likely a result of the shallow nature of our study area during the OAE2 593 

interval, which is consistent with similar responses reported during the OAE2 in other 594 

shallow carbonate platform deposits (Elrick et al., 2009; Korbar et al., 2012).   595 
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 596 

Figure 13. The cross plot of trace element ratios as palaeoredox proxies in the Errachidia (a) 597 
and Goulmima and Tadighoust sections (b), based on Jones and Manning (1994) and Hatch and 598 

Leventhal (1992).  599 

However, the presence of LF8/LF9 in the lower MFL unit of the Errachidia section and LF9 600 

in the other sections, suggests a deepening occurred across the entire area.  This interval 601 

shows evidence for more variable redox water conditions. In the Errachidia section, the 602 

significant enrichment of most redox-sensitive trace elements (Figure 11) suggests deposition 603 

of organic-rich mudstones under anoxic water conditions (Figure 13), whilst the inter-bedded 604 

greyish organic-poor mudstones were deposited in dysoxic/oxic water conditions. The redox-605 

sensitive TE concentrations also show an increase at the equivalent level in the Goulmima 606 

and Tadighoust sections. However, these elements remain depleted or only show moderate 607 

enrichment (Figure 11), suggesting prevailing oxic water, with sporadic dysoxic conditions 608 

(Figure 13).  The documented anoxic conditions in the Errachidia section and oxic/dysoxic 609 

conditions in the other sections, suggest that although a regional marine transgression 610 

occurred in the whole area, anoxia was only developed at the deepest site.  611 

At the base of Lower Turonian, strata possess a decreased OM content in the Errachidia 612 

section and an increased bioclastic component in the nearby sections, suggesting a fall in sea 613 

level and regional shallowing. This is overlain by deeper marine sediments across the whole 614 
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basin, indicated by a change to dominantly fine-grain sediments and the significant increase 615 

in redox-sensitive element concentration (Figure 11). This is most marked in the Errachidia 616 

area, which records the maximum TE and organic matter concentration. The subsequent 617 

increase in bioclastic content and decrease in redox-sensitive element concentration in the 618 

upper MFL unit records another relative sea-level fall.  This is also supported by the 619 

substantially decreased organic matter content in the Errachdia section and increased 620 

bioclastic content in the other sections.    621 

Bioclastic-rich limestone deposition dominates the UBL unit across the whole basin, 622 

suggesting well-oxygenated bottom water conditions.  This is supported by the low trace 623 

elements concentration. This suggests shallow marine deposition and increased oxygen 624 

content in the water column owing to a rapid marine regression in the upper Lower Turonian.   625 

Overall, oxygen depleted water conditions occur in all the studied areas from the latest 626 

Cenomanian to early Turonian, which when correlated to the carbon isotope curve, is coeval 627 

to the latest OAE2 and post-OAE2 stage (Figure 14).   Anoxic/euxinic water conditions were 628 

only recognised in the Errachidia section suggesting oxic water condition prevailed across the 629 

basin during the lower OAE2 interval, which was not favourable to organic carbon 630 

preservation.  In contrast to many published reports that examine the OAE2 interval in deep 631 

water open marine environments (Jarvis et al., 2011; Kuhnt et al., 2017), in the shallow water 632 

platform and intra basinal areas of the Pre African Basin, the onset of anoxic-euxinic water 633 

conditions only began from the Peak III of δ
13C curves. Oxygen-depleted water conditions 634 

did not appear until the latest Cenomanian and were maintained only until the early Turonian, 635 

intercalated periodically with oxic/dysoxic conditions. It is clear that the majority of the fine-636 

grained limestone and associated OM-rich deposits related to dysoxic-anoxic-euxinic water 637 

conditions were deposited after the OAE2 interval (Figure 14). This has also been recognised 638 
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in the Gulf of Mexico shelf (Lowery et al., 2017) and the Mexican carbonate platforms 639 

(Hernández-Romano et al., 1997; Elrick et al., 2009; Omana et al., 2012; Núñez-Useche et 640 

al., 2016) during the C/T interval.641 
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  642 

Figure 14. Stratigraphic correlation and depositional environments in the Errachidia and its adjacent sections. 643 
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5.2.2. Relative Eustatic Sea level  644 

Correlation of eustatic cycles with the sediment record, based on ammonite zones and carbon 645 

isotope profiles, shows an association of the organic-rich mudstones interval (MFL unit) in 646 

the Errachidia area with the late Cenomanian and early Turonian marine transgressions 647 

(Figure 15).   However, OM-rich mudstone deposition in this basin is located in the upper 648 

OAE2 interval, suggesting a delayed response compared to the global late  649 

Cenomanian transgression, which is typically coeval with the onset of OAE2 interval (Keller 650 

et al., 2004; Haq, 2014) (Figure 15). This suggests that local depositional controls and 651 

topography influenced relative sea-level played an important role.  652 

A regional correlation with other Tethyan C/T sections in Algeria (the Chebeibita section)  653 

(Figure 16) illustrates a comparable scenario to that recorded from the Pre-African Basin in 654 

Morocco, whereby organic carbon is locally distributed and started to accumulate from the 655 

upper OAE2 interval (Grosheny et al., 2008).  However, in the more distal Oued Bahloul 656 

section of Tunisia (also Tethyan-influenced), organic matter enrichment is coeval with the 657 

onset of the OAE2 interval(Aguado et al., 2016).  This suggests that the marine transgression 658 

that occurred in the Tethyan Moroccan basin is more likely an interplay of eustasy and local 659 

tectonics.   In contrast, the OM-rich mudstones in the middle MFL is coeval with the early 660 

Turonian transgression, and OM-rich mudstones are also widely recognised in the other 661 

Tethys Ocean influenced basins (Figure 16), such as the more distant Oude Bahloul section 662 

in Tunisia (Aguado et al., 2016), and in the US Western Interior Seaway(Sageman et al., 663 

2006; Elderbak and Leckie, 2016). A short interval of marine regression associated with the 664 

increased bioclastic deposition and decreased OM matter is recorded in the basal part of the 665 

post-OAE2 interval in this study. These sea level changes are strongly consistent with the 666 

global short-term sea level curves (Sloss, 1963; Sageman and Bina, 1997; Friedrich et al., 667 
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2012; Haq, 2014; Jarvis et al., 2015). These suggest the maximum early Turonian sea level 668 

rise probably represents a global signal, which exerted the dominant control on organic-rich 669 

mudstone deposition.  670 

To conclude, the organic-rich mudstones in this Tethyan Moroccan basin show influence by 671 

global marine transgression, with drowning of the continent and development of relative 672 

deeper palaeoenvironments the main control on OM-rich mudstone deposition.  673 

 674 

Figure 15. The correlation between global sea level curves and sediments in the Errachidia 675 
section based on biostratigraphy. 676 Jo
urn
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 677 

Figure 16. Correlation of carbon isotope curves between Tethys ocean influenced basins across North Africa. 678 
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5.3. Controlling factors of OM-rich black mudstone deposition  679 

The palaeoenvironment and sea level interpretation suggests shallow marine conditions 680 

prevailed over the whole basin before the regional late Cenomanian marine transgression.  681 

The Errachidia section shows a comparable lithofacies assemblage with the nearby  682 

Goulmima and Tadirhoust sections during the LBL unit (Table 1).   683 

Although the whole basin records a response to the late Cenomanian/early Turonian marine 684 

transgressions, high concentrations of organic matter are only recognised in the Errachidia 685 

area, where more reducing bottom waters existed. The record of organic-rich mudstones are 686 

rare on shallow carbonate platforms globally across the OAE2 interval (Elrick et al., 2009; 687 

Korbar et al., 2012), ascribed by most authors to the dominance of oxic water in the shallow 688 

marine conditions. Isolated carbonate platforms commonly developed on the Saharan 689 

platform and many were not drowned during the C/T transgression, with carbonate 690 

aggradation (‘‘keep-up’’ mechanism) managing to track relative sea-level rise (Lüning et al., 691 

2004; Grosheny et al., 2008).  The mechanisms controlling the observed locally distributed 692 

organic matter in Errachidia are interpreted to be related not soley to the global marine 693 

transgression, but reflects a palaeoenvironmental change caused by the combined effect of 694 

eustatic related sea level rise and coeval tectonic subsidence (Grosheny et al., 2008).     695 

Organic matter preservation in marine environments is commonly considered to be controlled 696 

by the interplay of primary productivity, preservation conditions and dilution Pedersen and 697 

Calvert (1990, AAPG Bulletin) (Pedersen and Calvert, 1990; Sageman et al., 2003; Meyers et 698 

al., 2005; Meyers et al., 2012; Tessin et al., 2015).   The late Cenomanian sea level rise 699 

significantly increased organic matter production on the platforms, with a concomitant 700 

reduction in siliciclastic and carbonate dilution, favouring organic matter deposition. This is 701 

evidenced by the low detrital-sensitive element concentration (Figure 11), while the increased 702 
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productivity and preservation sensitive elements of organic-rich mudstones suggest 703 

preservation and productivity are likely to be significant factors responsible for organic 704 

matter accumulation in the Errachidia area.   705 

5.3.1. Preservation  706 

Studies from Algeo and Maynard (2004) and Tribovillard et al. (2006) show a covariant 707 

relationship between certain sets of trace elements and TOC concentration in different water 708 

conditions and a comparable trend is recognised in the Errachidia section (Figure 17).  In 709 

oxic and dysoxic bottom water conditions, there is no covariance between trace elements and 710 

TOC values (Algeo and Maynard, 2004; Tribovillard et al., 2006), and this could be 711 

evidenced in the LBL and UBL units. However, the trace elements are extremely 712 

concentrated and show positive correlation with TOC values in anoxic water conditions, and 713 

this correlation could be recognised in the OM-rich black mudstone of the lower and upper 714 

MFL unit. This is consistent with the Ni/Co-U/Th cross-plot (Figure 13).   In organic-rich 715 

mudstone intervals in the middle MFL unit, element concentration exhibits two distinct 716 

patterns:  1) V, Zn, Mo and U show a significant increase in spite there being no significant 717 

TOC increase.   These elements are known to have a strong euxinic affinity; 2) Ni, Cu, and 718 

Co, which are considered as showing organic matter affinity, are only weakly enriched 719 

(Algeo and Maynard, 2004; Tribovillard et al., 2006). It has been widely reported that the 720 

precipitation of V, Zn, Mo and U can be strongly enhanced in sulfidic euxinic facies (Algeo 721 

and Maynard, 2004; Tribovillard et al., 2006).  Accordingly, we conclude tentatively that the 722 

middle part of the MFL unit was developed, at least periodically, in euxinic water conditions.    723 
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 724 

Figure 17. Schematic diagram of the relationship between the enrichment of Zn, V, Ni, Cu, 725 
Mo, U and Co, and redox facies in the MFL unit of the Errachidia section (Modified after Algeo 726 
and  Maynard, 2004; Tribovillard et al., 2006).   727 

The major late Cenomanian and early Turonian marine transgression into this basin might 728 

intensify the water column stratification (Arthur and Sageman, 2005; Jenkyns, 2010), 729 

favouring the development of anoxic/euxinic conditions in this area.  However, the onset of 730 

organic matter accumulation in the late Cenomanian is accompanied by poor/moderate redox-731 

sensitive element concentrations (such as V and Mo), although significant productivity-732 

sensitive element enrichment (Ni and Cu) (Figure 11) is observed.  Moreover, the 733 

relationship between the redox-sensitive elements (V, Mo and U) and TOC values (R2= 0.29, 734 

0.23, 0.28 separately) presents a weaker correlation compared with the covariant between 735 

productivity-sensitive elements (Ni, Zn and Cu) and TOC (R2=0.70, 0.14 and 0.49). This can 736 

especially be distinguished at the onset of anoxic water conditions. This suggests 737 

preservation was perhaps not as important a factor as productivity.    738 
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5.3.2. Productivity  739 

In the Errachidia section, the productivity-sensitive element concentrations (P, Ni, Zn and 740 

Cu) are extremely high in the MFL unit compared to the LBL and UBL units.  In the 741 

Tadighoust and Goulmima sections, these elements also show a salient enhancement in the 742 

MFL unit compared with other units, despite being much weaker than in the Errachidia 743 

section (Figure 11).  This suggests increased productivity across the whole area in the MFL, 744 

with extremely high productivity in the Errachidia area.  745 

During the late Cenomanian/early Turonian, nutrient-rich upwelling water masses are widely 746 

recorded along the Atlantic and Tethys Ocean coastlines (Arthur and Schlanger, 1979; 747 

Schlanger et al., 1987; Lüning et al., 2004; Kolonic et al., 2005; Keller, 2008; Trabucho 748 

Alexandre et al., 2010; Lowery et al., 2017).  Extensive upwelling along the coastline was 749 

conducive to water mass and nutrient exchange between adjacent basins. Increased silica 750 

(quartz dominant) content is recorded in the organic-rich mudstones, and the absence of 751 

siliceous fossils (such as radiolarian) suggests this has a mainly continental origin.   752 

The dominance of kaolinite and absence of smectite in the C/T sediments (Lebedel et al., 753 

2013) indicates a warm and humid paleoclimate (Deconinck and Chamley, 1995; Adatte et 754 

al., 2002), which could have intensified continental weathering of North-West African 755 

margin through geochemical and physical processes (Jenkyns, 2010; Monteiro et al., 2012; 756 

Von Strandmann et al., 2013). Moreover, the recognised regional/global sea level 757 

transgression could also bring some nutrients into the marine environment though flooding of 758 

the continental margin. Therefore, global enhanced productivity could be explained by the 759 

increased rate of nutrient supply owing to enhanced continental weathering during the C/T 760 

interval (Jenkyns, 2010; Monteiro et al., 2012).  However, only moderate concentrations of 761 

detrital influx sensitive elements (Figure 11) are recorded during the organic-rich mudstone 762 
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deposition in Errachidia area, which seem insufficient to explain the high productivity.  763 

Moreover, the interval with the highest productivity (highest recorded TOCs) is not coeval 764 

with the strongest detrital input. This suggests that terrigenous input might not be the only 765 

nutrient source for the extremely high trace elements concentration during the organic matter 766 

preservation.   767 

The presence of organic-poor limestone/organic-rich mudstones couplets in the MFL unit 768 

indicate the absence of long-term anoxic/euxinic bottom water conditions from latest 769 

Cenomanian to earliest Turonian.  Dysoxic/anoxic fluctuation is commonly recognised in 770 

shallow marine environments and has been interpreted as being driven by the periodical 771 

thermocline (Tyson and Pearson, 1991; Sageman et al., 2003), attributed to climate and/or 772 

productivity cycles (Elderbak and Leckie, 2016).  This is interpreted to reflect changes in 773 

stratification-mixing associated with periodic upwelling of bottom water nutrients (Sageman 774 

et al., 2003; Jenkyns, 2010), that stimulated surface plankton productivity.  775 

Based on the above observations, we conclude that the onset of OM-rich black mudstone 776 

deposition was primarily triggered by an increase in productivity, associated with increased 777 

continental weathering and an accelerated hydrological cycle. The upwelling and increased 778 

surface productivity could drive the development of an oxygen minimum zone (OMZ) in the 779 

water column (Kuypers et al., 2002; Takashima et al., 2006; Lowery et al., 2018), and 780 

accelerate the development of anoxic/euxinic bottom water conditions. 781 

Ultimately, the interplay between high productivity, lack of dilution and preservation and 782 

presence of anoxic/euxinic bottom water conditions facilitated the preservation of 783 

considerable amounts of OM in the Errachidia area.  784 
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6. Conclusions 785 

1) High-resolution logging of 7 outcrops near to Errachidia in Morocco has allowed twelve 786 

lithofacies to be identified, recording depositional in a shallow marine environment.   787 

2) The location of the C/T boundary within the studied sections has been redefined, based 788 

on new biostratigraphic (planktic foraminifera and ammonites) and carbon isotope 789 

stratigraphic analysis. This moves the boundary up section from previous work.  790 

3) No organic-rich mudstones have been recorded in the early Upper Cenomanian. OM-poor 791 

carbonates are the dominant deposits in the studied basin on the platforms. The organic-792 

rich black mudstones only developed in the Errachidia area, deposited from the latest 793 

Cenomanian to early Turonian, an interval that mostly postdates the OAE2 event as 794 

defined by carbon isotopic stratigraphy.  795 

4) Trace and major elements analysis suggest oxic water conditions and low productivity 796 

prevailed in the early part of the Upper Cenomanian, with significant environmental 797 

change occuring in the latest Cenomanian to early Turonian, leading high productivity 798 

and anoxic/euxinic water conditions in the Errachidia area.  However, conditions 799 

continued to be predominantly oxic or slightly dysoxic on the shallow ramp, with only 800 

marginally enhanced productivity over most areas, preventing OM preservation. The 801 

interplay of high productivity and anoxic/euxinic water conditions facilitated the 802 

considerable organic matter preservation in the Errachidia section. By the late early 803 

Turonian, a subsequent regression resulted in a shift back to dominantly bioclastic-rich 804 

limestones deposited across the basin, in a middle ramp environment.  805 

5) The late Cenomanian/early Turonian marine transgression is interpreted as a 806 

regional/global event, which has also controlled deposition of OM-rich black mudstones 807 

in more distant Tethyan basins.  808 
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Highlights of the paper: 

1. Improve dating of the Cenomanian/Turonian boundary and OAE2 interval in Morocco.  

2. First description of C/T OM-rich mudstone deposition in the Pre-African Basin. 

3. Reconstruct the paleoenvironments of organic-rich mudstone deposition  

4. Investigate the driving factors of C/T OC deposition in the Pre-African Basin 
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