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Abstract

Organic matter (OM)-rich black mudstones were widely developed across Morocco during the Late
Cenomanian/Early Turonian (C/T) and have significant source rock potential. The global Oceanic
Anoxic Event (OAE2) has commonly been considered to be associated with substantial organic matter
preservation in a range of palacogeographical marine settings, but the interplay of controlling factors
1s still debated. This study investigates the distribution and characterisation of OM-rich mudstones
associated with the OAE2 and younger Turonian interval in well-exposed C/T sections across
Morocco and assesses the controls and mechanisms for organic matter enrichment.

Extensive fieldwork was undertaken on sections exposed in the West Moroccan coastline Agadir and
Tarfaya basins and the inland Pre-African Trough Basin (East Morocco). A sampling programme
allowed detailed petrological observation, sedimentological analysis, stratigraphic correlation and
geochemical analysis. New biostratigraphic and high-resolution 8'*C stratigraphic data are presented
that provides a more precise definition of the OAE2 interval and C/T boundary location.

OM-rich mudstones associated with anoxic bottom water conditions, were recorded during the OAE2
in the deep-water sediments exposed in the Tarfaya Basin. In the Agadir Basin no OM-rich mudstones
were observed related to the OAE2, but moderately thick beds of OM-rich black mudstones identified
in both basins post-dating the OAE2 interval, related to the Early Turonian marine transgression.
Trace element analysis suggests organic matter content can be correlated with increased sea surface
productivity and oxygen-depleted bottom water conditions, within an environment with relatively low
background terrigenous input. This suggests that in both the OAE2 and Early Turonian intervals
transgression played a significant control on the deposition and preservation of OM-rich black
mudstones in the studied basins.

In the Pre-African Trough Basin (East Morocco), influenced by the Tethys Ocean, biostratigraphic and
carbon isotopic dating indicate that mudstone sedimentation was diachronous across the OAE2
interval, extending from the upper OAE-2 to post-OAE?2 interval. The sedimentology, water
conditions and palaeoproductivity of the palaecoenvironments were studied to characterise the
lithofacies and geochemical signature. The OAE?2 interval recorded a dominantly shallow carbonate
platform environment in the Errachidia-Goulmima Basin, with a lack of widespread anoxic facies that
lack organic matter accumulation. Restricted marine environments were not recorded until the Late
Cenomanian / Early Turonian marine transgression that allowed the development of anoxic to euxinic
conditions in basinal settings, controlling organic carbon preservation in the Errachidia area.

Five dominant mineral assemblages in the potential source rocks were recognised across these basins.
The microstructure of mudstones and organic matter particles were investigated. Organic matter is
preferentially developed in calcite-rich mudstones and predominantly distributed in the matrix. Two
geometries of organic matter particles are recognised: elongated shapes in the matrix with good
connectivity and spherical shapes in the foraminiferal tests with poor connectivity.

The distribution and source rock quality of the OM-rich mudstones were controlled by a combination
of the OAE?2, marine transgression, palaeogeographical settings and palaecoenvironments. Specific
controlling factors show a difference between the Atlantic and Tethyan basins. During the OAE2
interval, thick organic-rich mudstones were widely developed in the deeper Atlantic influenced basins,
which is interpreted to have the greatest hydrocarbon potential. In most marginal interior basins
influenced by Tethys, the presence of locally distributed, thinner organic-rich mudstones indicates a
more complex hydrocarbon potential, restricted to local deeper troughs.

Understanding the controlling factors reduces uncertainty in hydrocarbon exploration in other Atlantic
and Tethyan basins. This work also contributes and to research on organic carbon preservation at
larger spatial and temporal scales, highlighting the importance of local palaecoenvironmental controls
and the need for high resolution biostratigraphic control to assess the global synchronicity of events.
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1 Introduction

1.1 Research background and motivations

The Cenomanian-Turonian oceanic anoxic event (OAE2), dated at 93.9 Ma, was a significant
global event with dramatic palacoenvironmental change (Ogg et al., 2016). It is interpreted to
record a major change in the dynamics of the global carbon cycle, and has been linked to
major source rock development at a global-scale, with black shale deposition in different
paleogeographic settings (Schlanger and Jenkyns, 1976). However, the mechanisms
controlling organic matter preservation are still debated. Factors may include paleoclimatic
change, sea level rise, palacoredox water conditions, productivity and increased detrital influx

associated with continental weathering.

Excellent exposures of Late Cenomanian-Early Turonian (C/T) succession are found in some
Moroccan basins, which were developed in various environments, including shallow
carbonate platform, shallow inner shelf to deep outer shelf marine environments. Organic-rich
black mudstones were recognised in Atlantic basins (Agadir and Tarfaya basins) and Tethyan
basin (Errachidia basin) in Morocco during the C/T interval (Figure 1-1). This provides
opportunities to study the depositional response in various geometry of basin, to the OAE2
and to understand the mechanisms of organic matter enrichment during the OAE?2 and post-

OAE?2 interval.

This study focuses on the sedimentological characterisation and geochemical analysis of the
organic-rich mudstones and interbedded rocks deposited before, during and after the OAE2
interval, to understand the palaecoenvironmental changes and the factors influencing organic
carbon accumulation. Ultimately the results contribute to an improved understanding of the

mechanisms of organic matter sequestration, providing valuable data for hydrocarbon
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exploration. More importantly, they provide data as a contribution to analysis of the global

carbon cycle and impact of climate change at a larger time and spatial scale.

las G 7
U r‘*Errachidia

~ Anti-Atlas
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Coastal marine,

shallow marine (terrigenous)

Fluvio-lacustrine

Exposed land

L gill RERNN N
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Figure 1-1 Late Cenomanian-Early Turonian palaeogeography of Northwest Africa modified
after Philip et al. (2000)

1.2 Aims, objectives and scope

The overall aims of this thesis are to reconstruct the palaeoenvironments of organic-rich
mudstone and related deposits across the OAE2 and post OAE2 interval, to understand how
the global palaeoceanographic conditions may have influenced organic matter deposition in
Moroccan basins, and to understand the controls on organic matter accumulation in Tethys

and Atlantic Ocean influenced basins during the Cenomanian and Turonian.

The specific objectives of this thesis are as follows:
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1) Improve the dating of the Cenomanian/Turonian boundary and OAE?2 interval using
carbon isotopic stratigraphy and biostratigraphy for regional and global correlations.

2) Identify the spatial and temporal distribution of organic-rich mudstone deposition
and interbedded rocks during the Late Cenomanian/Early Turonian interval in
Moroccan basins through fieldwork and core observation.

3) Reconstruct the palaecoenvironment of organic-rich mudstone deposition and
interbedded rocks across the OAE2 and post OAE2 interval through geochemical
and sedimentological analysis.

4) Investigate the relationship of organic-rich mudstone deposition with the OAE2 and
global sea level rise, and analyse the driving factors on source rock quality, in terms
of detrital influx, palacoproductivity and palacoredox environments.

5) Compare the relationships with the widespread recognition of C/T organic-rich
black mudstones in other Atlantic and Tethys basins, to assess aspects of global
palaeoceanographic influence and give suggestions for palacoenvironmental control

on source rock quality at regional / global spatial and temporal scales.
1.3 Thesis layout

In order to accomplish these objectives, fieldwork was carried out in east and west Morocco
where Late Cenomanian and Early Turonian depositional successions are exposed. These two
areas are influenced by the Tethys Ocean and Atlantic Ocean respectively during the Late
Cenomanian/ Early Turonian interval. Detailed carbon isotopic stratigraphy and
biostratigraphy analyses were applied to establish a stratigraphic framework of these two local
areas, and the palaeoenvironments reconstructed based on high-resolution sedimentological
and geochemical analysis (Chapter 3 and 4). An integrated investigation of the organic-rich
mudstones and the source rock quality was then performed to provide a comprehensive

analysis on the relationship between organic-rich mudstone deposition during the OAE2 and
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post OAE2, and the driving factors of the source rock distribution and quality (Chapter 5).
The results are analysed in comparison with organic-rich black mudstone deposition in other

Atlantic and Tethyan basins within a global palaeoceanographic perspective.

This thesis consists of three paper-based manuscripts and supporting information. The

specific outlay is shown below.

Chapter 1: Introduction

A general introduction to the research background, objectives and layout is given in this

chapter.

Chapter 2: Literature review

A literature review on the OAE2, organic matter preservation, geochemical analysis and
study areas is provided in this chapter. The knowledge gaps and remaining questions of this

research topic are summarised.

Chapter 3: Materials and Methods

To fill the knowledge gaps and answer the remaining questions, samples were collected from
outcrops and the cores in the study areas and a detailed methodology on sedimentology and

geochemistry applied in this study is provided.

Three manuscripts are present in paper format in Chapters 4-6.

Chapter 4 (Paper 1): Carbon-isotope stratigraphy and geochemical signatures of the shallow
carbonate platform in Pre-African Basin, Morocco: implication for the Cenomanian-Turonian

organic carbon deposition.

This chapter presents the stratigraphy, sedimentology and palaeoenvironments analysis of the
C/T sediments in the Pre-African Trough Basin, which was influenced by the Tethys Ocean

during Late Cenomanian/Early Turonian interval. This includes the OAE2 interval. Organic-
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rich mudstones were locally deposited in a shallow carbonate platform environment. The
sedimentology, stratigraphy and palacoenvironmental characterisation were performed based
on a detailed petrology, mineralogy, biostratigraphy and geochemical analysis. The
palaeoenvironmental change associated with the OAE2 and later Turonian sea-level rise, and

control on OM-rich black mudstone deposition is evaluated.

As first-author, I identified the lithofacies and assessed the depositional environment change
during the C/T interval. All the geochemical analysis including, XRD, XRD, TOC, 813C and
5'%0 data were measured and analysed by myself with support from technicians. Planktonic
foraminifera were mainly recognised with the help from Dr Mike Simmons; ammonite
analysis for C/T stratigraphy was elaborated by Dr. Luc Bulot. I wrote the manuscript,

supported with advice from Jonathan Redfern, Luc Bulot, and Kevin Taylor.

Chapter 5 (Paper 2): Carbon-isotope stratigraphy, biostratigraphy and organic carbon

deposition during and after Oceanic Anoxic Event in West Moroccan basins

This chapter presents the sedimentology, stratigraphy and palacoenvironments analysis of the
C/T sediments in West Moroccan basins, which were influenced by the Atlantic Ocean during
the Late Cenomanian/Early Turonian interval. Similar procedures of data analysis were
carried out as detailed in Chapter 4. In this chapter, the C/T sediments were found to have
been deposited in both shallow inner/middle shelf (the Agadir Basin) and middle-outer shelf
(the Tarfaya Basin) influenced by the Atlantic Ocean. The sedimentology, stratigraphy and
palaeoenvironmental analysis of organic-rich mudstones were analysed. The driving factors
for the distribution and quality of OM-rich black mudstones from the OAE2 to post-OAE2

interval were examined.

As the first author, I was responsible for the lithofacies, sedimentological characterisation,

geochemical analysis and source rock characteristics analysis. Ammonite analysis for C/T
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stratigraphy was elaborated by Dr Luc Bulot. I wrote the manuscript, supported by

suggestions from Luc Bulot, Jonathan Redfern and Kevin Taylor.

Chapter 6 (Paper 3): Variability of Cenomanian/Turonian source rocks in Moroccan basins:

palaecoenvironments and global organic carbon preservation aspects

This chapter presents an investigation of the organic carbon preservation in all the Moroccan
basins, with a comparison of the other Tethys and Atlantic Ocean influenced basins. Various
characterises of C/T source rocks were analysed, such as quality, thickness and distribution of
C/T organic carbon developed in Moroccan basins. The controls on the variety of source rock

development were quantified based on the variability and by analogue to the adjacent basins.

As the first author, all the data were analysed and interpreted by myself. I wrote the
manuscript, with support and suggestions from Kevin Taylor, Jonathan Redfern, Lin Ma and

Luc Bulot.

Chapter 7: Summary and future work

The conclusions are summarized and followed by suggestions for future work.

1.4 Reference

Ogg, J.G., Ogg, G., Gradstein, F.M., 2016. A concise geologic time scale: 2016. Elsevier.

Schlanger, S.O., Jenkyns, H., 1976. Cretaceous oceanic anoxic events: causes and
consequences. Geologie en mijnbouw 55, 179-184.

Philip, J., Floquet, M., Platel, J., Bergerat, F., Sandulescu, M., Bara-Boshkin, E., Amon, E.,
Guiraud, R., Vaslet, D., Le Nindre, Y., 2000. Map 14-Late Cenomanian (94.7 to 93.5 Ma).
Atlas Peri-Tethys, Palacogeographical maps.—CCGM/CGMW, Paris.
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2 Literature review

2.1 The Cenomanian-Turonian oceanic anoxic event (OAE2)

The conception of Oceanic Anoxic Events was first put forward when describing the globally
enhanced organic matter preservation sequestration in short intervals of the Aptian-Albian and
Cenomanian-Turonian (C/T) sediments (Schlanger and Jenkyns, 1976). The C/T OAE
(OAE2) has been considered as the most pronounced anoxic event in Mesozoic, spanning
from the latest Cenomanian to earliest Turonian, with the widespread deposits of organic-rich
mudstones and a distinctive positive global carbon isotope excursion recognised in a variety
of paleo-bathymetric settings in marine environments (Figure 2-1 and Figure 2-2) (Arthur et
al., 1988; Schlanger and Jenkyns, 1976). This event is associated with extremely warm
paleoclimate and relative high sea level from the Late Cenomanian to Early Turonian (Figure

2-2) (Forster et al., 2007; Haq and Schutter, 2008; Jenkyns, 2003).

Although the OAE2 was initially defined as the presence of coeval organic-rich mudstones
globally during the Late Cenomanian/Early Turonian (Schlanger and Jenkyns, 1976), the
variations of depositional environments and diagenetic influences may have significantly
controlled the organic matter preservation (Jenkyns, 2010; Tsikos et al., 2004). A positive
carbon isotope excursion has been widely recognised in C/T marine sediments, and is
conventionally interpreted to be aroused by the excess burial of organic matter in marine
settings globally (Arthur et al., 1988; Calvert and Pedersen, 1993; Jenkyns et al., 1994;
Jenkyns and Schlanger, 1990; Keller et al., 2001; Kuypers et al., 2002; Schlanger et al., 1987;
Tsikos et al., 2004). This positive 813C excursion, which can be correlated at distant basins
globally, has been extensively applied for the definition of Cenomanian/Turonian boundary
event stratigraphically (e.g., Arthur et al., 1988; Caron et al., 2006; Falzoni et al., 2018; Jarvis

et al., 2011; Jenkyns, 2010; Keller et al., 2004; Tsikos et al., 2004)
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2.1.1 Age and duration

The OAE2 interval is generally defined by the typical positive carbon isotope excursion
and/or coeval organic-rich mudstone deposition from the latest Cenomanian to earliest
Turonian (Keller et al., 2004; Kuhnt et al., 2005; Kuhnt et al., 1997; Kuypers et al., 2002;
Prokoph et al., 2001; Sageman et al., 2006). The absolute age of the C/T boundary and
duration of the OAE2 interval have been widely studied in many basins around the world. The
quality of these studies could significantly influence the C/T stratigraphic framework, and
further affect the discrimination on the palacoenvironment changes between global and local

signals.

Various proxies, such as cyclostratigraphy, radiometric methods, and biostratigraphy, have
been employed in the studies of the absolute age of C/T boundary and the duration of the
OAE?2 interval. Various C/T boundary ages were suggested from 90 Ma to 96.5 Ma, as well
as a wide range of OAE?2 interval between 240 and 960 ky (Keller and Pardo, 2004; Kuhnt et
al., 2005; Kuhnt et al., 1997; Kuypers et al., 2002; Prokoph et al., 2001; Sageman et al.,
2006). Many factors could influence these results, such as the applied methods, stratigraphic
resolutions, as well as the various definitions of OAE?2 interval (organic matter interval,

positive 8'*C excursion interval or the interval with anoxic conditions).

The C/T boundary age and OAE2 interval have been widely studied in the Western Interior in
the US since the 1980s, which has been broadly considered as a reference section for global
correlation owing to its good chronostratigraphic and biostratigraphic controls. The duration
of OAE2 interval was firstly suggested to be between 91.5 Ma and 90.3 Ma, with a range of
0.5-0.8 Ma straddling the C/T boundary (Arthur et al., 1988); Kowallis (1995) calculated the
C/T boundary age of 93.06 + 0.25 Ma according to the *°Ar/*Ar data of bentonites; Keller et
al (2004) suggested a C/T boundary age of 93.59 Ma based on the foraminifera and ammonite

study; According to the astronomically tuned age model, the C/T boundary age was
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determined to be 94.10 + 0.13 Ma or 94.07 + 0.16 Ma, with a duration of 0.71 + 0.17 Ma
(Eldrett et al., 2015); The duration of OAE2 interval in central Colorado was thought to be
between 563 and 601 ky or between 847 and 885 ky based on the different placement of
OAE2 termination (Sageman et al., 2006). Moreover, the C/T boundary age was estimated
when compared with the Geologic Time Scale with C/T boundary age of 93.55 Ma.
(Gradstein et al., 2004), but this age has a total uncertainty of 1.5 Ma. The combination of
radioisotopic (based on 40Ar/39Ar and 206Pb/238U analysis) and astrochronologic analysis
on C/T strata of the USGS #1 Portland Core, suggests the C/T boundary age is 93.90 Ma +
0.07/-0.09 (£ 0.15) Ma (Meyers et al., 2012). This has significantly improved the uncertainties
compared with the previously determined age, which is consistent with geologic time
scale(Gradstein, 2012), and the international chronostratigraphic chart(Cohen et al., 2013) and
widely applied in the later study (Figure 2-2) (Elderbak et al., 2014; Falzoni et al., 2018; Ogg

et al., 2016).

In Moroccan basin, many studies have been attempted to establish the C/T stratigraphic
framework, including the identification of C/T boundary and OAE?2 interval. The duration of
OAE?2 interval was estimated to be 400 ky by Kuypers et al. (2002), 440 ky by Kuhnt et al.
(2004) and 490 ky by Kolonic et al. (2005) respectively based on the cyclostratigraphy
analysis. Kuhnt et al. (2005) suggested an interval of 440 ky, based on the orbital-scale
record. A recent drilling core (SN°4) from the Tarfaya Basin specifies the OAE2 interval with
a minimum extension of 400 ky (Kuhnt et al., 2017). These results show an agreement that
the duration of OAE2 period is between 400 and 490 ky. However, there are still some
controversies regarding the precise location of C/T boundary in Moroccan basins, owing to

the limited biostratigraphy data.

2.1.2 Palaeoclimate
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A warming global climate occurred from the beginning of the Aptian and peaked in the early
Turonian (Figure 2-2) (Clarke and Jenkyns, 1999; Jarvis et al., 2011; Larson and Erba, 1999;
Leckie et al., 2002). Many studies proposed that the increased global temperature was
ascribed to the rapid influx of greenhouse CO; gas into the atmosphere, owing to the
increased ocean crust production and volcanic activities (Jenkyns, 2010; Keller, 2008; Leckie
et al., 2002). The atmospheric CO» level was considered to be 4 to 16 times higher than
present (Kidder and Worsley, 2012; Niezgodzki et al., 2017), reaching a ‘hothouse’ climate
state (Kidder and Worsley, 2010). The massive volcanism associated with the formation of
the large igneous province (LIPs) was considered as the dominant controls on the climatic

changes (Du Vivier et al., 2014; Kuroda et al., 2007).

The sea surface temperatures (SSTs) in the tropical Atlantic Ocean were reconstructed in
many studies during the C/T interval, suggesting a temperature of 34 to 36 °C, 3-9°C higher
than the modern mean annual temperature (Forster et al., 2007; Wilson et al., 2002). The sea
surface temperatures reached a maximum in the Early Turonian, which is in good agreement
with the warmest climate in the Early Turonian (Jenkyns, 2010; Keller et al., 2008; Larson
and Erba, 1999) and highest sea level rise (Haq, 2014) (Figure 2-2). However, a period of
colder temperature in this long-term warming climate was recognised at the beginning of
OAE2 interval, termed as ‘‘Plenus Cold Event’’ (Bornemann et al., 2008; Jenkyns et al.,

2017; Keller et al., 2001; Kuhnt et al., 2017; Lamolda et al., 1994; Tantawy, 2008), presenting
a decreased temperature over 4°C within a period of ~40 ky (Jarvis et al., 2011; Jeans et al.,
1991; Keller et al., 2001; Zheng et al., 2016). This was related to the substantial organic
matter preservation during the onset of OAE2 interval, which significantly decreased the

atmospheric CO2 concentration and drove the global climate to a cooling condition (Arthur et

al., 1987; Kuypers et al., 1999).
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2.1.3 Sea level

The long-term Cretaceous marine transgression presents a similar trend as the global warming
climate, starting from the Aptian and reaching the maximum in the Early Turonian (Figure
2-2) (Haq, 2014; Schlanger and Jenkyns, 1997). The sea level changes during the C/T
intervals have been demonstrated by a variety of proxies, including the ratio of planktonic to
benthic foraminifera (p/b ratio), the TOC values change, the specific biomarkers indicative of

photic zone oxygen depletion, and stable isotopes.

The controls on the sea level rise during the C/T interval could be analogous to the sea level
fluctuation of the present day. Several processes could lead to the sea level rise, such as the
accelerated melt of mountain glaciers caused by the warming climate, the thermal expansion
of sea water owing to increased sea surface temperature, and the change of mass balance of
ice sheet (Cazenave and Llovel, 2010). The coupling between warming paleoclimate and
marine transgression during OAE?2 interval is one possible explanation of this long-term sea
level rise (Figure 2-2), suggesting that sea level is very sensitive to paleoclimatic change. The
rapid sea level rise would expand the marine water, leading the extinction of marine creatures
and a widespread carbonate platform deposition (Hay and Floegel, 2012). However, the
explanation of sea level changes related to the continental ice sheet remains controversial
during the C/T interval. The glacio-eustasy and aquifer-eustasy were possibly playing an

essential role on the sea level rise (Sames et al., 2016).

2.14 Carbon isotope

A positive carbon isotope excursion has been recorded in various marine settings from
epicontinental to basinal environments during the C/T interval (Elrick et al., 2009; Gale et al.,
2005; Jenkyns et al., 1994; Keller et al., 2008; Tsikos et al., 2004). The preferential

incorporation of light carbon preservation during the considerable organic matter
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accumulation led to a 12C depletion of seawater (Arthur et al., 1988; Calvert and Pedersen,
1993; Jenkyns et al., 1994; Jenkyns and Schlanger, 1990; Keller et al., 2001; Kuypers et al.,
2002a; Schlanger et al., 1987; Tsikos et al., 2004). However, the anoxia and/or organic carbon
preservation were not widely developed during OAE2 interval, especially in some shallower

marine environments(El-Sabbagh et al., 2011; Gertsch et al., 2010).

The onset of the OAE2 interval is marked as a negative §'°C excursion initially before a
significant increase (e.g., Jarvis et al., 2011; Keller et al., 2004; Kuhnt et al., 2017; Tsikos et
al., 2004). The profile of §'*C excursion shows a complex characteristic during OAE2
interval, but three major peaks (I, I and III) are commonly recognised (Figure 2-3), which is
conducive to regional and even global correlation. The peak I is generally present in the
planktonic foraminiferal R.cushmani zone, while the other two peaks occurred in the W.
archaeocretacea zone blow the C/T boundary (Caron et al., 2006; Falzoni et al., 2018; Keller
et al., 2004; Tsikos et al., 2004). However, owing to the variation of 813C content and the
sampling resolution, additional peaks might be present in some localities, which may result in
some different interpretations of these peaks. For examples, Peak II was recognised below the
N. Juddii zone in the Eastbourne section (Pearce et al., 2009), while Caron et al. (2006) chose
the peak in the middle of N.Juddii zone as the peak II. Therefore, it is of essential to take the
biostratigraphy as a control when we apply those peaks for correlation. The Eastbourne,
England and the Pueblo section, the US, with great biostratigraphic control of C/T deposition,
have been widely taken for regional and global correlations based on the carbon isotope

curves.
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Figure 2-3 Carbon isotopic stratigrahpy and biostratigraphy in Eastbourne section, England
(Tsikos et al., 2004) and Pueblo, USA (Falzoni et al., 2018)

2.1.5 Biostratigraphy

2.1.5.1

Ammonite biostratigraphy

The base of Lower Turonian was generally defined as the first occurrence of Watinoceras

devonense, while the last occurrence of Neocardioceras juddii has been taken as the top of

Upper Cenomanian (Caron et al., 2006; Gale et al., 1993; Kennedy and Cobban, 1991;

Kennedy et al., 2005; Paul et al., 1999). This scheme has been widely applied in the

Northwest Europe and Western Interior of the USA.

For the Tethys ammonite species, it is more complicated to apply the ammonites for C/T

boundary identification. The first appearance of Watinoceras sp. (Caron et al., 2006;
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Ettachfini et al., 2005), Pseudaspidoceras flexuosum (Cobban, 1984), Vascoceras proprium
(Aly et al., 2008; Nagm et al., 2010) and the last occurrence of Pseudaspidoceras
pseudonodosoides Tunisia (Caron et al., 2006; Robaszynski et al., 2010), vascoceras cauvini

(Aly et al., 2008; Nagm et al., 2010),were used in different Tethyan basins respectively.

The corresponding relationships between ammonite stratigraphy and carbon isotopic
stratigrahpy have been explored in many studies (Caron et al., 2006; Jarvis et al., 2011;
Jenkyns et al., 1994; Tsikos et al., 2004). To be specific, the §'°C peak I is generally present
in the lower part of the S.gracile zone, or the M. geslinianum in the Tethyan basins. The peak
IT is defined as the major peak in the middle of the N. juddii zone (early of the P.
pseudonodosoides zone in some Tethyan basins). The §'*C peak III is commonly recognised
closely below the C/T boundary, in the top of the N.Juddii ammonite zone (the P.
pseudonodosoides zone in Tethyan basins) (Caron et al., 2006; Falzoni et al., 2018; Keller et
al., 2004; Keller et al., 2001) (Figure 2-3). Therefore, these corresponding relationships
suggest the §'°C peaks could be served as an additional and convincible tool for the C/T

stratigraphy analysis when ammonites are rare or absent.
2.1.5.2 Planktonic foraminifera biostratigraphy

Typical ammonite species as the primary indicators for the stratigraphy analysis are often
rarely developed or absent, especially in the hemiplegic and pelagic successions (Falzoni et
al., 2018). In this case, planktonic foraminifera bioevents are commonly served as a
complementary tool for the C/T stratigraphy study. The Late Cenomanian/Early Turonian
includes three planktonic foraminiferal zones: Rotalipora cushmani zone, Whiteinella
archaeocretacea zone and Helvetoglobotruncana Helvetica zone (Caron et al., 2006; Falzoni

et al., 2018; Jarvis et al., 1988; Keller et al., 2001; Leckie, 1985; Tsikos et al., 2004).
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(1) Rotalipora cushmani zone

This zone spans from the middle Cenomanian to the lower part of upper Cenomanian. There
are many arguments about the diachronous extinction of R.cushmani species globally (Falzoni
et al., 2018; Keller et al., 2001). In some C/T strata, owing to the presence of hiatus during the
onset of OAE2 interval, some results suggested the last occurrence of this species occurred
before the OAE?2 interval. However, in spite of the diachronous extinction of R.cushmani
among some successions, the onset of OAE2 interval is generally recognised in the top of this

zone (Falzoni et al., 2018)

(2) Whiteinella archaeocretacea zone

The Whiteinella archaeocretacea zone is defined as the first appearance of
Helvetoglobotruncana Helvetica and Last appearance of Rotalipora cushmani. This critical
interval spans the C/T boundary, accounting for a large part of the OAE2 interval and the

main phase of enhanced OC preservation globally.

(3) Helvetoglobotruncana helvetica zone

The interval of Helvetoglobotruncana helvetica zone is present in the Early Turonian interval.
However, the beginning of this zone could be significantly diachronous from the lowest to the
uppermost of the Early Turonian (Caron et al., 2006; Falzoni et al., 2018). For example, The
first occurrence of H. helvetica was demonstrated earlier in the Tethyan Ocean than in the

Western Interior Basin (Caron et al., 2006) (Figure 2-4).
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Figure 2-4 Planktonic foraminiferal and ammonites zones during the C/T interval at Pueblo, US

and Bahloul, Tunisia (Caron et al., 2006)

The onset of OAE?2 generally started from the upper R.cushmani zone and ended at the upper
W. archaeocretacea interval (Caron et al., 2006; Falzoni et al., 2018; Jarvis et al., 2011;
Tsikos et al., 2004). The increase of organic matter preservation globally began from the latest
Cenomanian to the earliest Turonian, equivalent with the upper R.cushmani to
W.archaeocretacea zone (Arthur et al., 1987). This has been confirmed in the later studies
(Caron et al., 2006; Jarvis et al., 1988; Jarvis et al., 2011; Jenkyns, 2010; Keller et al., 2001;
Meyers et al., 2001; Sageman et al., 2006; Tsikos et al., 2004). However, the LO (last
occurrence) and FO (first occurrence) of these marked taxa (e.g., R.cushmanian, H.helvetica)
are occasionally diachronous (Caron et al., 2006; Falzoni et al., 2018). Therefore, the

planktonic foraminiferal bioevent should be used with caution, and it has been commonly
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served as a relative dating tool or a complementary tool for the regional and global correlation

to improve the accuracy.

2.1.6 Trigger mechanisms

Many studies have been devoted to the mechanisms responsible for the considerable organic
carbon preservation during OAE?2 interval from basin scale to the global scale. These rapid
organic matter accumulations are generally attributed to the enhanced sea surface productivity
and oxygen-depleted water conditions during OAE?2 interval. However, the exact triggers
behind this global phenomenon are still debated, including the influence of continental

weathering, sea level rise, volcanogenic input, and hydrothermal circulation.

The enhanced hydrothermal cycling associated with the increased submarine volcanic
activities around the OAE2 interval had been considered to significantly increase the
upwelling of nutrient-rich bottom water, which thereby improved the sea surface productivity
(Jeans et al., 1991; Jenkyns, 2010; Jones and Jenkyns, 2001; Kerr, 1998; Trabucho Alexandre
et al., 2010). Some hypotheses suggest the prevailing warm paleoclimate during OAE2 could
intensify the continental weathering and terrestrial nutrient discharged into the ocean (Adams
et al., 2010; Clarke and Jenkyns, 1999; Du Vivier et al., 2014; Jenkyns, 2010; Larson and
Erba, 1999; Leckie et al., 2002; Monteiro et al., 2012; Von Strandmann et al., 2013). Both
above hypotheses suggest the OAE2 was related to the increased productivity owing to the
substantial influx of nutrients into the ocean surface, from the continent or the bottom water.
Furthermore, increased productivity played an essential role in removing the oxygen from the
ocean and accelerating the water column conditions evolved from an oxic to dysoxic/anoxic
redox water condition (Jenkyns, 2010; Meyers et al., 2012). This nutrient-productivity scheme
related to the warming climate and the increased volcanism has been widely accepted as the
main trigger of the global anoxia and substantial organic matter accumulation (Kuypers et al.,

2002; Monteiro et al., 2012; Trabucho Alexandre et al., 2010; Von Strandmann et al., 2013).
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Du Vivier et al. (2014) demonstrated the increased productivity through the nutrient influx
associated with continental weathering had triggered the onset of OAE2, but the widespread
anoxia caused by sea level rise facilitated the considerable organic matter deposition.
Turegeon and Creaser (2008) suggested the onset of OAE2 was only induced by the increased
organic matter preservation associated with magmatism-relate anoxic bottom water condition.
The relatively sluggish circulation in the Atlantic Ocean during the C/T interval could readily
generate anoxic/euxinic bottom water conditions with much less nutrient input than present
(Donnadieu et al., 2016; Ruvalcaba Baroni et al., 2014). These suggest the reducing
conditions related to the marine transgression and/or the magmatism could be another

potential trigger for increased OM-rich mudstone deposition.

Overall, the mechanisms behind the widespread organic-rich black mudstones on a global
scale during the OAE?2 interval were complicated, and cannot be explained by a simplex and
unique model. However, both the increased productivity and enhanced preservation
conditions should be responsible for the enhanced OM deposition globally during OAE2,

though their roles might be variable regionally.
2.2 Study areas- Morocco basins

The C/T successions have been widely studied in Moroccan basins, including the West
Moroccan coastline Agadir and Tarfaya basins and the inland Pre-African Trough Basin (East
Morocco), in aspects of stratigraphy (biostratigraphy and carbon isotopic stratigraphy)
palacoenvironmental perturbations and C/T deposition, as well as the characteristics and

controls of the organic-rich mudstones related to OAE2.
2.2.1 Geological setting

Morocco is situated in the Northwest Africa, with a special location of a triple junction

including the Atlantic Ocean, the African continent and the Alpine collision zone (Michard et
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al., 2008) (Figure 2-5). Continental rifting and North Atlantic Ocean opening during
Mesozoic intervals largely contributed to the development of a serial of Moroccan coastal
basins (Figure 2-6).
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Figure 2-5 Location of Morocco at the triple junction of the African continent, Atlantic Ocean

and paleo-Tethys Ocean (Michard et al., 2008)

The early Triassic rifting intensity and subsidence were relatively moderate and peaked in the
late Triassic to earliest Jurassic interval (Adams, 1979; Heyman, 1989; Liining et al., 2004).
The opening of central Atlantic and Paleo-Tethys started from the Jurassic owing to a major
transgression on the Triassic synrift continental sediments (Davison, 2005; Wenke et al.,
2011). From Middle Jurassic to Early Cretaceous, carbonate platform environments were
commonly developed through flooding the rifted Moroccan basins (Ali et al., 2014; Hafid et
al., 2008), and a thick shallow marine carbonate deposition was recognised overlying the
previously synrift sequences (Heyman, 1989). Several major marine transgression-regression
cycles were identified from the Albian interval to the Campanian, associated with regional or

global anoxic events (Jenkyns, 2010; Kolonic et al., 2002)
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Figure 2-6 Overview of the geology of the Tarfaya Basin, Agadir Basin and Pre-African Trough
(Errachidia) (Sachse et al., 2014)

During the Late Cenomanian—Early Turonian, a phenomenon of sluggish oceanic circulation
occurred in the Atlantic Ocean and Western Tethys Ocean and induced by the restricted
connection between the Atlantic and neighbouring oceans, which was not conducive for water
mass exchange (e.g., (Wagner and Pletsch, 1999)). Thus, these palacoceanographic conditions
was conducive to the development of widespread oxygen-depleted bottom water conditions
(Handoh et al., 1999). Although many Moroccan basins were suffered from gradual
subsidence during the late Cretaceous, the rapid and frequent fluctuations of the sea level
seemed to be a more crucial factor on controlling the C/T deposition (Ensslin, 1992).
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2.2.2 Tethys Ocean influenced basins
2221 3.2.1 Pre-African Trough Basins

Wide-ranging and well-exposed C/T outcrops were distributed across the West Saharan
platform, providing exceptional opportunities study of the C/T succession. The C/T outcrops
in Pre-African Trough of Morocco have been extensively studied in terms of
palaeoenvironments and palaeontology, suggesting a shallow-marine palaeoenvironment with
dominant oxic bottom water conditions (Andreu et al., 2013; Lebedel et al., 2015; Lebedel et
al., 2013; Lezin et al., 2012). These basins have comparable fossil assemblages and facies
with the other Tethys Oceanic basins across Tunisia and Algeria (Benyoucef et al., 2017;
Benyoucef et al., 2016; Busson et al., 1999; Grosheny et al., 2008; Grosheny et al., 2013;

Robaszynski et al., 2010; Zagrarni et al., 2008).

The interval has had a number of previous biostratigraphic studies, with ammonite analysis
undertaken (Ettachfini and Andreu, 2004; Gale et al., 2017; Kennedy et al., 2008; Meister et
al., 2017; Meister and Rhalmi, 2002), ostracod studies by (Andreu et al., 2013), and
planktonic foraminifera (Lezin et al., 2012). Previous carbon isotope analysis was also carried
out, trying to identify the C/T boundary based on the regional and global correlation (Lezin et
al., 2012). The geochemical analysis was conducted in the Goulmima and Ziz sections
(Lebedel et al., 2013), examining the palacoenvironmental perturbation based on the redox
water conditions and productivity during the C/T interval. These studies suggest no organic-
rich mudstone deposition was caused by the absence of anoxic water conditions across the

OAE2 interval.

2.2.3 Atlantic Ocean influenced basins

C/T organic-rich black mudstones were broadly distributed along the present-day Moroccan#

coastline, marked as high organic carbon accumulation within an extremely high
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sedimentation rate (Gertsch et al., 2010; Keller et al., 2008; Kolonic et al., 2005; Kuhnt et al.,
1997; Liining et al., 2004; Mort et al., 2008). The well-exposed outcrops in the Tarfaya and
Agadir Bains provide an excellent chance to study of the palaeoenvironmental response to the
OAE?2 in different palacobathymetric settings and associated organic carbon concentration

mechanisms during the C/T interval.
2.23.1 Agadir Basin

Detailed sedimentological, mineralogical and palaeontological studies have been conducted
on the Azazoul section in the Agadir Basin, and have characterised the palacoenvironmental
perturbation during the C/T interval owing to the paleoclimate and sea level change (Gertsch
et al., 2010; Jati et al., 2010). The sediments in the pre-OAE2 and OAE?2 interval are mainly
characterized as organic-poor sediments, composed of bioclastic limestone, thick oyster beds,
marly limestone, and dark grey mudstone beds, suggesting a shallow marine inner shelf
environment. Anoxic bottom conditions based on lithofacies assemblages were recogized in
the Early Turonian (post-OAE2 interval) and interpreted as a delay of anoxic conditions
owing to the shallow-water environment (Gertsch et al., 2010). They also suggest a humid
paleoclimate during OAE?2 interval based on the high kaolinite content in the sediments, and
the climate was the driving factor for the onset of OAE?2 interval and related black mudstone

deposition.

Moreover, integrated planktonic foraminifera biostratigrahpic and carbon isotopic analysis
have been applied to identify the C/T boundary in the Azazoul section, but with different

views on the position of C/T boundary between Gertsch et al. (2010) and Jati et al. (2010).

2232 Tarfaya Basin

The Tarfaya Basin is associated with exceptionally thick organic-rich mudstones during the

C/T interval, presenting an anomaly of organic matter (OM) accumulation rates (>10 cm/k
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year) (Ghassal et al., 2016; Kuhnt et al., 2009; Kuhnt et al., 2005; Mort et al., 2008). Aspects
of sedimentology, biostratigraphy, isotopic stratigraphy and organic geochemical analysis
have been conducted on many sections (e.g. Mohamed beach section and Tazra section) and
drilling wells (e.g. S57, S75, S13 and SN°4) in the Tarfaya Basin over 20 years (Gebhardt et
al., 2010; Gebhardt and Zorn, 2008; Gertsch et al., 2010; Ghassal et al., 2016; Kolonic et al.,
2005; Kuhnt et al., 2001; Kuhnt et al., 2009; Kuhnt et al., 2017; Kuhnt and Wiedmann, 1995;
Mort et al., 2008). These studies suggest that a generally deep marine environment was
prevailing in this basin during the C/T interval, and considerable OM-rich black mudstones

were developed.

Biostratigraphy and §'3C proxies have been extensively applied to establish a C/T
stratigraphic framework for OAE2 and associated organic carbon analysis (Keller et al., 2008;
Kuhnt et al., 2017; Kuhnt et al., 2005; Kuhnt et al., 1997). Most of the stratigraphic analysis
was predominantly performed by the integration of §'°C and planktonic foraminifera owing to
the limited ammonite evidence. Upper Cenomanian sediments are composed of dark organic-
rich mudstone alternated with thin beds of limestones with chert nodules (such as Mohammed
Plage section), while the Lower Turonian succession is characterized as OM-rich mudstone
deposition with calcites and nodules, and biolclastic limestone beds in the upper part of Early
Turonian (e.g. Amma Fatama) (Gertsch et al., 2010; Kuhnt et al., 2001; Kuhnt et al., 2009;

Mort et al., 2008; Smrzka et al., 2017).

The maximum TOC value (up to 26 wt.%) in this basin was recognised during OAE2 interval
(Dickson et al., 2016). The OM-rich mudstones in the underlying and overlying beds were
also recognised in this basin (Ghassal et al., 2016; Kuhnt et al., 2017; Prauss, 2012; Sachse et
al., 2011). The significant organic matter recognised during the OAE2 interval was
developed in an oxygen-depleted marine environment, interpreted as climate forcing (Kolonic

et al., 2005; Kuhnt et al., 2009). The organic-rich mudstones were related to the intensity of
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upwelling, nutrient input and reducing conditions in the water column caused by the
paleoclimate and palacoceanographic environment changes (Keller et al., 2008; Liining et al.,

2004; Tantawy, 2008; Tsikos et al., 2004).
224 Outstanding problems

Based on the review of the literature, there are still some problems unsolved in this topic, as

listed below:

First of all, the C/T boundary is not clear in many Moroccan basins. For example, in the
Agadir Basin, insufficient biostratigraphic evidence and limited resolution of & '3C and & '*0

data makes it difficult to locate the C/T boundary precisely. In the Tarfaya basin, the C/T
Tazra section had been studied by Keller et.al (2008) and Tantawy et.al (2008) concerning the
lithology, biostratigraphy (nannofossil and planktonic foraminifer biostratigraphy), and
carbon isotopic stratigraphy analysis. A C/T boundary position was proposed, but the lack of
representative ammonite and planktonic foraminifera species makes the C/T boundary
unconvincing. The location of the C/T boundary in Pre-African Trough basins is also
ambiguous owing to the insufficient biostratigraphic data. Additional biostratigraphic and

carbon isotopic correlation could help to identify the C/T boundary more precisely.

Secondly, most of the previous studies only focused on the OAE2 interval, and the
distribution of the organic rich mudstone deposition before and after the OAE?2 is not clear. In
the Agadir Basin, OM-rich black mudstones were not developed in the OAE2 interval, but
were widely recognised in the post-OAE?2 interval in the early Turonian. In Tethyan Pre-
African Trough basins, the previous work mainly focused on the bioclastic-rich limestones
deposition in shallow carbonate platform across the OAE2 interval. However, they did not

identify any organic-rich mudstone, nor evaluate the association to the OAE2 in this area.
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Thirdly, limited work has been done in Tethyan basins compared with Atlantic basins, in
particular, much more work has been conducted in the Atlantic influenced Tarfaya Basin,
which developed in a deep marine environment. Organic-poor black shales were deposited
during the OAE2 interval in the Tazra section of Tarfaya Basin (Keller et al., 2008; Tantawy,
2008), while the equivalent sediments of adjacent sections and wells are characterized as OM-
rich black mudstones. The lack of mineralogical and geochemical analysis makes the study
on the control of these sediments insufficient. Moreover, very limited work has concentrated
on the extensive OM-rich black mudstones in the Early Turonian, such as the marco- and

micro-structures, the local and global control of the source rocks.

Finally, the factors controlling deposition of these organic rich mudstones are not analysed
properly. Studies in the Agadir Basin have been conducted on the controlling factors of C/T
deposition in these Moroccan basins previously, mainly focused on the palacoenvironment
changes related to OAE?2 and the mechanisms of associated organic carbon preservation.
However, there is still considerable controversy about the driving factors of the source rock
quality and distribution around C/T interval. Many studies were concentrated on the organic
carbon during OAE2 interval, while much fewer study has been carried out on the Early
Turonian OM-rich black mudstones, which are distributed over a wide area. Moreover, little
work has been associated with the stratigraphic correlation of the C/T strata between the both
Atlantic Ocean influenced Agadir Basin and Tarfaya Basin, to illustrate the response of
different palacoenvironmental changes to OAE2. In Tethyan Pre-African Trough basins, the
previous work was only focused on the bioclastic-rich limestones deposition, but the

palaecoenvironmental and water conditions on the mudstones are not clear.

In summary, the remain questions on this research areas are: (1) the C/T boundary is not clear
in many Moroccan basins; (2) the spatial and temporal distribution of organic-rich mudstone

and the relationship with OAE2 are not clear; (3) palaeoenvironment reconstruction of
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organic-rich mudstones is not specific or sufficient; (4) driving factors of the source rock

quality and distribution around C/T interval are not analysed properly.
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3 Materials and Methods

3.1 Overview

In order to understand the palacoenvironments, geochemical signatures and controls of the

C/T organic-rich mudstones and interbedded rocks in Moroccan basins, this study employs

field work, petrological methods, geochemical methods and other correlative methods. The

goals of using these techniques are to locate the C/T boundary and OAE?2 interval precisely,

examine the controls on quality and distribution of source rock, and finally analogue the other

adjacent Atlantic and Tethyan basins at a larger spatial and time scale.

3.2 Field work

Five times of field trips were conducted in this research (Figure 3-1), and samples were

collected for future analysis (Table 3-1):

1)

2)

3)

4)

26/05/2015 — 27/05/2015, the Azazoul section in the Agadir Basin. Mainly focused
on the OAE2 interval in the Upper Cenomanian. A total of 43 samples were
collected.

05/03/2016 — 24/03/2016, the Errachidia — Goulmima — Tadighoust — Tinghir
sections in the Pre-African Trough Basins. Seven late Cenomanian/early Turonian
sections were logged, with two of them are organic-carbon bearing. A total of 268
samples were collected

14/11/2016 — 22/11/2106, the Laaguig East, Tazra and En-Naila sections in the
Tarfaya Basin. Three sections from Late Cenomanian to Early Turonian were
logged. A total of 99 samples were collected.

23/11/2016 — 24/11/2016, the Azazoul section in the Agadir Basin. Succession from

the latest Cenomanian to early Turonian. a total of 73 samples were collected
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5) 25/02/2017-1/03/2018, the Errachidia — Goulmima — Tadighoust sections in the Pre-

Over ten ammonite samples were collected.

African Trough Basin. Re-examination of the outcrops and ammonites hunting.
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Figure 3-1 Locations of studied Cenomanian/Turonian outcrops in Morocco

3.3 Petrological methods

Standard thin sections of selected samples were prepared in University of Manchester and IPS

in Aberdeen for petrological observation. They were observed under the optical microscope

and scanning electron microscope. The observation includes (a) the mineralogy and

compositions of samples, (b) micro-textures related to depositional and diagenetic processes.
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Table 3-1 Summarise of the analyses of samples in studied Moroccan basins

Basin Section Location GPS Total samples Th],n .X—ray. ljrace and Carbon TOC
Section [ Diffraction | Major elements | Isotope
Agadic | soulsection | Agadir —zatiude | 3053117 107 69 107 38 107 64
Basin Longitude -9.740277
Tazra section Tazra Latlt'ude 27.935152 60 21 60 7 60 8
Longitude | -12.294648
Tarfaya | BN Naila section | EN-Naila |—tiude | 27935152 20 12 20 9 20 20
Basin Longitude | -12.294648
Laagulng East Laaguing Latlt'ude 27.935152 19 3 19 5 19 3
section East Longitude | -12.294648
Erraichida seciton Latinde | 31.998067 53 52 52 27 52 29
L Longitude -4.557936
Erraichida W Brrachidia | ude | 31984754
Irraic .a est atlt.u C . 36 9 0 0 0 0
seciton Longitude -4.582598
Goulmima seciton | Goulmima |—=2iude 1 31.708307 43 20 0 16 0 0

Longitude -4.928627

Errachidia -
. . Latitude 31.872795
i Tadighoust seciton | Tadighoust 28 21 0 9 0 0
Goulmima | 7acigtiou O " Congitude | -4.932283

Basin -
Zoula seciton Ziz Latide | 31.800369 54 0 0 0 0 0
Longitude -4.237956
idia-Goulmim: Latiude | 31.813837
Errachidia-Goulmima | | g, f—-2ttude 36 0 0 0 0 0
section Longitude -4.602021
Tinghir seciton | Tinghir |—auade { 31.53962 18 0 0 0 0 0

Longitude -5.475764

3.3.1 Optical microscope

The optical microscopy was conducted using Nikon Eclipse LVIOONPOL to collect optical
properties of the samples under transmitted light (polarized or cross-polarized) and low

magnification image data from cm to mm scale.

3.3.2 Scanning electron microscope (SEM)

FEI XL30 Environmental Scanning Electron Microscope and FEI QUANTA 650 FEG ESEM
were used for high magnification observation, from pm scale to nm scale. Minerals and
compositions can be identified using backscatter electron SEM (Krinsley et al., 1983; Prior et
al., 1999), and the micro-textures related to the depositional and diagenetic processes could be
observed can be analysed at the same time (Kim et al., 1998; Milliken et al., 2012; Taylor and

Macquaker, 2014).

3.4 Geochemical methods

34.1 Inorganic geochemistry
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34.1.1 X-ray diffraction (XRD)

XRD was performed to determine the mineralogy of the selected bulk rock samples using a
Philips PW1730 and Bruker D8 Advance in School of Earth and Environmental Sciences. 200
mg powdered sample was used in each measurement, and EVA version 4 software was used
to compare experimental peaks to ICDD (International Centre for Diffraction Data) database.

Quantification was carried out using Topas version 4.2 with a possible volume error + 1%.
34.1.2 X-ray fluorescence (XRF)

XRF analysis was conducted to determine the bulk elemental compositions of the samples
using Axios Sequential X-ray Fluorescence Spectrometer in the University of Manchester.
Samples were crushed and milled and then made into pressed pellet-shape. 12 g samples were
bound with 3 g wax to make one pellet. The loss of ignition was determined by putting the
samples in a furnace at a temperature of around 1000°C. Elements of atomic number 8 to 95
could be detected, and the limit of detection depends on the element concerned. More than 50
major and trace elements were obtained, and Al, Ti, S, Fe, P, Zr, Th, Ni, Zn, Cu, V, Mo, U,
Co and Mn were selected for further analysis. Detection limits of these trace elements were Zr
0.5, Th 1.3, Ni0.5,Zn 0.5, Cu 0.6, V 1.5, Mo 0.3, U 1.0 and Mn 1.7 separately. Analytical
precision based on replicate analysis was better than + 3% for Al, S, Fe, Ni, Zn, V and Mo, +

4% for Mn, £ 10% for P, Ti and Cu, but with a bigger error of Zr, Th and Co around + 20%.
34.13 Stable isotopes

Carbon and Oxygen isotope analysis (3'°C and §'*0) were conducted in the University of
Liverpool using the Instruments Elemental Analyser coupled to Thermo Scientific Delta V
Advantage mass spectrometer fitted with Conflo IV gas handling system, with the purpose of

identifying the C/T boundary and OAE?2 interval through regional and global correlation.
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Small amounts of micritic samples were carefully selected from the fresh samples collected in
the field. These mudstones or marlstones dominant samples were ground into powder, and all
samples were pre-treated in order to remove reactive organic compounds present in bulk
limestones prior to isotopic analysis. Approximately 200 mg of powdered sample was
transferred to sealable plastic centrifuge tubes and reacted with 15 mls of sodium hypochlorite
(containing ~5 % active chlorine) adjusted to a pH of 9.5 by addition of hydrochloric acid.
Adjustment of solution pH was undertaken to maximize the efficiency of the oxidation
reaction(Anderson and Hance, 1963; Lavkulich and Wiens, 1970) and minimize the potential
for carbonate precipitation at pH values (~12.3) typical of sodium hypochlorite solutions.
Following addition of sodium hypochlorite, the samples were shaken continuously for
approximately 16 hrs using a motorized shaking table. Sodium hypochlorite was subsequently
removed by repeated cycles of rinsing with deionised water and centrifugation. The resultant

‘clean’ sediment samples were then frozen at -80 °C and freeze-dried.

Previous assessments of the effect of procedures to remove reactive organic carbon using
sodium hypochlorite reported measurable changes in the isotopic composition of calcite
following treatment (Wierzbowski, 2007). In order to investigate possible isotopic effects of
treatment procedures used in this study a test was undertaken using a finely powdered sample
of Carrara (calcite) marble. Results of the replicate isotopic measurement of untreated and
treated aliquots of the stock marble are summarized in Table 3-2. The magnitude of the
‘treatment effect’ observed in this study is similar to that reported by Wierzbowski (2007) and
shows that the procedure imposes small negative shifts in the carbon and oxygen isotope

composition of treated relative to untreated limestone.

The carbon (!*C/'2C) and oxygen (**0/'°0) isotope ratios of bulk limestone samples were
measured following a modified version of the classical manual ‘sealed vessel’ procedure

described by McCrea (1950) and Swart et al. (1991).(McCrea, 1950; Swart et al., 1991).
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Sufficient powdered sample to yield between 40 and 50 pmols of CO; was reacted to
completion at 60.0+£0.2 °C with ‘anhydrous’ phosphoric acid (specific gravity 1.915+0.005)
under vacuum for approximately 16 hrs. Product CO; was recovered cryogenically and mass

ratios were measured against a comparison CO; (‘reference’ gas) using a dual-inlet VG SIRA

10 mass spectrometer. Resultant delta values (6&:’)2 ** and Ségé 44) were corrected for 17O

effects (Craig, 1957) and adjusted for temperature-dependent kinetic oxygen isotope
fractionation associated with the carbonate-phosphoric acid reaction using a fractionation
factor (@) of 1.00890 (in-house determination). All data are reported as delta (J) values with
respect to the Vienna Pee Dee Belemnite (VPDB) carbon and oxygen isotope scales (via NBS
19, NBS 18). Analytical precision (10), based on replicate analysis of in-house quality control

calcite, is estimated to be better than £0.1 %o for both carbon and oxygen isotope values.

Primary §'3C and §'80 isotope signals though are readily altered by post-depositional
diagenetic process. Replacement reactions, cementation, as well as dissolution process have
an impact on the stable isotope curve excursion. §'*0 values typically show an initial
increase caused by early recrystallization of bulk carbonate, while a significant decrease in
5'80 values occurs during further diagenesis, owing to the higher temperatures (Schrag and

Wiener, 1995).

Table 3-2 Carbon and oxygen isotope composition of untreated (U) and treated (V) Carrara

marble
Sample TD n 10°3"*Cvpps On-1 10°3'* Ovpps On-1
LIVM2/untreated (U) 6 2.00 0.01 -1.98 0.08
LIVM2/treated (T) 6 1.76 0.02 -2.09 0.09
T-U -0.24 -0.11

34.2 Organic geochemistry
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3421 TOC

The total organic carbon content (TOC) were measured using a Leco carbon analyser in
School of Earth and Environmental Sciences, the University of Manchester and the College of
Earth Sciences, Jilin University. ~100 mg of the sample powder was used in each
measurement. TOC values were calculated by subtracting the inorganic carbon (IC) values
from the total carbon (TC) values. TC values were measured by heating the samples to 900°C
in a furnace to enable all the carbon converted to carbon dioxide, detected by an infra-red
detector. IC values were also detected using carbon dioxide, generated through reacting the

sample with highly acidic quartz. The error was calculated to be + 0.02%.

3422 Rock Eval

Rock eval measurements were conducted using a Delsi Rock-Eval RE II instrument in the
College of Earth Sciences, Jilin University to identify the type and maturity of organic matter
and to detect petroleum potential in selected samples. ~ 100 mg sample was placed in a vessel
and were progressively heated to 550°C under an inert atmosphere (helium). During the
analysis, the hydrocarbons already present in the sample were volatized at a moderate
temperature. The amounts of hydrocarbons are measured and recorded as a peak known as S1.
Next the kerogen present in the sample was pyrolyzed, which generates hydrocarbons and
hydrocarbon-like compounds (recorded as the S2 peak), CO», and water. The CO generated
is recorded as the S3 peak. Residual carbon is also measured and is recorded as S4 (Tissot and

Welte, 1984).

In summary,

S1 = the amount of free hydrocarbons (gas and oil) in the sample, precision better than + 0.5

mg/g
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S» = the amount of hydrocarbons generated through thermal cracking of non-volatile organic

matter, precision better than £ 0.5 mg/g.

S3 = the amount of CO> produced during pyrolysis of kerogen.

Tmax = the temperature at which the maximum release of hydrocarbons from cracking of

kerogen occurs during pyrolysis (top of S» peak), precision better than + 2 °C.

The type and maturity of organic matter in source rocks can be calculated by the following
parameters, such as hydrogen index (HI), hydrogen index (OI), production index (PI) and

production index (PC) (Emeis and Kvenvolden, 1986).

HI = (100 x S»)/TOC. This is to characterize the origin of organic matter.

OI = (100 x S3)/TOC. This correlates with the ratio of O to C, which is high for

polysaccharide-rich remains of land plants and inert organic material.

PI=Si/(S1 + S»). This is to characterize the evolution level of the organic matter.

PC =0.083 x (S1+ S»2). This corresponds to carbon content of hydrocarbons volatilized and

pyrolyzed during the analysis.

343 X-ray computed tomography

X-ray computed tomography (XCT) was conducted in this study to image and quantify the
organic matter particles and other compositions in three dimensions (3D). This is a powerful
non-destructive technique creating a 3D imaging set by stacking continuous cross-sectional
radiological images with the purpose of visualizing the internal structures of materials
(Ketcham and Carlson, 2001; Michael, 2001). X-ray tomography images are based on the
principle that the intensity of X-rays is attenuated differently when passing through different

minerals or materials, and the detector measures the degree of attenuation creating a 2D slices
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in grey-scale). The sample rotates through 360° around a central axis, and a series of 2D slice

are collected and then reconstructed to produce a 3D volume (Wellington and Vinegar, 1987).

Samples were scanned using FEI heliscan in Henry Moseley X-ray Imaging facilities. The
energy was 90 KV and the current was 35 pA. The pixel size of each image is around 0.9 pm

and the physical size of the images is 1 x 1 x 8 mm?>.
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implication for the Cenomanian-Turonian organic carbon deposition
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Manchester, Manchester, M13 9PL, UK.

Abstract

The Cenomanian-Turonian oceanic anoxic event (OAE2) is a significant global event that has
been linked to major source rock development in deep marine environments. Morocco has
excellent exposures of Tethyan carbonate platform and basinal facies and this paper details a
high-resolution sedimentology and geochemical analysis to examine the controls and timing
of organic-rich intervals, and their relationship to the OAE2. Organic-rich mudstone
deposition has been identified in the Errachidia section. Integrated planktonic foraminiferal,
ammonite and carbon isotope dating indicate the black mudstones were deposited from latest
Cenomanian to Early Turonian, therefore being late-OAE?2 interval to post-OAE?2 interval in

age.

The sedimentology, water conditions and palacoproductivity of the palacoenvironments were
studied to characterise the lithofacies and geochemical signatures, and to analyse the
controlling factors for organic—enrichment. In the study area during the lower OAE2 interval,
a shallow water mid-ramp environment prevailed with predominantly bivalve-rich limestone
deposition. Later organic-rich mudstone development can be correlated with the late
Cenomanian (late OAE2 interval) and early Turonian (post-OAE interval) transgression,

which allowed development of anoxic to euxinic conditions in basinal settings, characterized
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by high TOC values, from 2.67% up to 17%. Trace and major element data from the C/T
black mudstones show an extremely high concentration in palaeoproductivity-sensitive
elements (P, Zn, Ni and Cu) and redox-sensitive elements (V, Mo, and U). The relative low
Mo/TOC ratio and a lack of a diverse biota indicates a restricted marine environment with
redox environments that evolved from dysoxia to anoxia and sulfidic euxinia (modern Black
Sea type), which finally controlled the considerable organic carbon preservation in the

Errachidia section.

The results suggest the importance of both local paleogeography and the late-
Cenomanian/early-Turonian transgressions as controls on organic mudstone deposition. The
onset of organic carbon preservation could have been triggered by the high productivity,
which led to the anoxic/euxinic conditions. Subsequently, the interplay between
anoxic/euxinic bottom water conditions and high productivity facilitated the considerable
organic matter preservation in the Errachidia basins. Moreover, these transgressions are more
regional or global rather than local events, influencing the organic carbon preservation in

Tethyan basins.

4.1 Introduction

The Cenomanian-Turonian oceanic anoxic event (OAE2) was a significant global event that
has been linked to the widespread global deposition of organic carbon in a variety of paleo-
bathymetric settings, such as continental margins, shelf seas and abyssal plains (Schlanger et
al., 1987; Schlanger and Jenkyns, 1976). They proposed that the coeval organic-rich
mudstone deposition was not strictly ascribed to the local basin geometry, but as the result of
a global oceanic anoxic event. Although the Late Cenomanian-Early Turonian (C/T) intervals

have been extensively studied, there is still debate on the mechanisms controlling the
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enhanced organic matter (OM) accumulation and its relation to the OAE2, especially in

shallow marine environments.

The OAE?2 has been extensively studied in deep-water basins, where well-preserved OM-rich
black mudstones have been reported that can be correlated with a positive carbon isotope
excursion (Kolonic et al., 2005; Kuhnt et al., 2017; Tsikos et al., 2004). However, C/T OM-
rich mudstones were only rarely developed in shallow carbonate platforms, despite the strata
recording the typical §'°C positive excursion of the OAE2 interval (El-Sabbagh et al., 2011;
Elrick et al., 2009; Gertsch et al., 2010; Korbar et al., 2012). A number of questions are
remained, regarding the timing of the relationship of the §'*C positive excursion to the C/T
boundary, the controls of the OM accumulation and the response of the OAE2 in shallow
marine settings. A wide shallow carbonate platform developed across the West Saharan
platform during the Upper Cenomanian to Lower Turonian, and outcrops in Pre-African

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

The Upper Cenomanian to Lower Turonian section in the Errachidia basin is dominated by
shallow-marine palacoenvironments (Lezin et al., 2012). These deposits contain comparable
fossil assemblages and facies to paleo-Tethys Ocean influenced platform sediments across
Tunisia and Algeria (Caron et al., 2006; Ferré et al., 2017; Grosheny et al., 2008; Zagrarni et
al., 2008). The interval has had a number of previous biostratigraphic studies, based on
ammonite analysis (Kennedy et al., 2008; Meister et al., 2017), planktonic foraminifera
(Lezin et al., 2012) and ostracod studies (Andreu et al., 2013), and integrated with §'°C study
(Lezin et al., 2012), several possible C/T boundaries was proposed. Moreover, Lezin et al.
(2013) undertook the first geochemical analysis on samples from the Goulmima and Ziz
sections, examining the palacoenvironments and trying to identify how the redox water
conditions and productivity changes controlled the sedimentation in different facies.

However, they did not identify any organic-rich mudstone, nor evaluate the association to the
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OAE?2 in this area. Besides, the uncertain position of the C/T boundary in this area impeded
the regional and global correlation, and further assessment of global paleoclimate change or

sea level change on the C/T sediment deposition.

In this study, detailed sedimentological, palaeontological, mineralogical and geochemical
analyses were undertaken on seven sections in the Pre-African basins, focussing on the
Errachidia-Goulmima region. An interval of organic-rich mudstone was exposed in the
Errachidia area around the C/T boundary. The results allowed: (1) reconstruction of the
palaecoenvironments of the Tethyan Errachidia-Goulmima Basin; (2) undertake new
biostratigraphic analysis to verify the C/T boundary and explore the relationships between
black mudstone deposition and the OAE2; (3) assess the spatial and temporal distribution of
the OM-rich black shales; (4) investigate the driving factors of organic matter sequestration
and black shale deposition in this shallow platform environment. The research provides a

contribution to understand the OAE2 response in shallow carbonate platform environments.

4.2 Geological setting

In east-southern Morocco, The Pre-African Trough extends over the provinces of Souss-
Massa-Draa and Meknes-Tafilalet. It forms a plain between the Moroccan High Atlas to the
North, and the Anti-Atlas mountain range systems to the South and East (Figure 4-1). From
west to east, it includes the Souss, Ouarzazate and Errachidia-Boudnib-Erfoud basins
(Ambroggi and Choubert, 1952). The Western Moroccan Errachidia-Goulmima-Tinhir basins
(Figure 4-1) is bound by the Jurassic basins of the High Atlas, and Palaeozoic rocks of the
Anti Atlas to the South. The Cretaceous succession lies unconformably on a Paleozoic or
Jurassic basement and is dominated by shallow-marine palacoenvironments of similar facies
and fossil assemblages to Neo-Tethys platform deposits of Algeria and Tunisia (Benyoucef et
al., 2017; Benyoucef et al., 2016; Busson et al., 1999; Grosheny et al., 2008; Grosheny et al.,

2013; Robaszynski et al., 2010; Zagrarni et al., 2008). The absence of Cretaceous outcrops in
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most of the High Atlas and Anti Atlas is attributed to post Cretaceous erosion. It is likely that
Cenomanian/Turonian deposition extended across a large part of these areas, with maximum

depositional extent during the Early Turonian transgression (Zouhri et al., 2008).

v
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Figure 4-1 Location of studied sections in Eastern Moroccan basins. The Late Cenomanian-

Early Turonian palaeogeography of Northwest Africa is modified after Philip et al. (2000)
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The studied outcrops belong to the Cenomanian—Turonian Akrabou Formation, that was
introduced by Dubar (1948), and formally defined by Ettachfini and Andreu (2004). The
thickness of the Akrabou Fm. varies between 12 and 50 m across the basin. It is subdivided
into four lithostratigraphic units (Unit C1, C2, T1 and T2), that are bound by regional
unconformities (D2 to D6) (Ettachfini and Andreu, 2004). Lateral facies changes were
extensively discussed by Ettachfini and Andreu (2004). The biostratigraphic interpretation of
the successions was initially based on ammonites, foraminiferas and ostracods, and the C/T
boundary was tentatively placed at the base of T1 unit and marked by a major regional
unconformity (D4). The T1 and T2 units were defined at the ammonite rich section of

Tadighoust.

This scheme was altered in subsequent work by Lézin et al. (2012), Andreu et al. (2013),
Lebedel et al. (2013, 2015), since new data (ammonites, foraminiferas and C13) were
available(Andreu et al., 2013; Lebedel et al., 2015; Lebedel et al., 2013; Lezin et al., 2012).
The Upper Cenomanian to Lower Turonian age of the Formation was confirmed, but the C/T
boundary was shifted to a level equivalent to the D5 unconformity of Ettachfini and Andreu

(2004).

4.3 Materials and Methods

A total of seven sections were logged and photographed and 268 samples of limestones,
marls and organic-rich mudrocks collected to investigate the palacoenvironments changes
during C/T transition (Table 4-1). 102 samples from the Errachidia, Goulmima and
Tadighoust sections were polished for optical and scanning electron microscopy observation.
The optical microscopy was conducted using Nikon Eclipse LV100NPOL to collect low

magnification image data from cm to mm scale. FEI XL.30 Environmental Scanning Electron
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Microscope and FEI QUANTA 650 FEG ESEM were used for high magnification

observation, from pum scale to nm scale.

Table 4-1 Summaries of the analyses of samples in the studied basin

Total Thin X-re T d arb
Section Location GPS o N race and | Carbon | py
samples | Section | Diffraction | Major elements | Isotope

Latitude 31.998067

Erraichida seciton 53 52 52 27 52 29
Longitude -4.557936

Errachidia

Erraichida West Latitude 31.984754

rraic 'a es 36 9 0 0 0 0
seciton Longitude -4.582598
Latitude 31.708307

Goulmima seciton | Goulmima 43 20 0 16 0 0
Longitude -4.928627
) ) ) Latitude 31.872795

Tadighoust seciton| Tadighoust 28 21 0 9 0 0
Longitude -4.932283
Latitude 31.800369

Zoula seciton Ziz 54 0 0 0 0 0
Longitude -4.237956
idia- Latitude 31.813837

Ermachidia- e o Tarda 36 0 0 0 0 0
Goulmima section Longitude -4.602021
Latitude 31.53262

Tinghir seciton Tinghir 18 0 0 0 0 0
Longitude -5.475764

A total of 52 samples were selected for XRF analysis. This analysis was conducted using
Axios Sequential X-ray Fluorescence Spectrometer. Pressed pellet-shape samples were
analysed using Axios Sequential X-ray Fluorescence Spectrometer in the University of
Manchester. 12 g samples were bound with 3 g wax to make one pellet. The loss of ignition
was determined by putting the samples in a furnace at a temperature of around 1000°C. The
obtained trace elements are normalized to aluminium to eliminate the variable dilution effect
of organic matter and biogenic phases (Brumsack, 1989; Morford and Emerson, 1999;
Turekian and Wedepohl, 1961; Wedepohl, 1971; Wedepohl, 1995). All the trace elements are
displayed as Al-normalized values with units of 10™*. The richness of elements is expressed
as normalized elements divided by average shale values (Brumsack, 1989, 2006), using the

average shale compositions of Wedepohl (1971). Enrichment factors were calculated using:

EFeclement = (element/Al) sample / (element/Al) as
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Based on the enrichment ratios, five categories, based on the work of Sutherland (2000) were
used to show enrichment in the sediments: 1) EF<2, depleted concentration; 2) 2<EF<S5,
moderate enrichment; 3) 5<EF<20, significant enrichment; 4) 20<EF<40 highly enriched

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

Carbon and Oxygen isotope analysis (8'*C and §'®0) on samples from the Errachidia section
are conducted to identify the OAE2 interval and C/T boundary in this section based on
regional and global §'*C correlation. Small amounts of micritic samples were carefully
selected from the fresh samples collected in the field. All samples were pre-treated in order to
remove reactive organic compounds present in bulk limestones prior to isotopic analysis.
Approximately 200 mg of powdered sample was transferred to sealable plastic centrifuge
tubes and reacted with 15 mls of sodium hypochlorite (containing ~5 % active chlorine)
adjusted to a pH of 9.5 by addition of hydrochloric acid. Adjustment of solution pH was
undertaken to maximize the efficiency of the oxidation reaction (Anderson and Hance, 1963;
Lavkulich and Wiens, 1970) and minimize the potential for carbonate precipitation at pH
values (~12.3) typical of sodium hypochlorite solutions. Following addition of sodium
hypochlorite, the samples were shaken continuously for approximately 16 hrs using a
motorized shaking table. Sodium hypochlorite was subsequently removed by repeated cycles
of rinsing with deionised water and centrifugation. The resultant ‘clean’ sediment samples
were then frozen at -80 °C and freeze-dried. The carbon (!*C/'?C) and oxygen (*0/'°0)
isotope ratios of bulk limestone samples were measured following a modified version of the
classical manual ‘sealed vessel’ procedure described by McCrea (1950) and Swart et al.
(1991). Data are reported as delta (o) values with respect to the Vienna Pee Dee Belemnite
(VPDB) carbon and oxygen isotope scales (via NBS 19, NBS 18). Analytical precision (1c),
based on replicate analysis of in-house quality control calcite, is estimated to be +0.04 %o for

carbon isotope values and +0.06 %o for oxygen isotope values.
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Mineralogical quantification was performed on 51 samples from Errachidia using a Philips
PW1730 and Bruker D8 Advance, to identify the mineral composition of organic-poor
limestones and organic-rich mudstones. A total of 35 samples have been tested for total
Organic Carbon content (TOC) from the Errachidia section. The TOC values were calculated
by subtracting the Inorganic Carbon (IC) values from the Total Carbon (TC) values. TC
values were measured by heating the samples to 900°C in a furnace to enable all the carbon
converted to carbon dioxide, detected by an infra-red detector. IC values were also detected

using carbon dioxide, generated by reacting the sample with highly acidic quartz.
4.4 Sedimentology and Results
44.1 Lithofacies

The Cenomanian-Turonian deposits uncomfortably overlie the Lower Cenomanian
gypsiferous marls (Ettachfini and Andreu, 2004; Lezin et al., 2012). Ten lithofacies are
identified in the seven studied sections based on the sedimentological features and fossil

assemblages, detailed on Table 4-2.
These lithofacies can be grouped into three broad associations:

Fossil-rich packstone-floatstone dominated lithofacies (LF1-LF7) are widely developed in
the lower part of the sections (Figure 4-2 and Figure 4-3), displaying deposition on a

generally shallow carbonate marine platform, mid-ramp to inner ramp environment.

Fine-grained wackestone or black mudrock (LF8-LF10) dominates the middle part of the
section (Figure 4-4), intercalated with bivalves-rich grainstone, showing a dominant deeper

out-ramp marine deposition.

Bivalve and crinoid rich floatstone (F11) forms the upper part of most logged sections

(Figure 4-5), presenting a mid-ramp environment again.
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Table 4-2 Characteristics and interpretations of lithofacies in the studied basins

Lithofacies Sedimentological features Biogenic features Interpretation Sections Unit
Oyster beds are interbedded with (}llllgli gl;l:ll)d :Ege‘:jul arizsrl‘zlz d ETS,
LF1 Oyster-rich thin fine-grain limestone or marls o 2 ters (Figure 4-2 Apl A2) ETW, GS,
floatstone (Figure beds, and single bed is up to 2 m nge shellgfra ments (’Fi ur’e EGS,
4-2 A) thick. Massive oysters are & & . TKS, ZS
L . . . 4-2 A3) and rare planktonic and | Mid-ramp, low
distributed in a micrite matrix. . L and TS
benthonic foraminifera energy, above
Bivalve-rich beds interbedded Highly abundance of well- the SWB ETS
LF2 Bivalve-rich . . . preserved bivalves (Figure 4-2 ’ =
. with thinly marly limestone or . . ETW, GS, =
floatstone (Figure . B1), bivalves fragments (Figure =
42 B) marls beds. Bivalves are 4-2 B3), various size of EGS, TKS v
i distributed in a micrite matrix . > VATIOUS 512 and TS g
bivalves up to 3cm §
Thin beds of wackestone (Figure p fmi lanktoni g
LF3 Shell fragments | 4-2 C3) interbedded with thin a;zsgggfh‘(’mglgfr;g‘; fe‘r’;“zn 4 | Middie ram e
bearing wackestone | beds of marly limestone (Figure ’ © ramp, =
shell fragments. low-medium ETS, 17
4-2 C1). S
; energy, between | ETW, GS, )
Abundant reworked bivalve the SWB and EGS. TKS k=
LF4 Bivalve-rich Fossil-rich limestone interbedded | shells, gastropods (Figure 4-3 FWWB and i"S f
ackstone/erainstone with thin beds of marly Al, A2), ostracods, peloids, g
p g limestone. rare planktonic foraminifera 3
(Figure 4-3 A3)
LF5 Gastropods gggﬁ:eaﬁgn];?agg)iﬁgzgggs Large nerinea with size up to 10 7S
floatstone . S cm and highly weathered
into the mud matrix. Inner Ramp
Abundant bryozoans — rare Abundance of bryozoans (above FWWB)
LF6 Bryozoans bivalves, echinoids fragments, fragments (Figure 4-3 C1, C2), ZS and
floatstone EGS

benthonic foraminifera.

commonly mixed with rudists
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Slightly reworked rudist shells
and fragments (Figure 4-3 D1,

High abundance of rudist shells,

Elsztigg:ts D2), and burrows and some usually isolated in a bioclastic EZS&??&%VB) Eégnd
bioclasts were identified in the wackestone-packstone matrix
mud matrix.
A light grey to tan colour when High a}bpndance of .
. foraminiferal (Hetrohelix and
LF8 Planktonic weathered, but freshly broken . .
.. Whitenella) (Figure 4-4 A4,
foraminiferal samples show extremely black O ETS and =
) . ) ) AS), some crinoid and rare =
dominated, OM-rich | and laminated mudstone (Figure . ETW =
. oyster fragments (Figure 4-4 o
black mudrock 4-4 A2). Calcite nodules are . .. =
resent (Figure 4-4 A1) A3). No benthonic foraminifera | Outer ramp S
p & was identified below SWB g
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LF1: (A1) ETS section,
illustrating the oyster-
rich dominated
floatstone; (A2) GS
section, showing the
massive limestone
containing large oysters;
(A3) Photomicrograph of
the oyster-rich floatstone,
ETS section, LF2: (B1)
ETS section, illustrating
the bivalve-rich
floatstone; (B2) GS
section, displaying well-
preserved bivalves in
LF2; (B3)
Photomicrograph,
showing bivalves and
bivalve fragments in
TKS. LF3: (C1) ETS
section, illustrating the
thinly bedded wackestone
alternating with marly
limestone beds; (C2) TKS
section, showing
relatively thick, partially
laminated wackestone;
(C3) Photomicrograph,
displaying wackestone
mainly composed of
planktonic and benthonic
foraminifer in TKS.
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Bryzoans

LF4: (A1) ETS section,
showing packstone with
small bivalves, gastropods
and some shell fragments;
(A2) TKS section,
illustrating bivalve
fragments and gastropod
bearing packstone; (A3)
Photomicrograph of a
packstone in ETS section
composed of shell
fragments with
foraminifera. LF5: (B1)
ZS section, showing large
weathered gastropod over
10cm; (B2) ZS section,
illustrating a large
gastropod. LF6: (C1) ZS
section, showing the
bryozoans in this
lithofacies; (C2) ZS
section, illustrating the
bryozoans-rich floatstone.
LF7: (D1) ZS section,
rudists-rich floatstone,
rudist shell still shows the
well preserved prismatic
structures and some
original microstructures
though with some mud
infilled; (D2) EGS section,
view of slightly reworked
rudists in LBL unit.
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1000 um

LF8: (A1) the ETS section,
showing highly weathered
(weathering tan coloured)
black mudstone and calcite
nodules in black mudstone
beds; (A2) the ETS section,
displaying fresh black and
laminated mudrocks (A3)
Photomicrograph,
displaying crinoids and
planktonic foraminifera
within the black
mudstones; (A4)
Photomicrograph, showing
lamination and abundant
planktonic foraminifera in
the mudrocks; (A5)
Photomicrograph, showing
calcite grains distributed in
the mudrocks. LF9: (B1)
the GS section, illustrating
nodular form of this
lithofacies; (B2)
Photomicrograph,
presenting the planktonic
foraminifera and crinoid.
LF10: (C1) the ETS
section, showing a nodular
bivalve-rich floatstone
interbedded with thin beds
of marly limestone; (C2)
Photomicrograph, bivalve-
rich floatstone
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Figure 4-5 Summarize mainly LF11 developed in studied sections in the UBL unit
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LF11: (A1) the ETS
section, showing three
packages of bivalve-rich
floatstone; (A2) the ETS
section, illustrating the
crinoids and bivalves rich
floatstone; (A3) Optical
micrograph, illustrating
bivalves floatstone with
abundant peloids in ETS;
(A4) ETW section,
displaying the bivalves
and crinoids rich
floatstone. LF12: (B1) GS
section, showing the
massive bivalves in this
lithofacies; (B2) Optical
micrograph, showing
bivalves fragments with
abundant peloids in the
GS section; (B3) the TKS
section, displaying the
highly weathered
bivalves; (B4) the EGS
section, illustrating the
massive bivalves
fragments dominated
floatstone; (BS) the ZS
section, showing the
weathered bivalves at top
of this section.



Based on the above lithological patterns and fossil assemblage, a regional correlation was
carried out (Figure 4-6) and three depositional units were defined: Lower bioclastic limestone
(LBL), Middle fine-grained limestone (MFL) and Upper bioclastic limestone (UBL) unit

(Figure 4-6 and Table 4-2).

44.1.1 Lower Bioclastic Limestone (LBL) Unit

This unit forms the basal part of the Cenomanian-Turonian deposition in this area, it is the
thickest unit and is dominated by fossil-rich limestone (from wackestone to floatstone).
These strata contain abundant benthonic fauna (bivalves, gastropods, echinoids, rudists,
benthonic foraminifera and ostracods) and associated minor planktonic fauna (planktonic

foraminifera and calcisphere). Seven lithofacies were identified in this unit (Table 4-2).

LF1 and LF2 are the two most common lithofacies. Beds are relatively thick, up to 2m, such
as found in the lower part of the ETS section. Others are nodular, thin-bedded layers (less
than 20cm) interbedded with thinly marly limestone. These were widely observed in all
sections except the Zouala section (ZS) (Figure 4-6). The high amount of micrite matrix and
presence of well-preserved fossils suggest a quite environment below FWWB. The co-
occurrence of large bivalves/oyster fragments with micrite matrix could be reworked by
strong wave action and redeposited in a relative quite condition between FWWB and SWB,

suggesting a dominant mid-ramp environment.

LF3 and LF 4 are also well developed in this unit, mainly distributed towards the middle part
(ETS, TKS and GS sections). The unit is dominated by a diverse assemblage of small
macrofossils, such as bivalves, gastropods and some shell fragments, together with ostracods
and foraminifera microfossils. The abundant reworked shell fragments are interpreted to be a
medium-energy environment above the SWB, and integrated with rarely developed benthonic

foraminifera, suggesting a mid-ramp environment.
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Figure 4-6 The lithological correlation of studied section of the Pre-African Basin. Three units were divided: Lower bioclastic limestone unit
(LBL), middle fine-grained limestone unit (MFL) and upper bioclastic limestone unit (UBL).
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LFS5 is only identified in the ZS section, and is characterized by a floatstone dominated by
large nerinea, which was commonly developed in between the lower part of the intertidal zone

to the upper subtidal zone (Hua - Zhang 1990), an inner ramp environment above FWWB.

LF6 and LF7 are also locally recorded in the ZS and EGS sections in this unit, with some
beds comprising interbeds of these two lithofacies. The abundance of rudist and reworked

rudist fragments indicate an inner-ramp setting (Figure 4-6).

Overall, this unit is composed of a lithofacies association of mid- and inner-ramp conditions
in the ZS and EGS sections, while the others sections show deposition in a mid-ramp

environment.

44.12 Middle Fine-Grained Limestone (MFL) Unit

This unit is mainly composed of fine-grained micritic limestones and mudstone (LF8/LF9) in
the lower and upper part, while some bioclastic-rich limestone beds intercalated in the middle
part (LF2/LF10), and four lithofacies were recognised (Figure 4-5). A foraminiferal
wackestone lithofacies (LF 9) is the most common, developed in all of the sections. Organic-
rich black mudrocks (LF 8) were recorded in both the ETW and ETW sections, and
interbedded with the OM-poor fine-grain limestone (LF9). The middle part of this unit is
dominated by LF10 in most of the studied area, consisting of nodular limestone beds which
contain well-preserved bivalves. Individual beds are typically thinner than 20cm. However, in

7S and EGS section, the middle part of this unit is mainly composed of LF2.

The dominant fine-grained sediments (wackstone texture) and abundance of planktonic
foraminifera and crinoids in the lower and upper part of this unit indicate a low-energy
environment in outer-ramp setting, below the SWB. The middle part of this unit associated
with well-preserved bivalves in micritic matrix illustrates a mid-ramp environment. These

vertically stacking patters of sediments have been interpreted to record a regional
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transgression that can be recognised across the whole area, which was intercalated by a short

interval of marine regression.

44.1.3 Upper Bioclastic Limestone (UBL) Unit

This unit only accounts for a small part of studied sections and comprises two main
lithofacies (Figure 4-6). A thick package of floatstone-boundstone, mainly composed of
bivalves, peloids and crinoids (LF11) is the dominant facies in the ETS, ETW and TKS
sections, while LF12, containing abundant bivalves and peloids in the ZS, EGS and GS
sections. Both lithofacies are interpreted to represent deposition in a mid-ramp environment,

below the FWWB. This suggests an overall marine regression from the MFL unit.

Overall, based on the above lithofacies description of each unit, an associated mid-ramp and
inner-ramp deposition occurred in the LBL unit, and followed by a dominant outer ramp
environment in MFL unit owing to sea level transgression, finally a dominant middle ramp
environment in the UBL unit. Laterally, the southeast part of the studied area (ZS) displays
the shallowest environmental deposition, deepening towards north and west direction, and the
Errachidia section presents the deepest water condition generally with thick OM-rich black

mudstone deposition during MFL unit.

4.4.2  Distribution of organic-rich black mudstones in Errachidia

OM-rich black mudstones are commonly developed during the C/T interval in deep marine
environments, but they have only rarely been reported in shallow marine carbonate platform
environments. In this study, OM-rich black mudstones were recognised in the ETS and ETW
sections. No previous study has reported this occurrence. Detailed sedimentological logging
and both inorganic and organic geochemical analyses were undertaken on samples collected

from the black mudstones and associated limestone deposits, to evaluate their characteristics
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and the controls on organic matter accumulation processes in the carbonate platform

environment.

The ETS section is located at the 15km north of Errachidia city, whilst the ETW was situated
3km west of the ETS section (Figure 4-1). The sections record similar lithological patterns,
but much thicker organic-rich mudstone layers were recognised in the ETS section. Therefore,
the Errachidia section (ETS) (Figure 4-7) was chosen as a case study for the Cenomanian-

Turonian deposition in this area.

4.42.1 Lithofacies and Mineralogy

An association of LF1, LF2, LF3 and LF4 (Table 4-2) are recognised in the LBL unit, and
LF1 and LF2 are the two most developed lithofacies in this section, forming the lower and
upper part of this unit. All the samples in this unit show a high calcite content with values
from 90% to 99%, while the quartz values are relatively low, less than 3%. Minor ankerite,

muscovite and kaolinite are present in some beds.

Three lithofacies (LF8, LF9 and LF10) (Table 4-2) are identified in the MFL unit, which has
an overall thickness of 17m. The unit was significantly weathered at outcrop, hindering
detail descriptions. LF8 and LF9 are the best developed lithofacies, presenting as bedding
couplets, characterized as alternation of grey bioturbated limestone and black organic-rich
mudrock. The black mudstones of LF8 contain abundant organic matter, and has a bituminous
smell when hit by a hammer. LF10 is only 1m thick, developed towards the upper part of this
unit. Most of the organic-rich mudstones have a calcite content ranging from 66 % to 95%
(average 90.1% =+ 3), with quartz values from 2.3% to 7.6 % (average 4.3 + 1.5%). The upper
part of these black mudstones (LF9) has a lower calcite content, less than 70%, and higher
quartz values, up to 24%. Other components include ankerite (average 2.8 + 1.8%),

muscovite (average 1.7 + 0.9%) and minor pyrite (less than 1%). The calcite contents of LF8
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Figure 4-7 Cenomanian-Turonian succession of the Errachidia section showing the lithofacies,

TOC values, fossils content and bulk rock mineralogy analysis
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and LF10 are higher than 94%, with quartz values less than 5%, while pyrite, ankerite and

muscovite are nearly absent.

This package of bivalve and crinoid rich limestones (LF11) (Table 4-2) in the UBL unit
overlies the MFL unit and is only 1m thick. The mineralogy in this unit is composed of calcite

and quartz, with an average of calcite content of 94% and quartz content of 6%.

4.42.2 Total organic carbon

The thick interval of black mudstones, well developed in the Errachidia section, is only found
within the MFL unit, characterized as organic-rich mudstones/organic-poor limestone bedded
couplets. No lithologies with high organic matter content were identified in the LBL and UBL
units. The TOC of the black mudstone (LF8) ranges from 2.7 wt. %to 17.7 wt. %, averaging
9.7 £ 3.9 wt. %, showing vertical variation throughout the unit (Figure 4-7). The TOC
contents in the lower part are between 3.66 wt. % and 14.8 wt. %, with an average of 10.8 +
2.6 wt. %. A short interval with a significant decrease in organic matter content was present
before the TOC values increase significantly. A peak of 17.7 wt. % is identified in the middle
of the unit, with an average value of 8.3 + 4.8 wt. % in the middle interval. The TOC content

reduces considerably towards the top of the unit after the peak values.

4.4.3 Biostratigraphy and chemostratigraphy

An alternative bio- and chronostratigraphic framework was proposed based on the new
material obtained in the course of our study (ammonites, planktonic foraminiferas and carbon

isiotope) and reinterpretation of published data (Figure 4-8).

4.43.1 Biostratigraphy

The planktonic foraminifera are identified by M.S. and the ammonites by L.G.B. The
ammonite zones’ nomenclature follows the definitions of the Southern Tethys and Western

Interior Seaway scales (Meister and Piuz, 2013).
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1) Ammonites

Ammonites species were mainly recogised in the Tadighoust section (= Asfla in Kennedy et
al. 2008). Detailed logs provided by Kennedy et al. (2008) and Meister et al. (2017) clearly
show that the distribution of Turonian ammonites is not as restricted as suggested in previous
literature. This is also supported by our own findings. Ammonites occur throughout the
nodule beds of the lower part of Unit T2, but they are more abundant in the upper part of that

interval (Figure 4-8).

Vascoceras durandi, Hoplitoides gr. wohltmanni and Neoptychites cephalotus co-occur in the
lowest ammonite horizon, while the Hoplitoides mirabilis and Fagesia peroni are recognised
at a slightly higher level in the Tadighoust section (Figure 4-8). The typical M. nodosoides
zone fauna was collected from the highest ammonite level. It include the index species,
Mammites nodosoides, but also Nannovascoceras intermedium that characterise the M.

Nodosoides zone in Venezuela.

2) Planktonic foraminifera

Planktonic foraminifera events provide a useful alternative to characterize the C/T interval.
The biostratigraphic value of the most significant events that characterise the Rotalipora
cushmani, Whiteinella archaeocretacea and Helvetoglobotruncana helvetica zones, was
recently discussed at length by Falzoni et al. (2018). In this study, we will outline the
discrepancies and uncertainties that limit the biostratigraphic value of foraminifera events in
the Errachidia-Boudenid-Erfoud Basin. Hetrohelix moremani and Whiteinella sp. (e.g.
Whitenella archaeocretacea and Whiteinella baltica) are the dominant species in this C/T
sucession. The“Heterohelix” shift event, which has been considered as a useful envent that
allows regional correlation, is recognised in all the studied sections of the studied area. The

onset of Heterohelix shift (HSO) is located at the lower part of MFL unit (Figure 4-8).
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4.43.2 Carbon isotopic stratigraphy

In this study, carbon isotope and oxygen isotope analysis were only conducted on the
Errachidia section (Figure 4-7) (Table 4-3) and compared to other sections in this area studied
by Lezin, et al (2012) (Figure 4-10), aiming to establish the C/T stratigraphic framework for a
better understanding of the palacoenvironmental changes during the C/T interval in studied

basin.
1) Carbon Isotopes

Bulk carbon isotopic analysis of 52 samples from the Errachidia section displays a wide
range of §'°C values from -4.09%o to +4.90%o (Figure 4-7). A positive §!*C excursion is
observed in the LBL Unit with an average value of +3.52%0 +0.7. The §'°C has a value of
+2.47 %o at the base of the logged section and increases to a maximum value of +4.9%o in the
middle of the LBL unit, followed by a gradual decrease in value into the upper part of this
unit (Figure 4-7). §'3C value decreases abruptly from the very top of the LBL unit, and shows
fluctuating values in the lower and middle part of the MFL unit with values between -1.2%o
and +1.99%o, with an average of 0.90 + 1.53%o. A minimum value of -4.09 %o is located at
the upper part of the MFL unit, and then carbon isotope value increase gradually from this
point to the UBL unit. §'°C value of this stage is generally low, averaging at -2.03 %o +

1.90%e.

Table 4-3 Summarise of the §'3C and 330 values in the three units of the Errchidia section

Isotope thho“{j‘;fr aphic N Mean(107) Min(107) Max (107) SD (107
UBL Unit 1 -0.74 - - -
5" Cyppp MFL Unit 33 0.42 -4.09 2.08 1.58
LBL Unit 18 3.52 2.18 49 0.78
UBL Unit 1 -4.38 - - -
5'* Ovpps MFL Unit 33 3.7 -4.43 -2.91 0.41
LBL Unit 18 -3.55 491 -2.56 0.5
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2) Oxygen Isotopes

T he §'80 values in the Errachidia section possess a small range from -2.56 %o to -4.91%o
(Figure 4-7). The LBL unit generally displays the reverse trend in the oxygen isotope curve
compared to the carbon isotope curve, decreasing slightly upward and reaching lowest values
of -4.18% in the middle LBL unit. Subsequently, the 8'30 values increased steadily to
maximum values of -2.56 %o in the upper part of this unit (19 m) and then decreased
significantly to minimum values of -4.91%o at the very top part. The average of this stage -
3.55 %o % 0.50%0. The §'®0 values in the lower and middle part of the MFL unit show
fluctuation with values from -4 %o to -3%, with an average of -3.74 %o + 0.38%o. In the Upper
MFL unit, 'O values increase slightly to -2.91 %o first before dropping significantly to -

4.38 %o at the UBL unit, and the average value of this interval is -3.58 %o % 0.52%eo.
3) Correlation of $'30 and 8'3C

Assessing the validity of the measured isotope data from this study, it should be noted that
the carbon isotope values measured from the LBL unit to the lower part of MFL unit are
generally characterized as uniform (Figure 4-7). The §'3C and §'0 values of the bulk carbon
plot within three clearly distinct field (Figure 4-9). One data set (n=18), all from the LBL
unit, has 8'3C values from +2.18 to +4.90 %o (mean 3.52%o, standard deviation = 0.76) and
5180 values from -4.91 to -2.56 %o (mean -3.55%o, standard deviation = 0.49%0).The middle
data set (n=31), including samples from MBL and UBL units, displays 8'*C values from -
+1.62 to +2.08 %o (mean +0.78 %o, standard deviation = 1.60) and &'30 values from -2.91 to -
4.43 %o (mean -3.78 %o, standard deviation = 0.72).The lower data set (n=3), highlighted in
Figure 4-9, possesses 313C values from -3.35 to -4.09 %o (mean -3.71 %o, standard deviation =
0.30) and 8'30 values from -3.05 to -3.11 %o (mean -3.08 %o, standard deviation = 0.03)

(Figure 4-9).
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444 Trace and Major elements

A set of trace and major elements are analysed based on the samples from ETS, TKS and GS
sections (Table 4-4)(Figure 4-11), with the purpose to explore the palacoenvironment changes

controlling the different lithofacies distribution spatially and temporally.
4.44.1 Detrital influx proxies

The aluminium (Al), titanium (T1), thallium (Th), and zirconium (Zr) are commonly utilized
as proxies for terrigenous input analysis (Tribovillard et al., 2006a). Those elements are
generally associated with terrigenous aluminosilicate fraction, clay minerals and some
biogenic resources. The Ti element concentration shows an extremely strong correlation with
Al (R?> 0.90) in all the studied sections (Table 4-5), while Zr and Th elements showing
weaker relationships with Al (e.g. R?>=0.71, R?>=0.05 separately in the ETS section) (Table

4-5).

Those detrital sensitive elements occur in relatively low concentration throughout the
Errachidia section (Figure 4-11). The values are extremely low in both the LBL. and UBL unit
showing a depleted enrichment, while increased slightly in the MFL unit with a depleted to
moderate concentration (Table 4-4). The Tadighoust and Goulmima sections show similar
trends with the Errachidia section (Figure 4-11Figure 4-11), but even with a more depleted
concentration of those elements, indicating a minor detrital influx influence. Overall, these
elements of detrital influx indicators were low enriched in the C/T sediments in the studied

area (Table 4-4), mostly as a depleted enrichment.
4.44.1 Palaeoproductivity proxies

Phosphorus (P), nickel (Ni), zinc (Zn), and copper (Cu) as palaeoproductivity indicators are
commonly used for productivity study. Cu and Ni elements are generally more sensitive than

P and Zn during organic matter preservation, as these elements influx to the sediments is

91



associated with OM (Tribovillard et al., 2006a). Al-normalized elements values were used to
correct the possible dilution by organic matter and authigenic minerals (Calvert and Pedersen,
1993; Morford and Emerson, 1999) (Table 4-4) (Figure 4-11). These elements enrichment are
based on the comparison between values of elements/Al and the ratios in a standard shale
(Calvert and Pedersen, 1993; Morford and Emerson, 1999; Turekian and Wedepohl, 1961;

Van der Weijden, 2002; Wedepohl, 1971; Wedepohl, 1995).

Table 4-4 Summary of the analysed major and trace elements in the ETS, GS and TKS
sections

Lithostrati
Elements| graphic
Unit n Min Max Mean SD |(n Min Max Mean SD [n Min Max Mean SD | Wedepohld97D

AI(%) | MFLUNC|[18 012 106 062 028 7 009 086 033 026 |5 01 044 023 012 8.84
7 388 670 52 90 |9 435 675 522 80 |3 468 540 502 294
Z/Al
MFLUnit |18 0 124 604 482 |7 0 117 249 397 |5 0 1244 423 45 18.1
(104
ThAI
7 145 537 305 452 |9 L1l 377 201 089 |3 291 568 419 114
P/Al
| MFLUnit |18 615 3499 1982 987 |7 1691 5976 3286 1085 |5 2817 3859 3572 382 79
(10 -
7 351 1360 671 309 |9 673 2060 1540 7.00 |3 615 1030 795 172
ZnAl
NI MFLUnit |18 164 1520 372 457 |7 942 1249 471 407 |5 166 S11 379 136 10.7
a0 [ MFL Ui
7 058 9690 372 280 |9 456 1890 958 541 |3 152 601 330 195
V/AI
| MFLUnit|18 187 370 118 917 |7 204 520 162 153 |5 198 483 286 136 14.7
s
7 042 097 062 017 |9 028 348 126 102 |3 076 284 152 094
s (MFLUNL[ 18 659 493 186 108 |7 642 584 256 179 |5 156 405 299 856 0.42

Errachidia section Goulmima section Tadighoust section Element/Al ¢

Ti/Al

520
a0

1.36

7.69

5.09

2.9
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Table 4-5 Summary of coefficients of correlation (R?) among detrital influx, productivity,
and redox conditions sensitive elements in the ETS, GS and TKS sections

Location | Indicator Detrital influx Productivity Redox conditions

Detrital
influx

Errachidia

section | product-

Goulmima
section | product-

Tadighoust
section | product-

Phosphorus presents a low concentration in all the sections (ETS, TKS and GS sections) in
the LBL unit (Table 4-4) (Figure 4-11), with an average P/Al value of 820, 890 and 510
separately, illustrating a moderate to significant enrichment. This has been highly/extremely

high enriched in the MFL unit, and the P/Al values increase to 2000, 3410 and 3290
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respectively. In the UBL unit, P concentrations present a significant enrichment again as the

LBL unit in the studied sections.

Nickel in the ETS section shows a depleted enrichment (Ni/Al <15) in the LBL unit (Table
4-4). It increases significantly to around 50 at the bottom of the MFL unit, and then increases
gradually peaking at 115 in middle of this unit, followed by a significant drop toward the
upper part of this unit to 33, presenting a dominant significant enrichment. The same
characteristics occurred in the TKS and GS section as well, but with a lower concentration in
each unit, associated with depleted concentration in the LBL unit, significant enrichment in

the MFL unit and moderate concentration in the UBL unit (Figure 4-11).

Zinc concentration exhibits a comparable trend with P element in the ETS section (Figure
4-11). The values increase gradually from depleted level (Zn/Al <5) in the lower LBL unit
and reach to significant level (Zn/Al=75) in the lower MFL unit. Zn concentration rise
substantially, peaking at 1520 of Zn/Al value in the middle MFL unit and displaying an
extremely high enrichment. After that, Zn value drops abruptly to depleted enrichment at the
top section. The Zn enrichment in the LBL unit of GS section (Zn/Al average 49, moderate
enrichment) is higher than ETS section, but lower in the MFL unit with a maximum Zn/Al
value of 1520 (Table 4-4). The TKS section presents the lowest Zn concentration compared
with the other two sections, and the average Zn/Al values are 20 in the LBL unit and 380 in

MFL unit with a peaking value of 540, indicating a depleted and high enrichment separately.

Copper concentration (Figure 4-11) presents similar characteristics as the Ni concentration in
the ETS section, showing an extremely low concentration (Cu/Al <10) in the LBL unit, but
increased significantly (mean Cu/Al = 54) in the MFL unit suggesting a significant
enrichment (Table 4-4). High Cu enrichment mainly occurs within black mudstone
sediments, while relatively lower Cu enrichment within the limestone sediments in the MFL

unit. The TKS section shows a similar vertical change of Cu concentration as the ETS
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section, with an average Cu/Al value of 3.3 and 55 in the LBL and MFL units separately. Cu
enrichment in the GS section is slightly higher in the LBL unit but lower in the MFL unit,

presenting moderate and significant enrichment respectively.

Overall, these productivity-sensitive elements present a generally higher average value in the
MFL unit of all the sections, and the maximum values are recognised in the middle part of
this unit. OM-rich mudstones interval in the ETS section shows the highest concentration of
those elements, indicating significantly enhanced productivity during the organic matter

accumulation.

4.44.1 Redox proxies

The concentration of Co, Zn, Ni, U, Cr and V elements are generally high in the organic-rich
sediments, and have been considered as possible indicators of oxygen-depleted water
conditions (Brumsack, 2006; Calvert and Pedersen, 1993; Fleurance et al., 2013). Owing to
some trace elements are readily to move after deposition, such as Zn, Ba, Co and Cr, a set of
trace elements (V, Mo and U) are considered as good redox-sensitive indicators (Algeo and
Tribovillard, 2009; Tribovillard et al., 2012; Tribovillard et al., 2006b). These elements are
commonly applied and analysed synthetically allowing the discrimination of dysoxic

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

Vanadium concentration in the Errachidia section (Figure 4-11) is depleted in the LBL unit
(mean V/Al=19) (Table 4-4). It increases abruptly in the lower MFL unit (V/Al = 40) and
peaking at 370 in the middle MFL unit, and dominant with a significant enrichment (mean
V/Al = 118) in the MFL unit. A significant decrease follows with a moderate concentration
(V/Al = 52) at the top of this section. The GS and TKS section show a comparable higher V

concentration in compared to the ETS section, presenting moderate concentration in the LBL.
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unit with average V/Al values of 35 and 36 separately, and significant concentration in the

MFL unit (mean V/Al value of 162 in the GS and 286 in the TKS) (Table 4-4).

Molybdenum enrichment (Figure 4-11) shows a similar tendency as the V concentration in
the Errachidia section, with a depleted concentration (Mo/Al <1) in the LBL unit. It starts to
increase gradually from the lower MFL unit, but significantly enhanced in the middle of this
unit with a peaking Mo/Al value of 74. The average Mo/Al value of the MFL is 14
suggesting a moderate to significant concentration (Table 4-4). Finally, Mo fell off
substantially to depleted enrichment again in the UBL unit (Mo/Al =5). There is no
significant vertical change of Mo concentration in both the TKS and GS sections, though the
MFL unit is associated with a higher concentration, and most Mo/Al values below 10,

suggesting a depleted to moderate concentration.

Uranium exhibits a higher enrichment in all the studied sections compared to other
elements. In the Errachidia section, U is highly enriched in the LBL unit with an average
U/Al of 9, and extremely high concentrated in the MFL unit (mean U/Al =19) with a peak
value of 49 (Table 4-4). U concentration in the UBL unit backs to high enrichment again. U
values in TKS and GS section display a comparable characteristics with the ETS section,
showing a significant to high enrichment in the GS section (mean U/Al =8) and high
enrichment in the TKS section (mean U/Al =14) in the LBL unit, and extremely high
concentration in the UBL in both sections (average U/Al of 26 and 30 in the GS and TKS

section separately) (Table 4-4).

In short, the redox-sensitive elements (V, Mo, and U) in studied sections show a depleted to
moderate concentration in both the LBL and UBL unit. Sediments in the MFL unit of ETS
section are associated with the highest concentration of all the elements, while the TKS and

GS sections only with high enrichment of some elements in certain interval.
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Figura-ll Enrichment proxies representing clastic factors for influx, redox conditions and

productivity in the Errachidia, Tadighoust, and Goulmima sections
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4.5 Discussion

4.5.1 C/T boundary and OAE2 interval

4.5.1.1 Biostratigraphy

4.5.1.1.1 Ammonite

Ammonites have long been known to occur in the studied area (Basse and Choubert, 1959),
even so, the precise distribution of the faunas was not documented. A limited number of
specimens were reported from Unit C1 at Tazzouguert and Unit T2 at Goulmima and
Tadighoust (Figure 4-8) (Ettachfini and Andreu, 2004; Meister and Rhalmi, 2002), and it is
only in recent years that larger faunas were formally described (Gale et al., 2017; Kennedy et

al., 2008; Meister et al., 2017).

It has been generally assumed that the ammonite fauna from Unit T2 indicates the late Early
Turonian M. nodosoides zone (Figure 4-8) (Ettachfini and Andreu, 2004; Lebedel et al.,
2015). This view must be reconsidered. Ettachfini and Andreu (2004) already pointed out that
even so the main bulk of the fauna points to a late Early Turonian age, and Coilopoceras gr.
requienianum and C. aff. newelli were reported by Meister and Rhalmi (2002) from Unit T2
at Goulmima. In our opinion, the identification of those forms is erroneous and the
ammonites illustrated belong to Choffaticeras segne and Hoplitoides gr. wohltmanni sensu
(Meister and Abdallah, 2005). According to Meister et al. (2017) the faunas collected would
span the entire Lower Turonian. We slightly disagree with this view because of different
systematic interpretation of some species (see taxonomic appendix). In our opinion, three

distinct assemblages can be identified.

The co-occured ammonites species Vascoceras durandi, Hoplitoides gr. wohltmanni and
Neoptychites cephalotus in the Tadighoust section are known to range through the P.
flexuosum and T. rollandi subzones of the W. coloradoense zone (Meister and Piuz 2013) but
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does not allow to discriminate between the two subzones (Figure 4-8).The ex-situ specimen
of Vascoceras compressum reported by Meister et al. (2017), is a junior subjective synonym
of Vascoceras proprium, and supports that the P. flexuosum subzone is represented at the
Tadighoust section (Courville, 1993; Kennedy et al., 1987). The Hoplitoides mirabilis and
Fagesia peroni in the middle part leave no doubt that this level belongs to the upper part of 7.
rollandi subzone. The highest ammonite species, Mammites nodosoides and
Nannovascoceras intermedium, are typical speicies of M. Nodosoides zone. The fauna also
include Romaniceras (Yubariceras) reymenti that is a common element of the M. nodosoides

zone of the Tarfaya Basin.

As discussed above, the successive ammonite faunas from Unit T2 indicates the P.
flexuosum, T. rollandi subzones and M. nodosoides zone of the Lower Turonian. The
occurrence of the M. nodosoides zone alone, as claimed by Lezin et al. (2012), can
definitively be ruled out. Besides, none of the ammonites documented so far allow the
recognition of the earliest Turonian (W. devonense subzone). Therefore, the precise position

of the C/T boundary cannot be identified by mean of ammonite biostratigraphy.

4.5.1.1.2 Planktonic foraminifera

Planktonic foraminifera bioevents are commonly served as a complementary tool for the C/T
stratigraphy study. Lebedel et al. (2015) stated that those three planktonic foraminifera zones
were recognised in the Akrabou Formation based on the discontinuous distribution of
foraminifera in the Tazzouguert and Goulmima sections (Lezin et al., 2012), should be
tempered. According to Lézin et al. (2012), the transition between the Rotalipora cushmani
and Whiteinella archaeocretacea zones lies in the lower part of the Akrabou Formation (Unit
C1 sensu Ettachfini and Andreu, 2014). It is marked by the highest occurrence (HO) of R.
cushmani quickly followed by the lowest occurrence (LO) of H. praehelvetica at the base of

the Neolobites bioevent (lower part of the C. guerangueri Zone). In the reference sections of
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Tunisia (wadi Bahloul) and the Western Interior Seaway (Pueblo), this foraminifera events
are reported from a fairly higher level in the Upper Cenomanian, e,g. the base of the M.
geslinianum zone (Caron et al., 2006). As already pointed out by Cavin et al. (2010), the
assemblage encountered during the Neolobites event is different from the typical Rotalipora

cushmani zone assemblage.

The HO of Rotalipora planiconvexa (= Anaticinella planiconvexa in Lézin et al., 2012)
should also proved a useful bracket to the C/T precision interval, even so its biostratigraphic
value is questioned by Falzoni et al. (2018). At Goulmima, it occurs at the top of Unit T1,
before the HSO and slightly below D5 unconformity (Lezin et al., 2012). This is a low
position compared to the record at wadi Bahloul and Pueblo were the highest occurence of

anaticellids postdates the onset of the “Heterohelix” shift (Caron et al., 2006).

The recogised planktonic formainifera species are insufficient to identify the the biozone
boundaries in this study, but the commonly identified HSO below the first occurrence of the
Lower Turonian ammonites in the studied sections are useful to characterise the C/T interval
(Figure 4-8). HSO was first identified in the Western Interior Seaway (Leckie, 1985; Leckie
et al., 1998), marking as an abrupt change in planktonic foraminiferal assemblages (see
discussion in Falzoni et al. 2018). The biserial species Planoheterohelix moremani and P.
globulosa dominate the assemblage, and this change has been interpreted as an ecologic event
resulting from a period of unstable eutrophic surface water conditions that inhibited the

proliferation of the keeled K-strategist taxa.

It should be noted that the HO of anaticinellids and the HSO shift are likely diachronous
across low to mid-latitude localities, although both events always occur in the latest
Cenomanian (Falzoni et al., 2018). Therefore, the position of the C/T boundary retained by

Lezin et al. (2012) is problematic in our view.
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In Morocco (i.e. High-Atlas, Middle-Atlas, and High Moulouya), the HO of Hedbergella
(Asterohedbergella) asterospinosa has been taken to mark the base of the ‘imprecision
interval’ of the Cenomanian/Turonian boundary (Ettachfini et al., 2005; Sandoval et al.,
2008). The species does not appear in the syntheses on planktonic foraminifera mentioned

above. Its biostratigraphic value is difficult to evaluate.

To conclude, neither ammonites nor planktonic foraminifera allow the recognition of the
precise position of the C/T boundary. The above results and dicussions suggest the C/T
boundary incertitude interval ranges from the HSO to the first occurrence of Turonian
ammonites. It merely corresponds to a time equivalent of the late Cenomanian N. juddii Zone
and early Turonian W. devonense Subzone. Compared to our predecessors, we place the C/T
boundary at a higher level in the Akrabou Formation (‘grey shadow’ interval) (Figure 4-8). As
a consequence, unconformities D4 and D5 fall within the late Cenomanian and none of them
can be retained to mark the C/T boundary. Besides, this new biostratigraphic frame has
implications on the interpretation of the calibration of the §'°C curve by comparison with

reference sections at Wadi Bahloul and Pueblo.’
4.5.1.2 Carbon isotopic Stratigraphy

The carbon isotope curve, as a chemostratigraphic proxy, has been widely applied in the C/T
stratigraphy study. Ammonite biostratigraphy demonstrates the carbon isotope curves could
be a powerful additional tool for high resolution C/T stratigraphic study based on the regional
and global correlation (Caron et al., 2006; Falzoni et al., 2018; Jenkyns, 1980; Scholle and
Arthur, 1980; Tsikos et al., 2004). Moreover, carbon isotopic stratigraphy is not only
applicable for the OM bearing strata but also for limestone dominant strata developed in
shallow marine environments, owing to the consequence of the global variations in marine
inorganic-organic carbon reservoirs (Jenkyns, 1980; Scholle and Arthur, 1980; Tsikos et al.,

2004).
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8'3C and 8'%0 plot of C/T sediments in the Errachidia section shows three clearly distinct
area (Figure 4-9). It appears that there is some relationship between isotopic values and
lithofacies patterns in the Errachidia section, with more positive 8'*C values in rocks of
skeletal-rich lithofacies (Figure 4-7). However, the isotopic shift occurs in the same
lithofacies and also uniform values are identified among different lithofacies. This might
suggest the lithofacies is not the dominant control of the isotopic values shift. The §'*C
values in the two squares show no significant recrystallisation based on the petrographic
analysis, and the §'30 values are mostly consistent with a narrow range suggest the later
diagenetic cements or re-crystallisation is unlikely. Moreover, comparable &'*C shifts are
also recognised in other sections of the studied basin (Figure 4-10). The different §'°C in the
two square areas are likely due to oceanic change in §'*C due to the Oceanic Anoxic event,
and the 8'3C ould also correlate with the global referenced sections and track the global
change in the §'°C of C/T interval (Figure 4-12). Howerever, the three outliers in the circle
showing low &'3C values are probably indicate some early cement in these sediments from
bacterial processes, which decomposed the organic carbon resulting more negative §'>C
values. Therefore, the sediments of these three points are likely to be alternated by
diagenesis, and should be ignored for stratigraphic purposes. These imply the most §'*C
values, except the circled three, in these strata have no or little diagenetic modifications of the

primary isotopic composition, and could be used for regional and global correlation.

The C/T successions of the Oued Bahloul section (Tethys Ocean influenced deposits) in
Central Tunisia and the Pueblo sections in USA have been widely studied in terms of
biostratigraphy and carbon isotopic stratigraphy (Aguado et al., 2016; Caron et al., 2006;
Falzoni et al., 2018; Kolonic et al., 2005; Tsikos et al., 2004). These two sections are well-
controlled biostratigraphically, with C/T boundaries and zones defined. Three §'*C peaks

were identified in the §'*C curve profile during the OAE2 interval in both sections (Caron et
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al., 2006; Falzoni et al., 2018). The peak I is generally present in the top of R. cushmani zone
while the peak II and the peak III are in the W. archaeocretacea zone. The peak III (peak C in
some references) is considered to be approaching the C/T boundary (Caron et al., 2006;
Falzoni et al., 2018; Jarvis et al., 2011) (Figure 4-12). Based on this, the lack of R. cushmani
zone deposition in the Errachidia section indicates the absence of peak I in this area (Figure

4-12).

The combination of these biostratigraphic and carbon isotopic curve correlations suggests the
C/T boundary should be below the ‘Trough a’ of the 8'*C profile, which was present in the
both Oued Bahloul and Pueblo section in W.devonese zone (Figure 4-12). Moreover, peak 111
is commonly present before the C/T boundary but after the onset of heterohelix shift (HSO)
(Falzoni et al., 2018). Therefore, we could recognize the peak III in the lower part of the
‘grey shadow’ and place the C/T boundary tentatively just below 30m (roughly 29.5m) of the
Errachidia section based on the correlation (Figure 4-12). Furthermore, ammonite zones are
recognised in this section integrated with the §'3C curve correlation, which allows us possibly

to establish ammonite and planktonic foraminifera zone in this area (Figure 4-12).
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Figure 4-12 Carbon isotope curve correlation with the Oued Bahloul sections (Tethys ocean influenced), and the Pueblo section in USA
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The typically salient feature of positive 8'*C excursion in C/T successions is widely used for
the OAE2 interval definition (Keller and Pardo 2004; Tsikos, Jenkyns et al. 2004; Caron,
Dall’ Agnolo et al. 2006; Jarvis, Lignum et al. 2011), which is commonly composed of three
distinct §'°C peaks (Figure 4-12). According to the correlation, the onset of the OAE2
interval is generally below the peak I, and terminated in the W.devonese zone, commonly
before the ‘Trough a’ (Jarvis et al., 2011; Kolonic et al., 2005; Kost'dk et al., 2018; Kuhnt et
al., 2005; Tsikos et al., 2004). Giving this, the §!°C correlation (Figure 4-12), the OAE2
interval in the Errachidia section should start from the succession below the studied LBL unit

and end before the ‘Trough a’ with a negative value.

This indicates the OAE2 interval in the studied area includes the LBL unit and lower MFL
unit. The C/T boundary in the Errachidia section is identified in the lower part of the MFL
unit, and therefore the organic-rich black mudstones were developed from the latest

Cenomanian to Early Turonian.
4.5.2 Palaeoenvironmental implication
4521 Palaeoenvironments

Palaeoenvironments during the Cenomanian/Turonian interval in the Pre-African Basin, are
inferred from the lithofacies associations and redox-sensitive elements analysis. Multiple
other proxies, such as Ni/Co-U/Th and Mo-TOC have been also applied for the
environmental analysis (Dickson et al., 2016; Jones and Manning, 1994; Tribovillard et al.,

2012; Tribovillard et al., 2006) .

As previously discussed, the LBL unit was developed in the late Cenomanian, corresponding
to the OAE2 interval typified by a positive 8'*C excursion. However, no OM was recorded in
the studied sections which are commonly associated with bioclastic-rich limestone

deposition, indicating a shallow environment. The extremely low concentrations of redox-
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sensitive trace element (V, Mo, and U) indicate that predominantly oxic water conditions
prevailed during deposition of LBL unit (Figure 4-13). These OAE2 related anoxic
conditions did not influence this part of carbonate platform, suggesting there being no
evidence of anoxia at this time, even though it is coincident with the interval defined as OAE
in all the basin. The slightly increased detrital sensitive elements (Al, Ti, Zr, and Th)
concentration and local presence (in the Goulmima section) of dysoxic bottom water
conditions in the interval of LBL unit (Figure 4-13) might suggest the OAE2 had some
impact on these deposits, but lack of a clear response to the OAE2. This insignificant detrital-
sensitive TE enhancement is insufficient to support the hypothesis that OAE2 is commonly
associated with the highly detrital influx and anoxic conditions (Du Vivier et al., 2014). This
is interpreted that these sections were all located in shallow marine environments during the
lower OAE2 interval, which is consistent with the OAE2 response of most shallow carbonate

platform deposits (Elrick et al., 2009; Korbar et al., 2012).
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Figure 4-13 The cross plot of TE ratios as palaeoredox proxies in the Errachidia (a) and

Goulmima and Tadighoust section (b), based on Jones and Manning (1994) and Hatch and

Leventhal (1992).

However, the dominant LF8/LF9 in the Errachidia section and dominant LF9 in other

sections in the lower MFL unit, suggest a deepening environment occurred in the whole area.

106



This interval shows evidence for a more variable redox water condition both laterally and
vertically. In the Errachidia section, the extreme enrichment of most redox-sensitive TEs
(Figure 4-11) suggest the organic-rich mudstone beds were deposited in anoxic water
conditions (Figure 4-13), while the interbedded greyish organic-poor mudstones were
deposited in dysoxic/oxic water conditions. The redox-sensitive TEs concentrations were
increased in the equivalent level of the Goulmima and Tadighoust sections compared with the
underlying LBL unit. However, these elements remain at a low level of enrichment, depleted
or moderate enrichment (Figure 4-11), suggesting prevailing oxic water conditions, though
with dysoxic conditions occurred sporadically (Figure 4-13). This documented anoxic
conditions in the Errachidia section and oxic/dysoxic conditions in other section, suggesting a
regional marine transgression occurred in the whole area, but the organic matter was only
accumulated in anoxic bottom water conditions which might be due to deeper, more restricted

areas.

At the base of Lower Turonian, the sediments are associated with a decreased OM content in
the Errachidia section and increased bioclastic in the nearby sections, suggesting a short
interval of shallowing environments. These are overlain by deepen marine sediments in the
whole area indicated by the dominant fine-grain sediments and significantly increased redox-
sensitive elements concentration (Figure 4-11), especially in the Errachidia area with the
maximum TE and organic matter concentration. The increased in bioclastic content and
decreased redox-sensitive element concentration in the upper MFL unit are indicative of
decreasing water depth. This is also supported by the substantially decreased organic matter

content in the Errachdia section and increased bioclastic content in the other sections.

Bioclastic-rich limestone deposition dominates in the UBL unit across the whole basin,
suggesting well-oxygenated bottom water conditions supported by the low TEs

concentration. This suggests shallow marine deposition in the UBL unit, which might be
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related to highly carbonate productivity or increased oxygen content in the water column

owing to a rapid marine regression in the upper Early Turonian.

Overall, oxygen decreased water conditions occurred in all the studied area from the latest
Cenomanian to early Turonian, which is coeval to late OAE2 and post-OAE?2 stage according
to the carbon isotope curve (Figure 4-11), but the anoxic/euxinic water conditions were only
recognised in the Errachidia section. A prevailing oxic water condition occurred across the
whole area during the lower OAE2 interval, which was not favourable to organic carbon
preservation. In contrast to the most open marine environments that the onsets of anoxic-
euxinic water conditions began from peak I of 813C curves (Jarvis et al., 2011; Kuhnt et al.,
2017). These oxygen-depleted water conditions did not appear until the latest Cenomanian
and were maintained until the Early Turonian, though intercalated with oxic/dysoxic
conditions occurred periodically. It is clear that we should not ascribe the fine-grain
limestone or OM-rich depositions in this ‘delayed’ dysoxic-anoxic-euxinic water conditions

all to OAE2, as large parts of these sediments were deposited after OAE2 interval.
4521 Sea level

The correlation with the eustatic cycles based on ammonite zones and carbon isotope profiles
shows the organic-rich mudstones interval (MFL unit) in the Errachidia area are possibly
associated with the Late Cenomanian and Early Turonian marine transgressions (Figure
4-15). However, the recognised marine transgression associated with OM-rich mudstone
deposition in this basin occurred in the upper OAE2 interval, showing a delay response to the
global Late Cenomanian transgression which is coeval with the onset of OAE?2 interval (Haq,
2014; Keller et al., 2004) (Figure 4-15). This suggests the sediments could be affected by the

local or regional sea level rise.
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The regional correlation with the other Tethyan sections in Algeria (the Chebeibita section)
(Figure 4-16) illustrates a comparable scenario as the Pre-African Basin in Morocco that the
organic carbon is locally distributed and started to accumulate from the upper OAE2 interval
(Grosheny et al., 2008). However, in the more distant Wadi Bhloul section of Tunisia
(Tethyan influence), the beginning of organic matter enrichment is coeval with the onset of
the OAE2 interval (Caron et al., 2006). This suggests the marine transgression occurred in the
Tethyan Moroccan basin is more likely a regional signal, though local subsidence might be
involved. On the contrary, the OM-rich mudstones in the middle MFL is coeval with the
Early Turonian transgression, which are also widely recognised in the other Tethys Ocean
influenced Basins (Figure 4-16), such as the more distant Oude Bahloul section in Tunisia

(Aguado et al., 2016). A short interval of marine regression associated with the increased

109



= [UBL® |
=
c
e = B0
3| °c
=| 5
> =
- =
Lﬁ 25—
20|
% 5|
c
©
c §107 .
Q( -
o3
()
w®| F
-l
o |

1. Errachidia 2. Errachidia West 3. Errachidia-Goulmima 4. Zoula 5. Goulmima 6. North Goulmima 7. Tingh

Goulmima Tadighoust

Oxic Dysoxic Anoxic Euxinic

Errachidia West

5m

Errachidia

-5

Figure 4-14 Stratigraphic correlation and depositional environments in the Errachidia and its adjacent basins

110

0

5



bioclastic deposition and decreased OM matter is recorded in the basal of post-OAE?2 interval
in this study. These sea level changes are strongly consistent with the global short-term sea
level curves (Friedrich et al., 2012; Haq, 2014; Jarvis et al., 2015). These suggest the
maximum Early Turonian sea level rise probably represents a global signal, which exerted an
essential influence on the organic-rich mudstone deposition. To conclude, the organic-rich
mudstones in this Tethyan Moroccan basin could be influenced by the regional and global
marine transgression, drowning the continent and producing relative deeper

palaeoenvironments for the OM-rich mudstone deposition.
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4.5.3 Controlling factors of OM-rich black mudstone deposition

The above palaeoenvironments and sea level discussions suggest a prevailing shallow marine
environment occurred in the whole basin before the regional late Cenomanian marine
transgression. The Errachidia section shows a comparable lithofacies assemblage with the
nearby Goulmima and Tadirhoust sections during this interval (LBL unit) (Table 4-2).
Furthermore, the whole basin has recorded the late Cenomanian marine transgression.
However, high concentrations of organic matter are only recognised in the Errachidia area
which is interpreted to deposit in a more reducing bottom water. Moreover, organic-rich
mudstones were rarely reported in the shallow carbonate platform across the OAE?2 interval
(Elrick et al., 2009; Korbar et al., 2012), owing to the dominant oxic water conditions.
Therefore, the mechanisms controlling the locally distributed organic matter could not be
simply ascribed to the marine transgression. The isolated carbonate platform were commonly
developed in the Saharan platform owing to the ‘‘keep-up’’ mechanism during the C/T
marine transgression (Grosheny et al., 2008; Liining et al., 2004), which might also work in
the Errachidia section. This major palaeoenvironmental change in the Errachidia area might
be not only related to sea level transgression, but also possibly involved with a coeval gentle
tectonic subsidence (Grosheny et al., 2008). Based on the Mo-TOC dataset of Tribovillard et
al. (2012), the Errachidia area showed an extremely restricted marine condition (similar to the
modern Black Sea type) during these organic-rich mudstone deposition (Figure 4-17).
Oxic/dysoxic conditions in restricted basins could readily be evolved into anoxic conditions
and ultimately euxinic conditions with much less nutrient input than the unrestricted
environment (Donnadieu et al., 2016; Ruvalcaba Baroni et al., 2014; Tribovillard et al.,

2012).

The organic matter preservation in marine environments is commonly considered to be

controlled primary productivity, preservation conditions and dilution (Sageman et al., 2003;
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Tessin et al., 2015). The late Cenomanian sea level rise significantly decreased carbonate
production on platforms, suggesting the detrital and carbonate dilution might have a weak
influence on the organic matter deposition. This is further evidenced by the low detrital-
sensitive elements concentration (Figure 4-11). In this case, preservation or/and productivity

should be responsible for the organic matter accumulation in Errachidia area.
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Figure 4-17 Mo Concentration compared to TOC values in the Errachidia section. The lines
show the restriction severity of water mass circulation increasing from present-day Saanich

Inlet basin to Black Sea basin(Tribovillard et al., 2012)

4.5.3.1 Preservation

Studies from Algeo (2004) and Tribovillard (2006) showed a covariant relationship between
trace elements and TOC in different water conditions, and a comparable trend is recognised
in the Errachidia section (Figure 4-18). In oxic and dysoxic bottom water conditions, there is
no covariance between TEs and TOC values. In anoxic water conditions, the trace elements

in the OM-rich black mudstone during the upper OAE?2 interval present a moderate
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concentration, which is consistent with the Ni/Co-U/Th cross-plot, suggesting an anoxic
water conditions (Figure 4-13). However, for the organic-rich mudstone intervals in the MFL
unit, these element contents exhibit two different patterns: 1) V, Zn, Mo and U are
significantly increased in spite there being no significant TOC increase, and these elements
are defined as strong euxinic affinity; 2) Ni, Cu, and Co which are considered as showing
organic matter affinity are weakly enriched (Algeo and Maynard, 2004; Tribovillard et al.,
2006a). The precipitation of V, Zn, Mo and U can be strongly enhanced in sulfidic euxinic
facies. Accordingly, we conclude tentatively that the middle part of the MFL unit was

developed, at least periodically, in euxinic water conditions.

MFL unit in the Errachidia Section
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Figure 4-18 Schematic diagram of the relationship between the enrichment of Zn, V, Ni, Cu, Mo,
U and Co, and redox facies in MFL unit of ETS section (Modified after Algeo, Thomas J., and J.
Barry Maynard, 2004; Tribovillard, Nicolas, et al.2006).

The major late Cenomanian and Early Turonian marine transgression in this basin could
enhance the water column stratification and the development of anoxic/euxinic conditions in
this restricted marine setting (Arthur and Sageman, 2005; Jenkyns, 2010), which are

favourable for the high accumulation of organic matter. However, the onset of organic matter
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accumulation in the late Cenomanian was accompanied by poor/moderate redox-sensitive
element concentrations (such as V and Mo), but with significant productivity-sensitive
element enrichment (Ni and Cu) (Figure 4-11). Moreover, the relationship between the
redox-sensitive elements (V, Mo and U) and TOC values (R?= 0.29, 0.23, 0.28 separately)
presents a weaker correlation compared with the covariant between productivity-sensitive
elements (Ni, Zn and Cu) and TOC (R?=0.70, 0.14 and 0.49). This can especially be
distinguished at the onset of anoxic water conditions. In all likelihood, that the onset of

anoxic water conditions could be triggered by increased productivity.
4532 Productivity

In the Errachidia section, the productivity-sensitive elemental (P, Ni, Zn and Cu)
concentrations are extremely high in the MFL unit compared to the LBL and UBL units. In
the TKS and GS sections, these elements also show a salient enhancement in the MFL unit
compared with other units, despite being much weaker than in the Errachidia section (Figure
4-11). This suggests an increased productivity occurred across the whole area in the MFL but

was extremely high in the Errachidia area.

In the Late Cenomanian/Early Turonian interval, nutrient-rich upwelling water masses are
widely recorded along the Atlantic Ocean and Tethys Ocean coastlines (Arthur and
Schlanger, 1979; Keller, 2008; Liining et al., 2004; Schlanger et al., 1987). The extended
upwelling along the coastline was conducive to the water mass and nutrient exchange with
adjacent basins. However, it is unlikely that the nutrient-rich water exchange was the main
contributor for the significantly enhanced productivity in the Errachidia section, and a more-
likely interpretation is an extremely restricted anoxic marine environment (like the modern

Black Sea type).
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The increased silica (quartz dominant) content and the absence of siliceous fossils (such as
radiolarian) in organic-rich mudstones, may suggest that silica was mainly continental origin.
The dominance of kaolinite and the absence of smectite in the C/T sediments (Lebedel et al.,
2013) indicate a warm and humid paleoclimate (Adatte et al., 2002; Deconinck and Chamley,
1995) during the C/T interval, which could intensify the continental weathering through
geochemical and physical processes (Jenkyns, 2010; Monteiro et al., 2012; Von Strandmann
et al., 2013). Moreover, the recognised regional/global sea level transgression could also
bring some nutrients into the marine environment though flooding of the marine margin.
Therefore, it appears the enhanced productivity could be explained by the increased rate of
nutrient supply owing to enhanced continental weathering during the C/T interval. However,
the moderate concentration of detrital influx sensitive elements (Figure 4-11) during the
organic-rich mudstone deposition seems insufficient to explain the high productivity.
Moreover, the interval with the highest productivity (highest recorded TOCs) is not coeval
with the strongest detrital input. This suggests the terrigenous input might not be the only
nutrient source for the extremely high trace elements concentration during the organic matter

preservation.

The organic-poor limestone/organic-rich mudstones bedding couplets in the MFL unit
indicate the absence of long-termed anoxic/euxinic bottom water conditions from latest
Cenomanian to earlies Turonian. This dysoxic/anoxic fluctuate was commonly recognised in
shallow marine environments and has been interpreted as being driven by the seasonal
thermocline (Sageman et al., 2003; Tyson and Pearson, 1991), attributed to climate and/or
productivity cycles (Elderbak and Leckie, 2016). The increased the stratification-mixing
effect allowed the upwelling of bottom water nutrients periodically (Jenkyns, 2010; Sageman
et al., 2003), that stimulated surface plankton productivity. It is highly possible the large

amounts of trace elements are related to the accelerated hydrological cycle.
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Based on the above discussion, we conclude that the onset of OM-rich black mudstones
deposition was triggered by an increase in high productivity, possibly associated with
increased continental weathering and an accelerated hydrological cycle. The increased influx
of nutrient would intensify the oxygen consumption in the water column and accelerate the
development of anoxic/euxinic bottom water conditions, which is readily occurred in this
restricted marine setting. Ultimately, the interplay between high productivity and

anoxic/euxinic facilitated the considerable OM preservation in the Errachidia area.

4.6 Conclusions

1) High-resolution logging of outcrops near to Errachidia in Morocco allows twelve
lithofacies to be identified. The C/T boundary within studied sections has been defined
based on new biostratigraphic (planktonic foraminifera and ammonites) and carbon
isotope stratigraphic analysis.

2) No organic-rich mudstones were recorded in the lower part of studied Upper
Cenomanian. It is characterised as a shallow water lithofacies deposited within an inner
ramp environment in the southeast part of the study area (ZS and EGS section),
deepening to middle ramp conditions to the north and west. Uppermost Cenomanian and
Lower Turonian sea level transgressions occurred, developing predominantly outer ramp
environments. The structural framework resulted in a series of troughs and
highs/platforms. Within the deeper basin axes, thick OM-rich black mudstones were
deposited in the Errachidia area, whilst carbonates still dominated the relatively shallower
environments to the southeast. By the late Lower Turonian, a subsequent regression
resulted in a shift back to dominantly bioclastic-rich limestones deposited in a middle
ramp environment.

3) Despite the lack of organic-matter rich mudstone deposition in the lower part of the late

Cenomanian, the characteristic positive carbon isotope excursion can still be recognised
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4)

5)

6)

in the shallow marine oxygenated water conditions. In the Errachidia area, organic-rich
black mudstones were developed from latest Cenomanian to early Turonian, coeval to
late-OAE2 to post OAE2 interval, with high TOC values recorded from the black
mudstones.

Trace and major elements analysis suggest oxic water conditions and low productivity
prevailed in the lower part of Upper Cenomanian, which explains the lack of organic
matter preservation during the lower OAE2 interval. The significant environmental
change occurred in the uppermost Cenomanian to Lower Turonian, with marine
transgressions that led to high productivity and anoxic/euxinic water conditions in the
restricted Errachidia area. However, conditions continued to be predominantly oxic or
slightly dysoxic on the shallow ramp, with only marginally enhanced productivity over
most of the study area, preventing OM preservation. Based on the TOC-Mo relationship,
an extremely restricted marine environment, with high productivity and favourable
anoxic/euxinic water conditions, were identified in the deeper parts of the Errachidia
basin during the Uppermost Cenomanian and Lowest Turonian. This is the only interval
within the Errachidia section where organic-rich black mudstones have been identified.
Based on the correlation with global eustatic curves, the regional Late Cenomanian and
global Early Turonian marine transgression had a strong impact on the sedimentation
associated with OM-rich intervals, with OM-rich black mudstones significantly
developed, but only confined within deeper-water environments.

The high productivity, which could be associated with increased detrital influx and
enhanced hydrological cycle during sea level transgression, play an essential role on OM
accumulation. The increased productivity further led to oxic/dyxoic water conditions

evolved to anoxic/euxinic water conditions. The interplay of high productivity and
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anoxic/euxinic water conditions facilitated the considerable organic matter preservation in
the Errachidia section.

7) The late Cenomanian/Early Turonian marine transgression seems to be more regional or
global rather than local event, which controlled the OM-rich black mudstones in more

distant, Tethyan basins.
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Abstract

The Cenomanian-Turonian boundary event (OAE?2) is a significant global event associated
with a positive carbon isotope excursion spanning from Late Cenomanian to Early Turonian
(C/T). It has commonly been considered to be associated with organic carbon preservation
and organic-rich mudstones. This study of West Moroccan basins provides biostratigraphic
and carbon isotopic evidence that suggests OM-rich black mudstone were largely developed
in the Lower Turonian, with organically rich mudstones only recognised in deep basins in the
Upper Cenomanian. A number of excellently exposed outcrops have been examined in the
Agadir and Tarfaya basins. Detailed sedimentological, palaeontological, mineralogical and
geochemical analyses have been conducted on these C/T sediments and associated black
mudstones, to better understand the age, quality, palacoenvironments of source rocks and

their controlling factors.

New biostratigraphy (ammonites and planktonic foraminifera) and high-resolution §'*C
isotope stratigraphy provide more precise delineation of the C/T boundary in both basins.

Ten lithofacies are recognised in the Agadir Basin, dominated by shallow marine
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environments in the Late Cenomanian and Early Turonian. Five lithofacies are identified in
the Tarfaya Basin, which records a deeper marine setting compared with the equivalent age in
the Agadir Basin. Lithofacies variation can be correlated with relative sea level change that
shows a correlation to the global eustatic curve. A maximum marine transgression is
observed in the Early Turonian, which is regionally associated with deposition of OM-rich

mudstones over a wide area.

In the Agadir Basin, the OAE2 interval comprises several dark grey mudstones beds that
display low TOC values. This is interpreted to be associated with dilution from high detrital
influx, together with low productivity and oxic water conditions. In the Tarfaya Basin, the
OAE?2 interval contains black mudstones that record anoxic conditions, associated with

considerable OM-carbon preservation, although weathered in the studied section.

In both basins, significant organic matter rich mudstones were identified during post-OAE2
Early Turonian marine transgression. Trace element enrichment in the organic carbon
indicates that organic matter accumulation was accompanied with increased sea surface
productivity and associated with oxygen-depleted bottom water conditions, which facilitated

organic matter preservation and preservation.

The results suggest that OAE?2 associated OM-rich black mudstones were mainly developed
in the deep marine environments in the studied basins, suggesting a strong
palaeoenvironment control on organic matter accumulation. Deposition of OM-rich black
mudstones were widespread during the Early Turonian, suggesting the global Early Turonian

marine transgression had a strong impact on organic matter generation and preservation.

5.1 Introduction

The Oceanic Anoxic Events II (OAE2) is an interval with globally-enhanced organic matter

preservation in anoxic marine palacoenvironments (Schlanger et al., 1987; Schlanger and
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Jenkyns, 1976), spanning from the latest Cenomanian to earliest Turonian and was associated
with extremely warm paleoclimate and high sea level (Forster et al., 2007; Jenkyns, 2003,
2010; Sames et al., 2016). The typical positive §'>C excursion of carbonate sediments was
associated with global organic matter preservation, which preferred to take the fractionated of
5'2C into OM, leading the '2C depletion of seawater (Arthur et al., 1988; Tsikos et al., 2004).
Although the positive 8'°C signatures were extensively recorded in a full range of marine
environments from continental shelf to pelagic marine (Gale et al., 2005; Jarvis et al., 2011;
Jenkyns et al., 1994; Keller et al., 2008; Tsikos et al., 2004), the anoxic condition were not
pervasive during this interval, especially in some shallower marine environments (El-

Sabbagh et al., 2011; Gertsch et al., 2010).

The OM rich black mudstones and interbedded carbonates were extensively distributed in the
Tarfaya and Agadir Basins along the Atlantic continental margin during the Late Cenomanian
and Early Turonian. These successions provide an exceptional opportunity for the OAE2
study, in various aspects of the different palacoenvironments response to the OAE2, as well

as the associated fossil assemblages, and organic matter accumulations.

Detailed sedimentological, mineralogical and palaeontological studies were performed on the
Azazoul section of the Agadir Basin, characterising the behaviour of depositional
environments as a result of paleoclimate and sea level change during the C/T interval
(Gertsch et al., 2010; Jati et al., 2010). Integrated planktonic foraminifera and carbon isotopic
analysis were conducted and the C/T boundary position was proposed in the Azazoul section
subsequently. However, the insufficient biostratigraphic evidence and limited resolution of
8'3C and §'%0 data made it difficult to locate the C/T boundary precisely. Besides, OAE2
related OM-rich black mudstones were not recognised in this basin, whilst OM-rich black
mudstones were considerably deposited after OAE2 interval during the Lower Turonian

interval (Gertsch et al., 2010; Jati et al., 2010). No work has been undertaken on the detailed
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macro/micro-structures and organic geochemical characteristics (TOC and Rock-Eval), to
determine the driving factors of these organic matter depositions. The lack of trace and major
element enrichment in this section makes it difficult to interpret the perturbation of redox
conditions during the OAE2 interval, and the controlling factors of OM accumulation in this

basin.

Aspects of sedimentology, biostratigraphy, isotopic stratigraphy and organic geochemical
analysis have been conducted on the sections and drilling wells in the Tarfaya Basin by many
authors in recent decades (Gebhardt et al., 2010; Gebhardt and Zorn, 2008; Gertsch et al.,
2010; Kolonic et al., 2005; Kuhnt et al., 2001; Kuhnt et al., 2009; Kuhnt and Wiedmann,
1995; Mort et al., 2008). Besides, the Tazra section, straddling the Cenomanian-Turonian
interval has been studied by Keller et al. (2008) and Tantawy et al. (2008) regarding the
lithology, biostratigraphy (nannofossil and planktonic foraminifer biostratigraphy), carbon
isotopic stratigraphy analysis. A C/T boundary position was proposed, but the lack of
representative ammonite species makes the position of the proposed C/T boundary
unconvincing. A high-resolution stratigraphic framework is necessary for the stratigraphic
correlation, and to control the discrimination of palacoenvironment changes between global
and local signals. Furthermore, organic-poor black mudstones are present in the Tazra section
during the OAE2 interval (Keller et al., 2008; Tantawy, 2008), while sediments of adjacent
sections and wells in equivalent age are characterized as OM-rich black mudstones (Beil et
al., 2018; Kuhnt et al., 2017). The lack of mineralogy and geochemistry analysis makes it
hard to explain the control on the difference between these sediments. Moreover, very limited
work has concentrated on the extensively developed OM-rich black mudstones in the Early
Turonian, such as the macro- and micro-structures of the source rocks, the local and global

controls.
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In this study we present a more precise C/T boundary in both basins based on the
biostratigraphy (including new ammonite and planktonic foraminifera data) and high-
resolution carbon isotope analysis, establishing a high-resolution stratigraphic framework. A
combined sedimentological and inorganic geochemical (trace and major elements) analysis
are dedicated to identifying the palaecoenvironments during the C/T interval, better
understanding the response in shallow and deep marine environments to the OAE2. Organic,
inorganic geochemical and petrographic analysis have been conducted to explore the
processes of organic matter preservation during the OAE2 and post-OAE?2 intervals,
determining the dominant controls on the quality and distribution of organic-rich mudstone

deposition.
5.2 Geological setting

The Azazoul beach section in the Agadir Basin is situated 25 km to the northwest of Agadir
(Figure 5-1). The Agadir Basin is part of the Western High Atlas range, with a basement of
Precambrian metamorphic rocks (Stets and Wurster, 1982). The basin was filled by the
Palaeozoic, Mesozoic and Cenozoic marine and continental sediments (Nouidar, 2002).
Basaltic flows associated with red bed facies characterized the Triassic successions, which
were related to the onset of rifting of the Atlantic Ocean (Daoudi et al., 2008; Nouidar, 2002).
A major marine transgression occurred in the Jurassic, leading to deposition of a thick,
shallow marine carbonate platform deposited in the Agadir Basin. A ‘gulf’ system in the
Western High Atlas was proposed by Behrens and Siehl (1982), and dominant epicontinental
marine sediments filled the Agadir Basin during the Early Cretaceous. The Late Cenomanian-
Early Turonian marine transgression led to extensive marine carbonate sequence in the
Agadir Basin (Gertsch et al., 2010; Jati et al., 2010), with over 100 metres thick Azazoul
section spanning the Upper Cenomanian to Lower Turonian time interval. This study is

mainly focused on the Upper Cenomanian to Lower Turonian part of the succession, which
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more than 76 metres in thickness. The lithologies of the Azazoul section during the C/T
intervals are mainly composed of limestone, marly limestone, marls, oyster beds and

mudstones and black shales.

The second studied outcrops are located in the Tarfaya Basin, which is one of the Mid
Atlantic rift basins (Ghassal et al., 2016). The basin evolution started rifting in the Late
Permian/Early Triassic, with dominantly fluvial sediments overlying on the Palaeozoic
basement(Dillon and Sougy, 1974). An open marine environment was developed from Early
Jurassic resulting from a major transgression (Davison, 2005; Wenke et al., 2011). The Early
and Middle Jurassic were associated with marine regression, and they were overlain by a
carbonate platform deposition formed during another major transgression in Late Jurassic
(Ali et al., 2014; Hafid et al., 2008). A lagoonal and deltaic environment characterized the
Late Jurassic/Early Turonian interval, which was associated with a major global sea level fall
(Liining et al., 2004; Vail et al., 1977). Several major marine transgressive-regressive cycles
were recognised from the Albian interval until the Campanian, associated with regional or
global anoxic events(Jenkyns, 2010; Kolonic et al., 2002), associated with deposition of
organic-rich marls or mudrocks. The maximum marine transgression was recognised in the
Late Cenomanian/Early Turonian interval, with thick organic-rich black mudstones
developed in the Tarfaya Basin(Beil et al., 2018; Ghassal et al., 2016; Kuhnt et al., 2009;

Kuhnt et al., 2017).
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Figure 5-1 Location of studied outcrops in West Morocco
5.3 Methods

The Upper Cenomanian to Lower Turonian interval of the Azazoul section in the Agadir
Basin was logged at a centimetre scale and a total of 106 samples were collected. In the
Tarfaya Basin, three sections (the Lagguing East, Tazra and En-Naila sections) were logged,
covering the Upper Cenomanian to Lower Turonian succession and 99 samples were
collected. The samples from the two basins were systematically analysed in respect to
petrography, carbon isotopic stratigraphy, biostratigraphy, mineralogy, organic and inorganic

geochemistry (Table 5-1).
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Table 5-1 Summaries of the analyses of samples in the studied basins

Basin Section | Location GPS Total Th],n .X—ray. "1jrace and Carbonate TOC
samples | Section |[Diffraction | Major elements | Isotope
Latitude | 30.554117
Agadir | A 1
gaClt | AZZOULL o o dir , 107 69 107 38 107 64
Basin | section Longitude | -9.740277
Taza Latitude | 27.935152
. Tazra . 60 21 60 7 60 8
section Longitude | -12.294648
. Latitude | 27.935152
Tarfaya | EN-Naila |\ [ 20 12 20 9 20 20
Basin | section Longitude | -12.294648
Laaguing Latitude | 27.935152
East |Laaguin; 19 8 19 5 19 3
as B8 |1 ongitude | -12.204648
section

In total, 110 samples (69 from the Agadir Basin, 41 from the Tarfaya Basin) were made into
polished thin sections, aiming for the lithofacies, biostratigraphy, and organic matter analysis.
64 samples from the Agadir Basin and 31 samples from the Tarfaya Basin were tested for
TOC content through measuring the total carbon and inorganic carbon in those samples.
Rock-Eval experiments were conducted on 8 samples from the En-Naila section of the
Tarfaya Basin and 18 from the Agadir Basin, to characterise the kerogen types and maturity
of the black mudstones. Integrated Rock-Eval pyrolysis and TOC data were applied to assess

the source rock richness and quality.

Carbon isotope and oxygen isotope analysis were conducted on all samples (totally 205) in both
basins. Firstly, sodium hypochlorite was used to remove the labile organic carbon in the finely
powdered samples to avoid possible effects of diagenetic calcite on the isotope composition.
Carbon (13C/'2C) and oxygen ('*0/'°0) isotope ratios of the bulk limestone samples were
measured using a modified version of the classical manual ‘sealed vessel’ procedure described
by McCrea (1950) and Swart et al. (1991) (McCrea, 1950; Swart et al., 1991). All data are

reported as delta (J) values with respect to the Vienna Pee Dee Belemnite (VPDB) carbon and

oxygen isotope scales (via NBS 19, NBS 18). Analytical precision (10), based on replicate
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analysis of in-house quality control calcite, is estimated to be better than +0.1 %o for both

carbon and oxygen isotope values.

A total of 60 samples (22 samples from the Agadir Basin and 38 samples from the Tarfaya
Basin) were selected for X-ray fluorescence analysis to obtain the trace and major elements
(TM) data in samples. These samples were pressed into pellet-shape samples, with a mixture
of 12g samples and 3 g wax of each sample, and processed through the Axios Sequential X-
ray Fluorescence Spectrometer. In order to minimize the dilution effects by silica, authigenic
minerals and OM, it was necessary to undertake Al normalization of element concentrations
(Brumsack, 1989; Morford and Emerson, 1999; Turekian and Wedepohl, 1961; Wedepohl,
1971; Wedepohl, 1995). Al, an essential component of most minerals originating from fluvial
and eolian sources, has been considered to be a stable element that essentially unaffected by
biological and diagenetic processes in the nearshore marine environment (Brumsack, 2006).
In this case, all the trace elements are displayed as Al-normalized values with units of 10,
The richness of elements is expressed as normalized elements divided by average shale
values (Brumsack, 1989, 2006), using the average shale compositions of Wedepohl (1971).

Enrichment factors were calculated using:
EFclement = (element/Al) sample / (element/Al) as

Based on the enrichment ratios, five categories, based on the work of Sutherland (2000) were
used to show enrichment in the sediments: 1) EF<2, depleted concentration; 2) 2<EF<S5,
moderate enrichment; 3) 5<EF<20, significant enrichment; 4) 20<EF<40 highly enriched
elements; 5) EF>40, extremely enriched elements. However, utilization of this calculation
for trace element normalization should be used with caution on sediments with minor detrital
influence, and it may not necessarily be representative of the local sediments (Van der

Weijden, 2002). In this case, with detrital fraction lower than 3-5%, unmodified values are
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better data to analyses for palaeoenvironmental analysis (Kryc et al., 2003; Tribovillard et al.,

2006b).
5.4 Results
54.1 Lithofacies, biostratigraphy and environment
54.1.1 Lithofacies

Ten Lithofacies were identified in the studied Azazoul section of the Agadir Basin, while
mainly five lithofacies were recognised in three studied sections of the Tarfaya Basin (Table
5-2) (Figure 5-2)These lithofacies were interpreted as from intertidal to deep marine

environments, and the detailed characteristics are described in Table 5-2.
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Figure 5-2 Cenomanian-Turonian succession of Agadir and Tarfaya basins, associated
with lithofacies, carbon and oxygen isotope curves.

138



Table 5-2 Characteristics and interpretation of lithofacies recognised in the C/T succession of the Agadir and Tarfaya Basin

Lithofacies Sed“;;;rtlltl(:_t;glcal Mineralogy Skeletal composition Interpretation Sections Stage
LF1: Silt- and Dark grey mudstone Carbonate dominant (calcite Oyster and bivalve Deep subtidal Azazoul
clay-bearing, intercalated with some 44.7+15.8%, Ankerite 7.4+5.9%), fragments, and ostracods are | environment, section in
carbonate-rich thinly nodular clay minerals (25.5£11.1%, locally presented. oxic conditions, | the Agadir
mudrock wackestone layers kaolinite and smectite), quartz Planktonic and benthic between the Basin

(Figure 5-3 Al). (average 13.1+4.7%), albite foraminifera are commonly | FWWB and
Presence of erosional (average 7.3+3.3%), Muscovite and | developed (Figure 5-3 A3) SWB
surface (Figure 5-3 A2) | minor pyrite (<1%).
LF2: Shelly Thin wackestone beds Calcite dominant (81.6+x12.2%), Mainly include shell Deep subtidal Azazoul
wackestone / interbedded with marly | ankerite (9.0+4.8%), quartz fragments, together with environment, section in
marly limestone | limestone beds (Figure (5.2+2.6%), clay minerals minor foraminifera, oxic water the Agadir 2
bedding couplet | 5-3 B1). Individual beds | (2.4+3.1%) and Albite (1.5£1.9%) gastropods, ostracods conditions, Basin g
are rarely thicker than fragments (Figure 5-3 B2, between the s
20 cm. B3). FWWB and S
SWB 3
LF3: Alternated with thinly Calcite dominant (89.6+3.7%), Bivalves fragments Shallow subtidal | Azazoul ::
Bioturbated, marly limestone beds minor ankerite (0.9+£1.2%), quartz dominant, and presence of environment, section in
shelly packstone | (Figure 5-3 C1), and (6.2+3.1%), minor halite (<1%) and | minor gastropods, ostracods, | above the the Agadir
topped by erosional clay minerals (<1%) and benthonic foraminifera | FWWB Bain
surface (Figure 5-3 C2) (Figure 5-3 C3)
LF4: Planktonic | Grey nodular Calcite dominant (93.4+4.9%), Planktonic foraminifera and | Deep marine, Lagguing

foraminifera
rich
wackestone/
packstone

wackestone/packstone
interbedded with Marls (
Figure 5-4 A1)

minor ankerite (0.3£0.8%), quartz
(3.4£2.6%), minor halite (1.8%+1.4%)
and muscovite (1.0£1.0%)

shell fragments dominant
(Figure 5-4 A2). Very few
benthonic foraminiferal
(Figure 5-4 A3)

intermediate
offshore,
between the
FWWB and
SWB

East section
in the
Tarfaya
Basin
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LF5: Yellowish | Fine grain, continuous Calcite (84.1+8.9%), ankerite Planktonic foraminifera are | Deep marine, Azazoul
/reddish parallel planar (1.4+3.3%), quartz (6.8+4.4%), highly developed (Figure offshore, quite section in
wackestone lamination (Figure 5-4 halite (5.3£2.2%), minor muscovite | 5-4 B5) and absence of water the Agadir .§ S
B4, BS). Cherts and (1.1£1.6%) and clay minerals (<1%) | benthonic foraminifera. conditions, Basin Tazra S S
calcite nodules are Presence of ammonites and | below the SWB | section in E e
present shell fragments (Figure 5-4 the Tarfaya © S
B3) Basin & =
LF6: Silt- Black mudstone, Kaolinite-dominant clay minerals Planktonic foraminifera and | Deep-subtidal Azazoul s
bearing, clay discontinuous planar (33.844.3%), calcite (17.0£8.2%), benthonic foraminifera are facies, oxic section in §
rich black parallel lamination quartz (16.9+3.2%), muscovite both moderately developed, | conditions, the Agadir g
mudrocks (Figure 5-5 Al and A2). | (12.7+£10.1%) albite (10.7+1.9%), with minor oyster between the Basin 3
Turbidites with some pyrite (1.5£1.2%) (Figure 5-5 A3). fragments. FWWB and %
shelly fragments were SWB 5
recognised =
LF7: Bivalve- Nodular beds, Calcite dominant (91.1+4.8%), Composed of shell Shallow Azazoul
rich grainstone/ | interbedded with thin quartz (6.7+£3.6%), with minor clay | fragments (oyster subtidal, high section in
fl marly limestone. minerals (1.9+2.4%), and very few dominated), echinoid spines, | energy, oxic the Agadir
oatstone . > )
Extensivelv bioturbated other minerals. gastropqd, ostragoq, conditions, Basin
y
(Figure 5-5 B1) bepthomc foraminifera above the
(Figure 5-5 B3) FWWB s
N
LF8: Oyster Massive bedding, Calcite dominant Oysters, displaying with Shallow Azazoul §
build-up composed entirely of different size and shapes subtidal, oxic section in §
shell fragments, bed up conditions, the Agadir 2
to 7 metres thick (Figure above the Basin S
5-5 B2) FWWB S
LF9: Grey Grey nodular Calcite dominant (88.6£13.9%), Bivalves fragments and Deep subtidal Azazoul =
nodular wackestone interbedded | ankerite (0.9£1.2%), quartz planktonic foraminifera are | facies, oxic section in
wackestone with dark grey (6.6x£11.9%), albite (1.0+1.4%), moderately present, minor water the Agadir
mudstone, and presence | minor muscovite (1.1+1.3%) clay benthonic foraminifera conditions, Basin
of parallel waves minerals (0.8+2.3%) (Figure 5-5 C3) between the
(Figure 5-5 Cl1, C2) FWWB and
SWB
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LF10: Partially continuous Calcite (80.9+7.8%), quartz High planktonic Deeper marine, | Azazoul
Carbonate rich parallel planar (Figure (14.8+6.5%), muscovite (2.3+1.7%), | foraminifera content, some offshore, anoxic | section in
black mudrock 5-6 Al), with some minor ankerite (0.6£0.8%) and radiolarian, rare shell water the Agadir
calcite nodules present halite (1.0+0.9%) fragments (Figure 5-6 A2) conditions, Basin
below the SWB
LF11: Black, partially Calcite (45.9+10.7%), quartz Relatively high planktonic Deeper marine, | Azazoul
Carbonate continuous parallel (43.3+£12.7%), muscovite foraminifera content, crinoid | offshore, anoxic | section in
/quartz nodule planar. Cherts and (6.0+£3.8%), ankerite (1.4+1.0%), fragments present ( Figure water the Agadir
rich black nodules highly halite (1.3+0.8%) and other minerals | 5-6 B2) conditions, Basin
mudrock developed (Figure 5-6 (pyrite, gypsum etc.) below the SWB
B1)
LF12: Shelly Black, discontinuous Calcite (70.1+10.2%), ankerite High planktonic Deeper marine, | En-Naila
and planktonic parallel planar, weakly (7.5£5.3%), quartz (9.5+4.7%), foraminifera (Figure 5-6 offshore, anoxic | section in
foraminifera bioturbated. Big nodules | muscovite (4.0+2.1%), feldspar C2), bivalves and ammonite | water the Tarfaya
rich black up to 1m in diameter are | (3.8+6.4%), halite (4.7£1.1%) and fragments are present. conditions, Basin
mudrock present (Figure 5-6 C1) | other minerals (pyrite, gypsum etc.) below the SWB
LF13: Strongly | Various sizes of burrows | Calcite (57.2+10.0%), ankerite Presence of planktonic Deeper marine, | En-Naila
bioturbated dark | are highly developed (12.62£9.7%), dolomite (3.6+£7.2%), | foraminifera and shell offshore, section in
grey floatstone | (Figure 5-6 D1) quartz (13.9+2.4%), muscovite fragments (Figure 5-6 D2), | dysoxic water the Tarfaya
(6.2+1.2%), halite (3.9+0.7%) and and trace fossils are highly conditions, Basin
feldspar (2.6+1.4%) developed between the
SWB and
FWWB
LF14: Grey Heavily bioturbated, and | Calcite (87.7+8.6%), ankerite Bivalves and ammonites Upper deep- En-Naila
bivalve and presence of large (2.2+1.7%), quartz (5.4+3.7%), highly developed and well subtidal facies, section in
ammonite rich burrows muscovite (1.3+1.2%), halite preserved (Figure 5-6 E), offshore, oxic the Tarfaya
floatstone (2.8£1.3%) and other minerals relatively high planktonic water Basin

(gypsum<1%)

foraminifera content

conditions,
between the
SWB and
FWWB

H. helvetica
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Figure 5-3 Summary of the Lithofacies 1-3 in the Agadir Basin
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Kaolinite -

LF1: (A1) The Azazoul section,
black mudrocks intercalated with
some thinly limestone layers; (A2)
Photomicrograph, illustrating the
individual beds with an erosional
surface at the bottom, each bed
shows a normal grading texture;
(A3) SEM micrograph, illustrating
silt grains in a matrix with
amorphous organic matter,
framboidal pyrite and clay
mineral. LF2: (B1) The Azazoul
section, illustrating the stacking
patterns from wackestone to marly
limestone; (B2) Photomicrograph,
illustrating the microfossils
components, including bivalve
fragments, planktonic foraminifera
and benthonic foraminifera; (B3)
SEM micrograph, illustrating the
matrix is mainly composed of
calcite and microspar, with
dispersed foraminifera filled by
calcite. LF3: (C1) The Azazoul
section, illustrating the stacking
patterns with a coarse-upward
cycle; (C2) Outcrop photograph,
illustrating the irregular and
erosional karst contact between the
R.cushmani zone and
W.archaeocretacea zone; (C3)
Photomicrograph, illustrating the
presence of benthonic foraminifera
and shell fragments.



LF4: (A1) The Lagguing East
(Tarfaya Basin) outcrop, grey
e, p FPIan I:ton;cﬁ _. ; .7 limestone. alten.lating with marl.s;

- gfofaminifaia, * : R - (A2) Optical micrograph, showing
7 abundant planktonic foraminifera
and some shell fragments; (A3)
Optical micrograph, showing the
presence of minor benthonic
foraminifer. LF5: (B1) The Azazoul
outcrop, large calcite nodules
intercalated in the yellowish and
reddish fine-grain limestone-marly
limestone layers; (B2) The Tazra
outcrop (the Tarfaya Basin),
reddish marly limestone,
laminated; (B3) The Tazra section
in the Tarfaya Basin, Mammites

Benthonic
foraminifera

gr.nodosoides ammonite species;
(B4) The Tazra section in the
: : | Tarfaya Basin, yellowish and
: .-p|.afn|;to.nié, ’ s o N R reddish fine-grain limestone-marly
*- foraminifera, ey SO A T : limestone layers; (B5) Optical

: : ; % micrograph, illustrating the high
abundance of planktonic
foraminifera ; (B3) SEM, showing
the high organic matter particles in
this lithofacies.

Figure 5-4 Summary of the Lithofacies 4 and 5 in both the Agadir and Tarfaya basins
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Figure 5-5 Summary of the lithofacies 6-9 in the Agadir Basin
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Benthonic
foraminifera

LF6: (A1) The Azazoul outcrop, two
black mudstone beds each with a
thickness of 80 cm; (A2)
Photomicrograph, illustrating silt-
bearing and clay-rich mudstone;
(A3) SEM micrographs, illustrating
planktonic foraminifera, siliclastic
grains (mainly quartz) and organic
matter dispersed in clay matrix
(mainly kaolinite). LF7 and LF8:
(B1) The Azazoul outcrop,
illustrating grainstone-floatstone
beds (LF7); (B2) The Azazoul
outcrop, illustrating thick oyster
bed (LF8); (B3) Photomicrograph
showing benthonic foraminifera,
echinoid and oyster fragments in a
grainstone-floastone bed (LF7).
LF9: (C1) The Azazoul outcrop,
grey nodular limestone interbedded
with dark grey mudstone,
individually bed rare thicker than
20cm; (C2) Photomicrograph,
illustrating wackestone texture with
some bivalve fragments and
foramnifera; (C3) Photomicrograph
showing the presence of benthonic
foraminifera.



LF 10: (A1) The Azazoul outcrop,
paritally laminated calcite-rich
e ‘ black mudstone; (A2)
o) o oA Rt e N } - = " Photomicrograph, planktonic

La’minaticfn,h 7' e ool g - foraminifera, highly developed in

: = : : : the OM-rich mudstone. LF11: (B1)
The Azazoul outcrop, abundant
nodules in quartz-rich black
mudstone; (B2) Photomicrograph,
shows the presence of crinoids and
planktonic foraminifera in the OM-
rich black mudstone. LF12: (C1)
» A The En-Naila section in the Tarfaya
Black mudstone : g ; Basin, OM-rich black mudstones

: '.Planktdnic : i  with commonly developed large
foramirifera calcite-nodules; (C2)

S . Photomicrograph, high abundance
of planktonic foraminifera. LF13:
(D1) The En-Naila section in
Tarfaya Basin, strongly bioturbated
dark grey mudstone with abundant
borrows and some shell fragments;
(D2) Photomicrograph, presence of
: ol i : . shell fragments and the planktonic

P fktanic e e i s -« S.0. _ foraminifera in this lithfoacies. LF
§ framinifera; " %ol S il ! 14: (E) The En-Naila section in the
4 5 . Tarfaya Basin, ammonite and
bivalve-rich floatstone

o carnne—.
nodule

Figure 5-6 Summary the lithofacies 10-14 in both the Agadir and Tarfaya basins
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54.1.2 Biostratigraphy

Late Cenomanian and Early Turonian ammonite occurrences in the Agadir-Essaouira basin
are scarce (Ambroggi, 1963), but an abundant and diverse fauna has been recorded from the
Tarfaya Basin, illustrated by Collignon (1966). Further material was reported from the
Tarfaya Basin by Wiedmann et al. (1978, 1982), El Albani et al. (1999), Holbourn et al.
(1999) and Kuhnt et al. (2009). With the exception of Cenomanian successions at
Mohammed Plage (Kuhnt et al., 2009), supplementary data, very little attention has been paid
to ammonite biostratigraphy in recent years. As a consequence, in both basins, the
biostratigraphic framework of the Cenomanian-Turonian interval is mainly based on
planktonic foraminiferal analysis, with special reference to the Azazoul section in the Agadir
Basin (Gertsch et al., 2010; Jati et al., 2010), and the Tazra section in the Tarfaya Basin

(Keller et al., 2008; Tantawy, 2008).

Over the past 10 years, extensive bed by bed ammonite collections were made in the Tarfaya
Basin by Dr. Luc G. Bulot (pers comm), including material from the Mohamed Plage,
Laaguig East, Tazra and En Naila sections, presented in this study. This new material allows
a better understanding of the biostratigraphic framework of the Tarfaya Basin during the Late
Cenomanian and Lower Turonian interval. A detailed palacontological study of this material

is in progress and the most relevant results that are presented in Figure 5-7

The Late Cenomanian assemblages are characterised by a very low diversity. Among the new
material collected, a loose sample of Metoicoceras spp., collected at Tassegdelt a few

kilometres to the north of Laaguig East section, indicates the M. Geslinianum zone.

The oldest Turonian ammonite assemblage was collected at Gdem Lamhar (a section close to
Laaguig East) and at Tazra (bed TAZ23). The fauna is dominated by specimens of the genus

Watinoceras of the Coloradoense Henderson group, associated with Pseudaspidoceras
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flexuosum Powell, the index species of the P. flexuosum subzone of the W. devonense zone
(Kennedy et al., 2005, with references). Associated faunas also include Neoptychites
cephalotus (Courtiller) group, a species that is known to first occur in the P. flexuosum

subzone. In all sections studied, this interval is only a few metres.

The bulk of Lower Turonian fauna are dominated by Mammites nodosoides (Schliiter),
Wrightoceras munieri (Pervinquiere) and Benueites spp. This assemblage clearly indicates
the M. nodosoides zone. It should be noted that there is an overlap between the last
occurrence of Watinoceras and the first occurrence of Mammites, as already noted by
Kennedy et al. (2005) in the GSSP section at Pueblo. The genus Kamerunoceras first appear

in the upper part of this interval.

Just above marker beds, characterised by the development of cherts and nodules, the first
occurrence of Romaniceras reymenti (Collignon) indicates a level close to the Lower/Middle

Turonian boundary (see discussion in chapter 1 and in Kennedy et al., 2008 with references).

Combined with the recognition of the three planktonic foraminiferal zones that straddle the
Cenomanian-Turonian interval (Figure 5-7), this new data strongly suggests that the time
equivalent to the uppermost Cenomanian N. juddi Zone and lowermost Turonian Watinoceras

devonense subzone is affected by condensation and/or no deposition.
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Figure 5-7 The lithology and biostratigraphy of sections in the Agadir Basin and Tarfaya
Basin. The Mohammed plage section is from Kuhnt et al. 2009.
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54.13 Depositional environments

The environments of the C/T sediments in both the Agadir and Tarfaya basins are

summarised below:

1) Late Cenomanian, R. cushmani zone

Only the upper part of the R. cushmani zone was studied in both the Agadir and Tarfaya
basins. In the Agadir Basin, a 20m thick succession was studied, comprising lithofacies LF1,
LF2 and LF3 (Figure 5-2 and Figure 5-3). LF1 is composed of dark grey calcareous
mudstone intercalated with some thin layers of limestone. This forms the main component of
this zone. LF2 consists of light-grey thin beds (mostly lesser than 20cm) of mudstone-
wackestone. LF3 is characterized as deposit, and dominates the upper part of this zone. In the
Tarfaya Basin, the upper part the R. cushmani zone comprises a 12 m succession in the
Laaguig East section reducing to 2.5 m in the Tazra section (Figure 5-2). LF1 is also
identified in this section, together with LF4 which comprises thin beds of planktonic
foraminifer rich wackestone, which are interbedded with beds of marls, and LF5 consists of
reddish planktonic foraminifera dominated fine-grain and laminated limestone (Figure 5-4).
In the Laaguig East, deposition begins with individual beds (rarely thicker than 20cm) of
bioclastic-rich wackestone-packstone (LF4) interbedded with beds of marls. At the upper part
of this section, a thickness of 1 m dark mudstone (LF1) was deposited. The lower part of the
Tazra section, a success of 2.5m reddish planktonic foraminifera dominated fine-grain and

laminated limestone (LF5) comprises the top part the R. cushmanian zone.

Interpretation: Together LF1, 2 and 3 in the Agadir Basin forms a facies association that

records a shallowing-upward sequence, from deep-subtidal to shallow-subtidal facies.
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In contrast, the facies association in the Tarfaya Basin indicates a deeper environment. We
interpret these facies association in the Upper Cenomanian as a deepening upward sequence

overall from middle shelf facies to outer shelf facies.

2) C/T transition, Whiteinella archaeocretacea zone

In the Azazoul section, a total of six lithofacies are identified (Figure 5-2 and Figure 5-5). In
addition to lithofacies already identified are LF6 comprising dark grey clay-rich mudstone
layers, LF7 a grainstone composed of oyster dominant bioclastic, LF8 consists of oyster beds,
displaying with different size and shapes over 10 centimetres in diameter and LF9 is fine-grained

limestone alternating with grey-dark grey mudstone.

The boundary between the R. cushmani and the W. archaeocretacea zone is marked as an
erosional surface, characterized by a karst surface filled with shell fragments, overlain by a
thin layer of grainstone (LF7) (Figure 5-3 C2). Above this, two beds of dark grey clay-rich
mudstone layers (LF6) were developed with a thickness of 0.6m and 0.8 respectively.
Between two mudstone beds is a package of 2.5 m coarse-grained limestone with associated
lithofacies LF3, LF7 and LF8. A thick package of oyster beds (LF8) is overlaid on the
second mudstone layers. Overlaying the massive oyster beds, a sea level rise facilitated the
deposition of fine-grain limestone alternated with grey-dark grey mudstone (LF9) deposition,
followed by a 2m thick (depth of 37m) dark grey mudstone (LF1) deposition in a deeper
water condition, and then the shallowing upward LF9. The topper part of this zone is
dominated by thin beds of LF3 sediments and LF5 sediments subsequently, and an erosional
surface filled with bioclastic-rich conglomerate, developed between these two lithofacies. In
the Tarfaya Basin, LF5 was developed during the W. archaeocretacea zone in the Tazra
section, characterized as alternating limestone and marly limestone with some parallel

laminar structures. These sediments were significantly weathered.
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Interpretation: The lithofacies association in the lower W. archaeocretacea zone of Agadir
Basin suggests a rapidly environmental changes between high energy shallow subtidal facies
and deep subtidal facies. The upper part is associated with a shallowing-upward succession
and an overall deep subtidal environment. In the Tarfaya basin, the dominant planktonic
foraminifera and absence of benthic foraminifera suggest these sediments were deposited in a

relatively deep quite water environment below storm wave base.

3) Early Turonian, H. helvetica zone

The most dominant lithofacies in both the Tarfaya and the Agadir Basins during the H.
helvetica zone are yellowish fine-grain limestones and OM-rich black mudstones (Figure
5-6). Apart from the LF5, LF10 comprising laminated calcite-rich black shales with
occasional nodules and LF11 also dark-grey to black shales but with common large nodules
and cherts are seen. In addition, LF12 with partially laminated and weakly bioturbated black

mudstone and LF13 comprising bioturbated grey limestone occurs (Figure 5-6).

In the Agadir Basin, the basal succession of this zone in the Azazoul section is composed of
thin beds of LF3 and LF5 sediments, and an erosional surface filled with bioclastic
conglomerate was recognised between these two lithofacies. These were overlain a yellowish
and reddish limestone-marly limestone (LF5), containing massive calcite nodules. Overlying
are a few metres of partially laminated calcite-rich black shales with occasional nodules
(LF10), followed by a succession of Sm black mudstone beds, characterised by a large
number of big calcite nodules (the diameter up to 50cm) and cherts (the diameter up to 1m)
(LF11). The top of this zone is characterized by dark-grey to black shales with less common

nodules (LF10) alternating with some thinly fine-grain limestone beds.

In the Tarfaya Basin, this zone was studied in the upper part of the Tazra section and the En-
Naila section. The lower part of this zone is dominated with comparable lithofacies as the

Agadir Basin, and a yellowish marly limestone to limestone sediments deposited (LFS5).
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Overlying sediments are partially laminated and weakly bioturbated black mudstones (LF12)
in the lower section. Ammonites and bivalves are present in this lithofacies. Large calcite
nodules are developed within the black mudstone beds in some intervals. Several beds of
extensively bioturbated grey limestone beds (LF13) were developed between the OM-rich
black mudstone layers, containing bivalves and burrows. The Upper part of this zone is
dominated by partially laminated and yellowish marly limestone-limestone (LF5), with
nodular black mudstone (LF12). Several grainstone-floatstone limestone (LF13) beds are

found in the upper part of this section, containing bivalves and ammonites that vary in size.

Interpretation: These lithofacies association suggests a short interval of shallowing occurred
prior to the significant marine transgression which led a relatively thick deeper marine
sediments developed in the H. helvetica zone. Although there are some occasional shallow-
water lithofacies, the H. helvetica zone in both Agadir and the Tarfaya Basins is marked with

deeper-marine sediments dominated by organic-rich fine-grained sediments.
54.2  Bulk carbonate $'3C and $'%0

Carbon isotope and oxygen isotope analyses were conducted on the studied sections in the
Agadir and Tarfaya basins, aiming to establish the C/T stratigraphic framework, integrated

with the biostratigraphic evidence.

The carbon isotope curves in the Azazoul section can be divided into five stages (Figure 5-2)
In stage one (R. cushmani zone), the §'3C value at the base is +1.74%o increasing upward
gradually to +3.14%o towards the middle part of this stage, followed by a decrease to +1.54%o
(Table 5-3). The §'3C values of the lower W. archaeocretaceazone zone decrease initially to
+1.30%o, and after that most values present a continuous vale around +2%o. The middle W.
archaeocretaceazone zone stage is characterized by the highest §'3C values with an average

value of +3.45%o, peaking at +3.93%o. Thereafter, §'3C values drop dramatically, reaching
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minimum value of -3.50 %o at the top of W. archaeocretacea zone. The §'*C values in the
H.helvetica zone oscillate between -2.38 %o and -2.54%0.The oxygen isotope values in the
Azazoul section show a negative relationship in the middle W.archaeocretaceazone zone and
upper H.helvetica zone, while showing a positive relationship to the carbon isotope values

during the R.cushmani zone, lower W.archaeocretaceazone zone and lower H.helvetica zone.

Table 5-3 Summarise of the §'3C and 830 values in the three zones of studied basins

. Planktonic foraminifera 3 . 3 3 3

Basin Isotope Jones n Mean (107) Min(10°) Max(107) SD(10°)
8" Cyppp H.helvetica 37 0.28 -2.38 2.54 1.08
W.archaeocretacea 51 1.79 -3.5 3.93 1.24
Agadir R.cushmani 18 2.44 1.54 3.24 0.52
Basin 8" Ovppa H.helvetica 37 -2.80 -3.29 -1.91 0.34
W.archaeocretacea 51 -1.85 -3.14 0.75 0.41
R.cushmani 18 -1.61 -2.21 -1.15 0.24
H.helvetica 44 0.38 -2.64 2.46 1.19
§"Cyppg  W.archaeocretacea 14 0.63 -0.66 2.1 0.84
Tarfaya R cushmani 41 0.03 -2.87 2.68 1.57
Basin H.helvetica 44 -3.61 -4.60 -2.30 0.57
5" Owps  W.archaeocretacea 14 -4.12 -4.55 -3.29 0.31
R.cushmani 41 -3.05 -4.50 -1.60 0.90

The carbon isotope curves from the Tarfaya Basin can be subdivided into 4 stages (Figure
5-3). The first stage in the lower part of studied R. cushmani zone shows a decreasing trend
from -0.52%o to -2.63%o, while the §'C values in the second stage in the upper part of the R.
cushmani zone present an abrupt increase to +2.64 %o. The §'*C values of the third stage from
the upper part of R.cushmani zone to lower part of H. Helvetica zone demonstrate positive
values with variable characteristics, with most values ranging from 0 to +2.68%o (Table 5-3).
At the beginning of the fourth stage in the lower H. Helvetica zone, '*C values show a
significant decrease to -2.54%o and then back to +1.64%o, and this is followed by another
cycle from -2.64 %o to +2.14%o. The 613C values in the upper H. Helvetica zone are marked

as monotonous signatures fluctuating around 0. Most of the oxygen isotope values show a
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negative relationship to carbon isotope values, except a short interval at the top of R.

cushmani zone.

A cross-plot of §'3C and §'80 values illustrates that most of the data are distributed in a
central field with §'®0 range from -4.5 %o to -1.0 and &'3C range from -1%o to +4%o, which
clearly show more negative of $'0 values in the Tarfaya Basin compared to the Agadir
Basin (Figure 5-8). The outlier circled points with negative 8'*C values are predominantly
from the R. cushmani zone of the Tarfaya Basin (Figure 5-2). Most points in the rectangular
area with low §'®0 values (ranging from -3.5 %o to -4.5 %o) and &'°C values (less than
+2.5%0) are associated with the reddish/yellowish fine-grain limestone (LF5) distributed in

the Tazra section of Tarfya Basin (Figure 5-8 and Figure 5-2).
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Figure 5-8 6!°C and 630 crossplot illustrating the correlations between carbon and oxygen

isotope data in the Azazoul section and Tarfaya sections
54.3 Trace and Major Elements
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A set of trace and major elements are analysed in both the Agadir and Tarfaya basins (Figure
5-9 and Figure 5-10)(Table 5-4), with the purpose to explore the palacoenvironment changes

controlling the different lithofacies distribution spatially and temporally.
5431 Agadir Basin

a) Detrital influx sensitive elements
The concentration of aluminium (Al), titanium (Ti), thallium (Th), and zirconium (Zr) show
extremely strong correlation with each other in the Azazoul section of Agadir Basin (Figure
5-9), especially Al/Ti (R?=0.97) and Al/Zr (R>=0.96) (The highly concentrated detrital
sensitive elements in some interval of the R. cushmani and W. achaeocretacea zone are
associated with LF1 and LF6 with abundant clay mineral content, suggesting significant
terrigenous input occurred periodically, leading the clay-rich mudstone deposition. All the
other lithofacies developed in the R. cushmani and the W. archaeocretacea zones have minor
concentrations of these elements, suggesting a lower level of detrital influx. The comparable
low concentrations of these elements in the H. helvetica zone are consistent with the lower
proportion of clay minerals content in LF5, L10, and LF1, indicating lower detrital influx

during organic-rich mudstone deposition.

Table 5-5). Four intervals with significant peaks of Al, Ti, Zr and Th concentrations are
recognised in this section: the lower part of the studied R.cushmani interval, two short
intervals at the lower W. archaeocretacea interval, and the middle W. archaeocretacea
interval (Figure 5-9). The Al values of these peaks are high, from 7.4 to 11.4 wt. %, while Ti
concentrations range from 0.5 to 0.7 wt. %, Zr contents from 140ppm to 200ppm, and Th
values from 7ppm to 10ppm. The maximum concentrations of these elements, presented as
Al-normalized values, all occurred in the two short intervals of the lower W. archaeocretacea

zone (Figure 5-9) (Table 5-4). The H. helvetica zone presents a much lower detrital influx
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and subsequent lower sensitive element concentration, with some minor fluctuation of peaks

in this interval.

Table 5-4 Summary of major and trace elements in the Agadir and Tarfaya basins

Planktonic Agadir Basin Tarfaya Basin Element/Al

foraminifera zones n Min Max Mean SD n Min Max Mean SD Wedepohl(1971)

) . ! . . . . 8.84
§
0
B
0
E

520

1.36

0
B
0
o

29
0

The highly concentrated detrital sensitive elements in some interval of the R. cushmani and
W. achaeocretacea zone are associated with LF1 and LF6 with abundant clay mineral
content, suggesting significant terrigenous input occurred periodically, leading the clay-rich
mudstone deposition. All the other lithofacies developed in the R. cushmani and the W.
archaeocretacea zones have minor concentrations of these elements, suggesting a lower level
of detrital influx. The comparable low concentrations of these elements in the H. helvetica
zone are consistent with the lower proportion of clay minerals content in LF5, L10, and LF1,

indicating lower detrital influx during organic-rich mudstone deposition.
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The highly concentrated detrital sensitive elements in some interval of the R. cushmani and
W. achaeocretacea zone are associated with LF1 and LF6 with abundant clay mineral
content, suggesting significant terrigenous input occurred periodically, leading the clay-rich
mudstone deposition. All the other lithofacies developed in the R. cushmani and the W.
archaeocretacea zones have minor concentrations of these elements, suggesting a lower level
of detrital influx. The comparable low concentrations of these elements in the H. helvetica
zone are consistent with the lower proportion of clay minerals content in LF5, L10, and LF1,

indicating lower detrital influx during organic-rich mudstone deposition.

Table 5-5 Summary of coefficients of correlation (R?) among detrital influx, productivity, and

redox conditions sensitive elements in the Agadir and Tarfaya basins

Location | Indicator Detrital influx Productivity Redox conditions

Detrital
influx

Agadir
Basin | proguct-
ivity

Redox
conditions

Detrital
influx

Tarfaya

Basin | proguct-
ivity

Redox
conditions
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Figure 5-9 Enrichment factors for proxies representing the clastic influx, redox and

palaeoproductivity, as well as TOC values in the Azazoul section of the Agadir Basin
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b) Palaeoproductivity-sensitive elements
Owing to high detrital influx, it is possible to use the ratio of element/Al to correct for
possible dilution by organic matter and authigenic minerals (Calvert and Pedersen, 1993;
Morford and Emerson, 1999), presenting results as Al-normalized elements values (Figure
5-9) (Table 5-4). These elements concentrations are based on the comparison between values
of elements/Al and the ratios in a standard shale (Calvert and Pedersen, 1993; Morford and
Emerson, 1999; Turekian and Wedepohl, 1961; Van der Weijden, 2002; Wedepohl, 1971;

Wedepohl, 1995).

Phosphorus (P), nickel (Ni), zinc (Zn), and copper (Cu), acting as micronutrients, can be
fixed in high concentration in sediments associated with the organic matter preservation
(Tribovillard et al., 2006). Thus, these elements could be reliable indicators of OM
productivity. Most of these Al-normalized elements show comparable trends, with moderate

to high correlations with each other (0.18<R?>0.90) (Figure 5-9) (Table 5-5).

The background P/Al value is around 200x10*, which is higher than the ratio in average
shales (79x10#). Two small peaks (430x10*, 360x10™#) occur in the upper part of the R.
cushmani and W.archaeocretacea intervals (Figure 5-9) (Table 5-4). In the lower part of H.
helvetica zone, P/Al value show a substantial enrichment with an average value of 0.19 and
maximum values of 0.48 at the middle part of studied H. helvetica interval, suggesting a high

level of enrichment in the Lower Turonian.

Ni, Zn and Cu show a strong correlation (R?>0.54) with each other (Table 5-5), and illustrate
a lower background value, with Ni/Al around 5x10™*, Zn/Al 10x10* and Cu/Al 2.5x10.
These values in standard shales are 8x107#, 11x10* and 5x10™* respectively, which suggest a
low elements concentration of the background samples. The first noticeable peaks of these
three elements all occurred in the lower part of W. archaeocretacea interval, but only showed

a minor increase and low amount of enrichment. Similar as P, these productivity-sensitive
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elements increase rapidly towards the upper part of the W. archaeocretacea, and Ni/Al, Zn/Al
and Cu/Al reach their maximum values (82x10, 450x10*, and 37x10™* respectively) all in
the middle of the studied H. helvetica zone, indicating a significant Ni - Cu concentration and

extremely high Zn enrichment.

To summarise, these elements show a depleted concentration in the R. cushmani and W.
archaeocretacea zone. A moderate to significant enrichment characterizes the whole H.
helvetica zone, suggesting a moderate level of productivity during this interval in the Agadir

Basin.

¢) Redox conditions sensitive elements
The Al normalized redox-sensitive elements (Vanadium, Molybdenum and Uranium) show a
similar trend to the productivity-sensitive elements, presenting a depleted concentration in the
basal beds of this section and a significant increase in concentration in the upper beds (Figure

5-9) (Table 5-4).

V/Al has a low background value of 10 x10#, lower than the standard shale value (15 x10™%).
The value begins to increase in the lower H. helvetica zone, and is extremely enriched, with a
peak of 730x10™* in the middle part of H. Helvetica zone. Most sediments are associated with

a significant concentration in this interval.

The background value of Mo/Al in the Azazoul section is 0.26x10%, close with the value of a
standard shales (0.29x10*). The Mo concentration displays a very small peak (1.5x10™ at
the base of the W. archaeocretacea, suggestive of a moderate enrichment here. Most samples
are highly enriched Mo (average Mo/Al 8.4x10™*) in the H. helvetica interval, and an
extremely high concentration (peaking at 15x10#) occurs in the upper part of the H. helvetica
interval (Figure 5-9) (Table 5-4). The U/Al value shows more peaks in the R. cushmani and

lower W. archaeocretacea zone compared with V and Mo values. The U was significantly
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enriched in the R.cushmani interval with U/Al of 4.3x107%, compared with the values in
standard shales (0.42x10*) (Wedepohl 1995). After this, several highly enriched U peaks are
recognised in the upper R. cushmani and lower W. archaeocretacea interval, with U/Al
values between 6.5x10™ and 16x10™. Most samples in the W. archaeocretacea zone are
associated with a moderate U concentration. U was highly enriched in the H. helvetica zone,
and two extremely high concentration intervals were recognised in the middle part of H.

helvetica zone (Figure 5-9).

To summarise, these redox-sensitive elements are extremely low concentrated in the R.
cushmani and W. archaeocretacea zone, indicating oxygenated water conditions prevailing in
these intervals. Although few intervals in the H. Helvetica zone are associated with moderate
concentration, these elements are significantly/extremely concentrated in most intervals of

this zone, suggesting anoxic water conditions during organic-rich mudstone deposition.
5432 Tarfaya Basin

a) Detrital influx sensitive elements
The detrital-influx sensitive elements in the three studied Tarfaya Basin locations illustrate
much lower concentrations compared with the Agadir Basin, with average Al, Ti, Zr and Th

values at 1.1%, 630ppm, 26ppm, and 2.3ppm respectively (Figure 5-10).

Most Al concentrations are below 2% in the majority of the R. cushmani interval, excepting a
maximum Al enrichment (3.3%) in the middle part. A major peak was present in the W.
archeocretacea interval, with Al concentration of 2.6%, and followed by a rapid decrease
(Figure 5-10). The Al enrichment increases gradually from the lower part of H. helvetica
zone, and a major peak (2%) is recognised in the organic-rich mudstones interval. The upper

H. helvetica zone shows fluctuated Al values with all values below 2%.
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Ti and Zr concentrations show extremely strong correlations with Al concentration (R?=0.97
and 0.82 respectively) (Table 5-5), and present a comparable trend in the C/T strata. The
maximum concentrations (Ti/Al=959x10™* and Zr/Al=74x10) are both recognised in the
middle R. cushmani interval. Ti and Zr values show fluctuated characteristics in the rest of
the interval, with dominant Al normalised values range from 376 to 750%10* and 0 to 43x10°
* correspondingly (Figure 5-10). Th presents a weak correlation with the other detrital
sensitive elements (R?<0.35) (Table 5-5), with a low concentration with Th/Al values from 0
to 5.7x10, though the maximum value occurred simultaneously in the R. cushmani intervals
as other elements. The Th/Al values are between 1.6x10* and 7.6x10 in the Lower

Turonian interval (Figure 5-10).

Overall, the generally low concentrations of these detrital sensitive elements suggest a lower
clastic influx in the Tarfaya Basins during the C/T interval. However, the enrichment of these
elements shows a positive covariant with the organic matter accumulation in the middle H.

helvetica interval (Figure 5-10).

b) Palaeoproductivity-sensitive elements
A significant P concentration (P/Al >1000x10™#) characterises most sediments in the lower
R.cushmani interval, which decreases gradually to a moderate concentration (P/Al between
350x10* and 930x10™*) until the lower H.helvetica interval (Figure 5-10). Most sediments in
upper H. helvetica zone present as moderate P concentrations, except the lower organic-rich

mudstone interval with a significant P concentration.

Ni enrichment shows comparable characteristics with P concentration, with a significant
concentration (Ni/A1>90x10#) in the lower R. cushmani interval. Ni/Al values fluctuate, with
an overall decreased trend identified from the upper R. cushmani to the lower H. helvetic

zone, indicating a significant to depleted concentration subsequently. An increased average
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Ni/Al value with three significantly enriched intervals characterize the upper H. helvetic

zone.

Zn presents a strong correlation with Ni (R?>=0.71) (Table 5-4), showing significantly
enriched in the lower R. cushmani, around the C/T boundary and in the upper H. helvetic
zone. The maximum Zn concentration was recognised in the lower part of black mudstones

interval (Figure 5-10), showing a highly concentration.

Cu displays a weaker association with Zn (R?>=0.26), and the significant Cu concentration is
only recognised around the C/T boundary, from the upper R. cushmani to lower H. helvetic
zone. Most of the sediments present a moderate Cu concentration during the Late

Cenomanian to Early Turonian, even in the organic-rich mudstone intervals.

Overall, the productivity-sensitive elements illustrate a moderate to significant enrichment
during the C/T interval, showing a moderate productivity. Most elements concentration
present moderate correlations with each other (Table 5-5), but they show a positive covariant

with TOC values in the organic-rich mudstones interval (Figure 5-10).

¢) Redox conditions sensitive elements
V is moderately enriched, with an average V/Al value of 99x10 in the lower R. cushmani
interval. V concentration increases gradually from the upper R. cushmani interval, and peaks
in the W. archeocretacea interval with a V/Al value of 540x10, indicating a high
concentration. Two major V/Al peaks are recognised in the lower and middle H. helvetica
zone, suggesting a high enrichment, while most other intervals are characterized as a

significant concentration of V element in this zone (Figure 5-10).

Two salient peaks of Mo concentration are found in the Tarfaya section, in the Lower R.
cushmani interval and middle H. helvetica interval separately, with Mo/Al values of over

55x10*, showing an extremely high enrichment. The Mo centration in most of the C/T
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intervals present a high to extremely high concentration, and only few short intervals are
associated with moderate to significant concentration in both the W.archeocretacea zone and

lower H.helvetica zone (Figure 5-10).
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U shows a comparable high concentration in the lower and upper R. cushmani, presenting an
extremely high enrichment. Several peaks presenting in upper intervals from the W.
archaeocretacea to H. helvetica are also associated with high U/Al values (>20x10%),
indicating an extremely concentrated condition. U enrichments present significant to

extremely high concentration in most of the C/T interval.

To conclude, these trace elements are highly to extremely enriched in the sediments from the
Late Cenomanian to the Early Turonian in the studied Tarfaya sections, especially the Mo
and U elements, indicating reducing water conditions were frequently developed in this
interval. However, the moderate to significant concentration in some intervals suggests the

some oxic/dyoxic water conditions were periodically intercalated.
544 Total organic carbon

In the Agadir Basin, all the sediments in the R.cushmani and W.archaeocretacea zones show
a low TOC content, even the black mudstones developed in LF1 and LF6, with TOC values
from 0.4% to 0.6% (Figure 5-8). The high TOC contents of LF10 and LF11 are only present
in the upper H. helvetica interval with a total thickness of around 10 metres and an average
TOC values of 2.5%. The maximum TOC value of 9.2% is recorded in upper part of this

interval.

The studied sections of the Tarfaya Basin present comparable TOC variability to the Agadir
Basin, with only low TOC (<0.5%) in all the sediments from the R. cushmani to early H.

helvetica zone (Figure 5-10).

However, the common development of extremely weathered sediments in LF5 (Figure 5-2)
could not reveal the actual TOC content in this interval. Many sites nearby the studied
sections in the Tarfaya Basin, such as the Mohammed Plage section and S57, considerable

OM-rich black mudstones (TOC up to 20%) were recognised in these intervals (Kuhnt et al.,
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2017, Tsikos et al., 2004). Moreover, the frequently occurred reducing conditions during
these intervals, suggest organic matter were probably buried during deposition. In the upper
part of the H. Helvetica zone, OM-rich mudstones were recognised with a total exposed
thickness of over 6 metres and average TOC content up to 3.5%. Maximum organic matter

enrichment is present in the lower part of the OM-rich mudstones interval.
5.5 Discussion

5.5.1 C/T stratigraphic framework

The supplemental high-resolution biostratigraphic evidence presented in this study allows a
more precise definition of the C/T boundary in the Tazra section of Tarfaya Basin. However,
there is still insufficient biostratigraphic data in the Azazoul section, due to lack of datable
fauna, which still impedes the establishment of a totally reliable C/T stratigraphic framework
in the Agadir Basin. This makes it difficult to discriminate the global from local influences on
palacoenvironmental perturbations in this basin. However, ammonite and planktonic
foraminiferal stratigraphy suggests that the §!°C correlation provides a powerful and
complementary tool for C/T boundary identification (Caron et al., 2006; Falzoni et al., 2018;

Jarvis et al., 2011; Keller et al., 2004; Keller et al., 2001; Tsikos et al., 2004).

The original §'3C signature of marine carbonate is essential for the regional and global
correlation, though it is also readily modified by interaction with diagenetic fluids. The
cross-plot of 'C and §'30 values of studied basins shows (Figure 5-8) the circled negative
8'13C values, which are associated with LF4 with highly developed bivalve fragments and
planktonic foraminifera tests (Table 5-2), might be influenced by the mixture of shell
materials in the matrix micrites during the cement phase. However, these negative §'°C
values are commonly developed in many open marine sections, presenting a negative §'°C

excursion before the OAE2 interval (Figure 5-11)(e.g., Jarvis et al., 2011; Keller et al., 2004;
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Kuhnt et al., 2017; Tsikos et al., 2004). This suggest the 813C values could track the global
changes and these values might be close to the primary isotopic composition. The samples in
the rectangular area in Figure 5-8 are associated with LF4. In this lithofacies, planktonic
foraminifera were highly developed, and the tests were pervasively filled with block calcite,
which shows an influence by diagenetic alternation of these samples. These §'°C values are
more negative compared to the nearby subsurface cores S57 and S75, but the §'*0 values are
nearly identical (Keller et al., 2008). In spite of this diagenetic influence, the §'*C values still
show the same characteristic positive excursion as the Agadir Basin, which is generally
interpreted as the result of enhanced organic matter preservation during the OAE2. Despite
some likely diagenetic influence, the comparable &'*C curves with dominant positive values
correlate well to the adjacent wells and the global reference sections (Figure 5-11) suggesting
that the 8'3C curves reflect values of seawater coeval with the OAE2. Therefore, it is

concluded taht these §'°C curves can be applied for regional and global correlation.

Three distinct peaks have been commonly identified in the C/T §'°C profiles, presented as A,
B and C (Jarvis et al., 2011; Pearce et al., 2009) or I, II, III (Caron et al., 2006) (in this study
zone. Using the biostratigraphic framework presented in this study as an age control, several
related §'°C peaks can be recognised in both the Azazoul and Tarfaya sections (Figure 5-12).
A correlation is presented based on the §'*C data, which permits us to tie the established

ammonites and planktonic foraminifera biostratigraphy into the studied sections.

In the Tarfaya Basin, Peak I is recognised in the lower part, which can readily correlate to the
Mohammed Plage section, the distant Eastbourne and Pueblo sections (Figure 5-11).
However, Peak II that commonly occurs in the lower W.archaeocretacea zone (Caron et al.,
2006; Jarvis et al., 2011; Pearce et al., 2009), was identified in our study at the very top of the
R.cushmani interval. Falzoni et al (2018) suggested that planktonic foraminifera zones are not

globally synchronous during the C/T interval. Moreover, Peak II recognised in the
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R.cushmani interval of this study is consistent with the location of peak II in S57 well of the
Tarfaya Basin (Falzoni et al., 2018; Tsikos et al., 2004). Therefore, Peak II in the Tarfaya
basin is located at the top of the R. cushmani interval. Peak III is not observed in the short
W.archeocretacea zone, which is associated with a considerably thick deposition (more than
30 meters) in the adjacent wells (S13, S75 and S57) in Tarfaya Basin (Kolonic et al., 2005).
This suggests the presence of hiatus in this section, removing Peak III and even possibly all
lower Turonian deposits. Therefore, we put the C/T boundary just below the level of

Watinoceras sp (Figure 5-11).

Owing to the lack of ammonites in the Agadir Basin, C/T boundary identification can only be
based on §'°C correlation integrated with the published planktonic foraminifera zones. The
last occurrence of the R.cushmani was recognised just below the erosional karst surface
(Gertsch et al., 2010; Jati et al., 2010), and no R.cushmani species was found in the overlying
beds. The Peak I of §'*C curves is missing in the studied upper R. cushmani interval. Based
on the 8'3C profiles in the lower R. cushmani zone studied by Gertsch et al. (2010) and Jati et
al. (2010), an initial rapid increase in 8'*C values was recognised in the R. cushmani interval
underlying the studied section. This could be correlated to the Upper Cenomanian sediments
in the Mohammed Plage section and S13 of Tarfaya Basin (Kuhnt et al., 2009). Therefore, it
is suggested that Peak I is absent in the studied Azazoul section, and all the studied R.
cushmanian interval could be within the OAE2 interval. Jati et al (2010) recognised the
heterohelix spike around this 8'3C peak, and this heterohelix spike commonly occurs above
Peak II in the Tazra, Eastbourne and Publeo sections (Caron et al., 2006; Keller, 2008; Keller
et al., 2008; Keller et al., 2004; Tsikos et al., 2004). In this case, this maximum peak in the
Azazoul section should be coeval with Peak II (Figure 5-11). The absence of Peak III in the
studied Tarfaya section impedes correlation between these two basins. The first occurrence of

Helvetoglobotruncana Helvetica in the Azazoul section was recognised by Jati et al (2010) at
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the bottom of yellowish-reddish limestone beds (55m), below which is an erosional surface
filled with bioclastic conglomerates. In spite of the possibility of a diachronous planktonic
foraminiferal zone, Peak III is typically identified below the first occurrence of H. Helvetica.
In this circumstance, the only salient peak between Peak II and the base of H.helvetic zone
could be Peak III if there is no significant hiatus present, and we tentatively placed the C/T
boundary above this based on correlation with the Eastbourne and Pueblo section (Figure

5-11).

The onset of the OAE2 interval commonly starts in the M. geslinianum/S.gracile zone,
characterized as a sharp increase in 8'°C excursion, and ends above the C/T boundary in the
W.devonense zone with a decrease in 8'°C values (Jarvis et al., 2011). OAE2 intervals in
both basins were identified from the upper part of the Late Cenomanian to very lower part of

the Early Turonian (Figure 5-11).
5.5.1 Palaeoenvironments and sea level changes

The trace elements and lithofacies (lithological changes, mineral compositions and the
presence of fossil assemblages) presented here are used to identify the palaeoenvironmental
perturbations in the Agadir and Tarfaya Basin. The detrital input and fluctuation of bottom
water oxygen concentration from the Late Cenomanian to Early Turonian interval are
analysed to assess the influences of the OAE2 and marine transgression on the C/T sediments
in these two basins. Multi proxies based on trace and major elements have been applied for

palaeoenvironment analysis, such as Ni/Co-U/Th and Mo-U.
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The U-EF vs. Mo-EF graph (Figure 5-12) based on the multi-parameter datasets has been
shown to be a reliable tool for the palacoredox condition analysis in many
palaeoceanographic systems(Algeo and Tribovillard, 2009; Tribovillard et al., 2012), which
also could be used for the degree of water mass restriction assessment (Figure 5-12). In this
approach, both U and Mo show minor enrichment in oxic water conditions and a moderate
enrichment (EFs<10) in dysoxic water conditions, while high enrichment (EFs>10) in
anoxic/euxinic water conditions(Tribovillard et al., 2012). Moreover, Tribovillard et al.
(2012) proposed in unrestricted marine systems, Mo: U ratios are low (~0.3xSW) in suboxic
conditions, intermediate (~1xSW) in anoxic conditions, and high (~3xSW) in the strongly
euxinic water conditions. However, these parameters are based on the Mo/U values of
present-day marine water and only suitable for unrestricted environments (Tribovillard et al.,
2012). Previous studies suggest the Tarfaya Basin is in an open marine setting associated
with strong continent-margin upwelling systems (Kuhnt et al., 2005; Mort et al., 2008;
Prauss, 2012), suggesting this approach could be used in the Tarfaya Basin. This diagram
shows both the Late Cenomanian and the Early Turonian interval are characterized as
mixture water conditions of Anoxic/dysoxic/oxic. The Early Turonian interval presents a
more reducing condition than the Late Cenomanian. These results are essentially consistent
with the Ni/Co-U/Th cross plot (Jones and Manning, 1994), showing the anoxic water
conditions are not persistently present in the Late Cenomanian interval and Early Turonian
(Figure 5-13). The results of the C/T sediments in the Agadir Basin based on the Mo-U
covariation are also in accordance with the other trace elements concentration as well as the
Ni/co-U/Th diagram, possibly suggesting an open marine condition of the Agadir Basin

during the C/T interval.
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Figure 5-13 Cross-plot of TE ratios as palaeoredox proxies in the Agadir Basin and Tarfaya
Basin, based on Jones and Manning (1994) and Hatch and Leventhal (1992).
5.5.1.1 R. cushmani zone

Sediments in the R. cushmani zone of the Agadir Basin were deposited during the OAE2
interval, but there is no recorded OM-rich black mudstone deposition supporting dominantly

shallow water oxic conditions. This is supported by the low concentration of redox-sensitive
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elements (Figure 5-9). The high detrital influx indicated by the high Al concentration (>10
wt. %) and high portions of clay mineral contents (LF1, Table 5-1) at the base of studied
R.chushmani zone is consistent with the increased weathering owing to the global warming
paleoclimate during the Late Cenomanian (Jarvis et al., 2011; Kidder and Worsley, 2010;
Leckie et al., 2002). The clay minerals, such as kaolinite and smectite, could be applied to
infer the paleoclimate, humid or arid conditions (Bolle and Adatte, 2001; Chamley, 2013).
The dominant and high kaolinite content in these organic-poor mudstones (LF1, Table 5-1)
point to a humid climate during this interval, which is favourable for the significant
weathering. The overlying fine-grain limestone/marly limestone bedding couplet are
associated with low detrital sensitive elements concentration and rare clay minerals content,
suggesting a significantly decreased terrigenous input. However, there is no significant sea-
level change based on the fossils assemblages (between the FWWB and SWB) as well as the
unchanged bottom water conditions (Figure 5-13), suggesting the decreased clastic input is
related to a decreased weathering rather than rapid marine transgression. A cooling period
associated with decreased weathering and re-oxygenation of sediments was recognised in the
Eastbourne and Pont D’Issole sections during the uppermost R.cushmani interval (Figure

5-14) (Jarvis et al., 2011), which shows consistent with this study.

In the Tarfaya Basin, the Upper Cenomanian deposits before the onset of the OAE2 interval
are associated with dysoxic/anoxic water conditions (Figure 5-13) and a high planktonic
foraminifera content, which suggest a deep marine environment. The OM-poor black
mudstones around §'3C peak I are associated with a comparably high detrital input
(Al203>6%) and an oxygenated condition indicated by the low redox-sensitive elements
concentration (Figure 5-10). This is followed by a deepening sequence suggested by the

increased concentration redox-sensitive elements and planktonic foraminifera content, and a
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deep marine environment associated with anoxic bottom water conditions were developed in

the Late Cenomanian.

5.5.1.2 W. archaeocretacea zone

The extremely high detrital influx indicated by high Al concentration (Al>O3 up to 21 wt. %)
(Figure 5-9) and kaolinite content (>30%) (Table 5-2) in the Agadir Basin, suggests renewed
but even stronger continental weathering occurred during W.archaeocretacea zone. It is
consistent with the significantly increased pCO2 globally after the ‘Plenus Cold Event’
(Jarvis et al., 2011) (Figure 5-14). A dominant oxic water condition (Figure 5-9 and Figure
5-13) indicated by depleted concentration of redox-sensitive elements in the whole
W.archaeocretacea interval is responsible for the low organic matter preservation (rarely
higher than 0.5%) in this interval. These clay-rich organic-poor mudstones are interpreted to

be deposited by the periodically sea level rise and high detrital input.

In the Tarfaya Basin, characterized by commonly developed lamination and high Heterohelix
moremani content, the dominance of LF5 suggests no significant environment change
vertically, suggesting a continuation of deep marine environment in the W. archaeocreatacea
interval. An increased detrital input in this zone was illustrated by the increased detrital
sensitive elements concentration and kaolinite concentration. This correlates with the
equivalent interval of the Agadir Basin very well, showing that the increased continental
weathering is a regional factor. However, the dominant anoxic water conditions supported by
the highly enriched redox-sensitive elements (Figure 5-10) suggest the increased continental

weathering had less influence on the Tarfaya basin owing to the deep environment.

However, there is a lack of OM content (rarely TOC higher than 0.5%) in these deposits
(LF5), which shows contrary to the favourable high productivity and anoxic dominant water

conditions in this interval. OM-rich black mudstones are widely distributed in the equivalent
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section drilled in adjacent wells (For example, S-4 and S13) of the Tarfaya Basin (Beil et al.,
2018; Ghassal et al., 2016). Moreover, organic matter particles were observed in these
sediments under SEM (Figure 5-4 B6), therefore the yellowish limestone might record an
alteration of the original sediments, which has removed the carbon content in the organic
matter (Littke et al., 1991; Marynowski et al., 2011). This is also supported by the low §'30
values in these sediments (Figure 5-2), which is interpreted to be the diagenetic alternation of
carbonate. Therefore, despite the recorded low TOCs, OM-rich mudstones might have been
deposited during this interval in the Tazra section, which would be consistent with the

sediments reported in adjacent wells and outcrops of the Tarfaya Basin.
5.5.1.3 H. helvetica zone

A rapid sea level drop is observed in the basal part of the H. helvetica zone in the Agadir
Basin, which is terminated by an erosional surface, and followed by a significant sea level
transgression resulting in the deposition of a yellowish limestone (LF5) and OM-rich black
mudstone lithofacies (LF10 and LF11). TE elemental analysis suggest predominantly anoxic
water conditions, with periods of oxic/dysoxic redox conditions intercalated occasionally

(Figure 5-13).

In the Tarfaya Basin, the yellowish limestone in the lower part records water conditions
change from anoxia to dysoxia/oxia (Figure 5-10 and Figure 5-13). However, the unchanged
lithofacies and dominant planktonic foraminifera content in this interval indicate a constantly
deep offshore environment below the SWB. The upper part of the interval is also mainly
composed of OM-rich black mudstones developed in anoxic dominant water conditions,
intercalated with some shallow-water lithofacies developed in dyoxic/oxic conditions (Figure

5-10 and Figure 5-13).
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To conclude, the Agadir Basin presents a dominant oxic water condition associated with high
terrigenous influence in the studied Upper Cenomanian interval (equivalent with OAE2
interval), which shows consistent with the globally warming paleoclimate. A dramatic
environmental change from the Late Cenomanian to the Early Turonian, related to a major
marine transgression, is recognised in the Early Turonian, in spite of a short interval of
marine regression during the C/T transition. This is supported by the eustatic cycles (Hagq,
2014) (Figure 5-15), a maximum marine transgression occurred in the Early Turonian
globally. However, it seems the dominant deeper marine environment in the Tarfaya Basin
from the Late Cenomanian to Early Turonian were less influenced by the sea level
fluctuation. However, the frequent redox conditions shift between anoxia and dysoxia/oxia in
these intervals might be associated with the sea level change (Figure 5-10). The increasingly
oxygenated conditions in the lowest Turonian interval of studied sections are consistent with
the global short-time marine regression during the C/T transition, but this is not identified in
the latest Cenomanian owing to the presence of hiatus before the suggested C/T boundary.
However, the decreased organic matter preservation in the S57 in the Tarfaya Basin during
the C/T transition (Figure 5-15) (Tsikos et al., 2004) is consistent with this sea level drop.
The OM-rich black mudstones, presenting some similar lithofacies, are recognised in both
basins during the Early Turonian interval which is coeval with the global Early Turonian
transgression (Friedrich et al., 2012; Jarvis et al., 2015) (Figure 5-15). The more dramatic
palaeoenvironment change occurred in the Agadir Basin from the Late Cenomanian to Early
Turonian, might suggest the palacoenvironment change in the Agadir Basin is not only
related to the global marine transgression, and might involve some tectonic subsidence (Jati
et al., 2010). The integrated marine transgression and tectonic subsidence are responsible for
the significant depositional environments change from the Late Cenomanian to Early

Turonian.
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Figure 5-14 Correlation of the sections in this study with Tarfaya S 57 and Pont D’Issole sections based on carbon isotope curves and

biostratigraphy, to show the pCO2 perturbation across the OAE2 interval globally
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Figure 5-15 The position of OAE2 interval and black mudstones interval in global eustatic cycle

5.5.2 The controls of organic matter accumulation

Multiple processes are known to control the OM preservation in marine environments,
including the rate of export production (primary productivity), rate of OM decomposition
(oxygen exposure time, redox conditions), and the rate of OM dilution (Bohacs et al., 2005;
Sageman et al., 2003; Tessin et al., 2015). However, significant OM accumulations are rarely
dominated by one or another process, and commonly arise from a comprehensive model of
these controls. OM-rich mudstones are recognised during the Early Turonian interval (Post-
OAE?2 interval) in both the Agadir and Tarfaya basins, while organic-rich mudstones are only

present in the Tarfaya Basin during the Late Cenomanian, associated with the OAE?2.
5521 Late Cenomanian

The OM-poor sediments in the Agadir Basin are associated with low primary productivity,
prevailing oxic conditions and strong dilution (Figure 5-9) owing to considerable terrigenous
input. All these factors are not favourable for OM accumulation. Some intervals with low
terrigenous input are still associated with low OM enrichment, suggesting that terrigenous

dilution was not the only contributor to impede the organic matter preservation. Biogenic
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dilution could be a control for the OM-poor sediments (Tyson, 2001), particularly in shallow
marine regimes like the Agadir Basin, where a strong dilution by non-hydrogen-rich biogenic
components, such as shell fragments, would reduce overall TOC content. Organic carbon is
difficult to accumulate in such shallow marine environments with moderate to low primary
production, strong biogenetic dilution and poor preservation potential due to oxic bottom

waters.

In the Tarfaya Basin, the OM-poor black mudstones in the Upper Cenomanian (basal OAE2
interval) are associated with oxic water conditions and moderate productivity indicated by the
TE concentration (Figure 5-10). The high proportion of detrital sensitive element
concentration suggesting a high siliciclastic input (>25%) at the beginning of OAE2 stage
suggests the low organic carbon could be associated with clastic dilution and poor
preservation conditions. The OM-poor yellowish limestones in the uppermost Cenomanian
interval (upper OAE2 interval) could be the result of later alternation of sediments as
previous discussion, associated with high OM content originally. The dominant anoxic water
conditions indicated by the extremely enriched redox-sensitive elements and a high
production characterise this interval (Figure 5-10). The strongly coastal upwelling events
have been proposed to impinge on the continental shelf of the Tarfaya Basin periodically
during the OAE2 interval, which are commonly associated with the marine transgression
(Kuhnt et al., 2005; Mort et al., 2008; Sehrt et al., 2017). These events are considered as the
cause for the initial and sustaining the organic matter accumulation(Prauss, 2012). The
episodic concentration of the productivity and redox-sensitive elements (Figure 5-10)
showing a comparable trend as the positive §'°C excursion in the Tarfaya Basin, are
interpreted to related to the organic matter preservation and sea level rise. The decrease in the
continental flux of terrigenous material due to a relative sea-level rise had limited

contribution on these trace elements concentration. Therefore, it is highly possible that these
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highly concentrated elements are related to the upwelling phenomena, which provides

abundant nutrients to the continental shelf periodically(Beil et al., 2018; Keller et al., 2008).
Therefore, the increased productivity and dysoxic/anoxic bottom conditions could be related
to the sea-level rise combined with upwelling-related nutrient, which are responsible for the

substantial organic matter preservation during OAE?2 interval.

5.5.2.2 Early Turonian

The OM-rich black mudstones were developed widely in the Early Turonian, an interval that
roughly coincided with the global sea level maximum (Haq, 2014) (Figure 5-14). This
interval is associated with the significant increase in OM productivity-sensitive elements (Ni,
Zn and Cu) and redox-sensitive element (Mo, V and u) concentration in the both basins
during organic carbon deposition. Additionally, a relatively low detrital sensitive element
concentration in both basins suggest less dilution of sedimentary organic matter by the

detrital influx.

In the Agadir Basin, terrigenous input significantly decreases in the Turonian, possibly
because of sea level rise. Widespread anoxic conditions are indicated by high or extremely
high redox-sensitive elements concentration in the OM-rich black mudstones (Figure 5-9),
but this anoxia was not consistent and was sporadically interrupted by oxic/dysoxic water
conditions with lower TE concentrations. This is also demonstrated by the presence of
burrows and bioturbation in the sediments (Figure 5-6, A1). Organic matter enrichment
shows a much stronger correlation with productivity than oxygen deficiency, but the highest
organic matter accumulation was not associated with either the most reducing conditions or
highest productivity (Figure 5-9). Additionally, the decrease in organic matter content in the
middle interval corresponds to high content of siliceous lithologies (chert dominant) (Figure

5-6, B1), which suggest a high biogenic material dilution.
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In the Tarfaya Basin, the Early Turonian interval is characterized as a dominant anoxic water
condition based on the high to extremely high redox-sensitive elements concentration, while
a moderate productivity demonstrated by the moderate to significant enrichment of
productivity-sensitive elements (Figure 5-10). However, it is difficult to distinguish the
dominant control on organic preservation during the lower Turonian interval, and the organic
matter content shows a comparably strong relationship with redox conditions and
productivity. The interval with most OM concentration correlates with the highest OM
productivity, lowest detrital input and most reducing water conditions. Common burrows and
bioturbation in some intervals (Figure 5-6, D1) suggests that bottom waters were not
exclusively anoxic in this basin. Moderately oxygenated bottom water conditions (mainly
dysoxia) have sporadically occurred and were associated with relative decrease in organic

productivity.

Therefore, it is the combined action of relatively high productivity, good preservational
conditions and low dilution that is interpreted to have controlled OM concentration in both
the Agadir and Tarfaya basins during the Early Turonian interval. These abundant trace
elements are related to the Early Turonian transgression, which is commonly associated with
eutrophic conditions, increased nutrients input into the marine margin, as well as the
development of anoxic bottom conditions owing to seasonally enhanced water-column

stratification (Arthur and Sageman, 2005).

5.6 Conclusions

1) The location of the OAE2 and Cenomanian-Turonian boundary have been defined with
greater precision in the studied sections of the Agadir and Tarfaya basins, based on
integrated new biostratigraphy (ammonites and planktonic foraminifera) and high-

resolution 613C stratigraphic correlation.
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2)

3)

4)

5)

6)

7

8)

9)

A total of ten lithofacies were recognised in the Agadir Basin and a further five in the
Tarfaya Basin.

The Tarfaya Basin represents a deeper marine environment than the Agadir Basin based
on interpretation of lithofacies associations.

In both basins the Upper Cenomanian sediments record a shallower marine environment
then the Lower Turonian strata, which is attributed to the Early Turonian global sea level
rise.

No OM-rich black mudstone was recognised in the Agadir Basin during the OAE2
interval.

Several dark grey mudstone beds deposited during the OAE2 in the Agadir Basin have
low TOC values (rarely higher than 0.5wt. %) related to low productivity, strong
oxidation of OM and high clastic dilution. Overall the environment of deposition is
interpreted to be relatively shallow marine.

Anoxic water conditions were recorded in the Tarfaya Basin during OAE2, but the highly
weathered nature of the sediments make it difficult to identify the characteristics of the
original organic matter. However, correlation with previous studies of nearby sections
suggest the OAE?2 is closely associated with OM-rich black mudstones in the Tarfaya
Basin. This is interpreted to have been deposited in deeper marine conditions. The
periodical upwelling led a favourable condition for organic matter preservation.

OM-rich black mudstones are present in both the Agadir and Tarfaya basins during the
Turonian, in post-OAE?2 strata, and these thick black mudstones have high TOC values up
to 10%.

OM-rich black mudstones were associated with increased surface water productivity and
oxygen-depleted bottom water conditions, which was favoured by the Early Turonian sea

level rise.
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10) Moderate productivity, good preservation conditions as well as low clastic dilution were
responsible for the considerable organic matter preservation in both basins at this time.

11) Our results suggest that the global Early Turonian marine transgression had a strong
control on organic carbon deposition. However, local palaecoenvironmental conditions
were a major control on OAE2-related OM accumulation, which was largely restricted to

deep marine environments
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Abstract

Organic matter (OM)-rich black mudstones were widely developed in Moroccan basins
during the Late Cenomanian/Early Turonian and present great hydrocarbon potential. The
variabilities on distribution, source rock quality, lithofacies, microstructures and the
geochemical properties are extensively investigated spatially and temporally in this study,

and the controls on these variabilities are analysed and summarised.

The spatial distribution with source rock quality (organic matter content, kerogen types and
Rock-Eval data) suggests that deposition of organic-rich mudstones was not only confined to
the OAE2 interval but occurred over a wider area during the post-OAE?2 interval in the West
Moroccan Agadir and Tarfaya Basins and the inland Pre-African Trough Basin (East
Morocco). X-ray diffraction (XRD) data and petrological observations show five dominant
mineral assemblages in the black mudstones, these being calcite-rich mudstone, quartz-rich
mudstone, clay-rich mudstone, calcite/clay-rich mudstone, and calcite/quartz-rich mudstone.
The microstructure of mudstones, including parallel-bedded, parallel-laminated and
bioturbated structures, and organic matter particles are investigated at micron- to millimetre

scale based on the optical microscope and scanning electron microscope (SEM) studied. The
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results show organic matter is preferentially developed in parallel-laminated calcite-rich
mudstones, and organic matter particles are predominantly distributed in the matrix with
elongated shapes or in the foraminiferal tests with spherical shapes. The two geometries of
organic matter particles are then quantified in 3D using X-ray tomography for distribution
and connectivity studies, and the results suggest the elongated ones distributed in the matrix

are better connected than the spherical ones distributed in the fossils.

The enrichment factors of redox-sensitive elements in mudstones are compared among
studied basins during the OAE2 and post-OAE2 interval, presenting a positive relationship
with the organic matter content. Organic-rich mudstones are generally associated with a more

sulphidic anoxic water condition.

The OAE2, marine transgression, palacogeographical settings and palacoenvironment are
considered to control the distribution and source rock quality of organic-rich mudstones in
Moroccan basins, and the specific influencing factors show a difference between Atlantic
influenced basins and Tethyan basins. The variability of distribution and source rock quality
is further compared with other Atlantic Tethyan basins globally and the controlling factors

analysed in this study have been extended to larger areas.

The carbon isotopes excursions in these C/T strata of Moroccan Basins record the global
perturbation of the carbon cycle. The positive peaks are commonly correlated with substantial
organic matter preservation and increased productivity owing to marine transgression, while
the negative excursions are generally associated with lower productivity during marine

regression.

6.1 Introduction

Organic matter (OM) rich black mudstones are widely developed in the Late Cenomanian-

Early Turonian strata globally. These black mudstones are commonly considered to be linked
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to an oceanic anoxic event (OAE2), characterized as a positive 8'*C excursion within marine
sediments (Arthur et al., 1987; Liining et al., 2004; Schlanger and Jenkyns, 1976; Tsikos et
al., 2004). Various driving mechanisms for the deposition of OM-rich mudstones have been
proposed; for example, increased ocean temperature (Forster et al., 2007), large magmatic
triggers (Turgeon and Creaser, 2008), inefficient palaeocirculation (Martin et al., 2012),
increased nutrient supply (Monteiro et al., 2012), and enhanced volcanic activity (Adams et
al., 2010). OAE2 related organic carbon has also been recognised and studied in Moroccan
basins, in particular the Tarfaya Basin (Ghassal et al., 2016; Keller et al., 2008; Kuhnt et al.,
2009; Kuhnt et al., 2005; Kuhnt et al., 1997). However, very limited organic carbon was
buried in these shallow marine environments during the OAE?2 interval in other Moroccan
basins, such as the Agadir Basin and Pre-African Basin (see Chapter 5 and 6). Contrarily, the
OM-rich mudstones were developed over a wide area in the Early Turonian (post-OAE2
interval indicated by §'*C excursion). This is related to the Early-Turonian transgression
globally (see Chapter 5 and 6). Moreover, the Latest Cenomanian/Early Turonian organic-
rich mudstones in the Errachidia section (Tethys Ocean influenced) show a close relationship
to the global/regional marine transgression rather than the OAE2 (see Chapter 6). However,
many questions regarding the organic carbon preservation in Moroccan basins is still not
clear, such as, (1) the distributions and characterisations of the C/T OM-rich black mudstones
in Morocco, (2) the controls the variability of these mudstones, OAE2, marine transgressions
or others, (3) the paleoenvironmental differences between the Atlantic Ocean and Tethys
Ocean basins, and (4) the prediction of the source rock distribution and quality in other basins

based on these controlling factors.

This study aims to investigate the spatial and temporal distributions, sedimentological and
petrological characteristics, palaeoenvironments and source rock characterisation of

Cenomanian/Turonian mudstone intervals in Moroccan basins, to further understand the local
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and global controlling factors of the source rock distribution and quality. This will also have
implications for the palaeoenvironment reconstruction and organic-rich mudstone distribution

in other basins at a larger scale during the C/T interval.
6.2 Geological setting

Morocco is situated at north-western Africa along the marine coastline (Figure 6-1), at a
triple junction including the Atlantic Ocean, African continent and Alpine collision zone
(Michard et al., 2008). Continental rifting and North Atlantic Ocean opening during the

Mesozoic largely contributed to the development of a serial of Moroccan coastal basins.

In the Late Cenomanian, the shallow gateway between the North and South Atlantic Ocean
(Handoh et al., 1999), and the closing of North Apulian seaway in the Tethys(Liining et al.,
2004), were not favorable for water mass exchange among West Tethys, Central Atlantic and
other oceans. A sluggish oceanic circulation occurred in the Central Atlantic and West
Tethys Ocean, which combined with the global marine transgression made these areas

susceptible to anoxic marine conditions during this time (Handoh et al., 1999).

Sections at the Agadir and Tarfaya (West Moroccan coastline basins), and at Errachida (Pre-
African Basin, East Morocco) provide exceptional depositional records for the C/T source

rock study in Morocco (Figure 6-1).
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Figure 6-1 the location of studied Cenomanian/Turonian sections in the three basins. The map

based on (Sachse et al., 2014)

6.3 Methods

The Azazoul section in the Agadir Basin), the Tazra and En-Naila sections in the Tarfaya
Basin, and the Errachidia section in Pre-African Trough Basin were logged. Samples are
collected and sedimentological features were recorded for mudstone distribution analysis

(Table 6-1). 100 standard thin sections were polished for petrographic analysis using both
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optical and scanning electron microscopy. The optical microscopy was conducted using a
Nikon Eclipse LV100NPOL to collect low magnification image data from cm to mm scale.
An FEI X130 Environmental Scanning Electron Microscope and FEI QUANTA 650 FEG

ESEM were used for high magnification observations, from a um scale to nm scale.

Table 6-1 Summaries of the analyses of mudrocks in the studied basins

Basin Section GPS Thin | Xeray | Trace and | pq0 | Rock- | oy
Section | Diffraction | Major elements Eval
Agadir Basin| Azazoul section Latlt'ude 30.554117 46 87 38 64 17 1
Longitude | -9.740277
Laagumg East Latlt.ude 27.935152 0 1 5 1 0 0
section Longitude | -12.294648
Tarfa.ya Tazra section Latlt'ude 27.935152 21 60 7 3 0 0
Basin Longitude | -12.294648
EN-Naila section | ——aoude 1 2793912 -, 18 9 8| 8 | o
Longitude | -12.294648
Errachidia- 1p - : hida seciton | —2itude | 31.998067 4, 29 27 29 | 8 1
Goulmima Longitude | -4.557936

Organic geochemistry analysis included Total Organic Carbon (TOC) measurement for
organic matter content and Rock-Eval measurement for kerogen maturity were performed on
selected samples. A total of 120 samples were measured for TOC in the University of
Manchester, UK and Jilin University, China. The TOC values were calculated by subtracting
the Inorganic Carbon (IC) values from the Total Carbon (TC) values. TC values were
measured by heating the samples to 900°C in a furnace to enable all the carbon converted to
carbon dioxide, detected by an infrared detector. IC values were also detected using carbon
dioxide, generated through reacting the sample with highly acidic quartz. Rock-Eval
measurements were conducted in Jilin University to identify the type and maturity of organic
matter and to detect petroleum potential in 33 samples. ~ 100 mg sample was placed in a
vessel and were progressively heated to 550°C under an inert atmosphere (helium). During
the analysis, the hydrocarbons already present in the sample were volatized at a moderate
temperature. The amount of hydrocarbons were measured and recorded as a peak known as

S1. Next pyrolyzed was the kerogen present in the sample, which generated hydrocarbons
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and hydrocarbon-like compounds (recorded as the S2 peak), CO», and water. The
CO, generated was recorded as the S3 peak. Residual carbon was also measured and is

recorded as S4 (Tissot and Welte, 1984).

The inorganic geochemistry analysis includes X-ray diffraction (XRD) measurement for
mineralogy quantification, X-ray fluorescence (XRF) measurements for element
quantification and isotopes measurements for identification of C/T boundary. Mineralogy
quantification was performed by XRD on 195 samples using a Philips PW 1730 and Bruker
D8 Advance, to identify the mineral composition of organic-poor limestones and organic-rich
black mudstones. A total of 86 samples were selected for XRF analysis. This analysis was
conducted using Axios Sequential X-ray Fluorescence Spectrometer. Pressed pellet-shape
samples were analysed using Axios Sequential X-ray Fluorescence Spectrometer in the
University of Manchester. 12 g samples were bound with 3 g wax to make one pellet. The
loss of ignition was determined by putting the samples in a furnace at a temperature of around

1000°C.

The size distribution, geometry and connectivity of two selected organic matter particle types
were imaged and quantified in 3D view by X-ray tomography (Ma et al., 2017; Michael,
2001). Samples were scanned using a micro-computed tomography (micro-CT) scanner (FEI
heliscan) in Henry Moseley X-ray Imaging Facility in University of Manchester. The energy
was 90 KV and the current was 35 pA. The pixel size of each image is around 0.9 pm and the
physical size of image is 1 x 1 x 8 mm3. The images were filtered using non-local means
filter (search window 21, local neighborhood 5, similarity 0.6) and the different phases were
segmented based on the filtered images. 3D visualization of the imaging data was conducted

using the 3D image processing software Avizo™ (Standard and Fire versions, FEI).
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6.4 Results

64.1 Source rock Lithofacies

Based on the mineralogical assemblages and petrographic analysis, five lithofacies were
defined: (1) calcareous-argillaceous mudstone (LF1), (2) argillaceous-siliceous mudstone
(LF2), (3) siliceous-calcareous mudstone (LF3), (4) calcareous-siliceous mudstone (LF4), (5)
calcareous mudstones. Details, including the microstructures, organic geochemistry and

palaeoredox water conditions, have been summarized in the Table 6-4.

64.1.1 Locally distributed lithofacies (LF1 to LF4)

These four mudstones lithofacies are only identified in the Agadir Basin, and LF1 and LF2
were developed in a shallow environment during the Late Cenomanian while the LF3 and

LF4 in a deeper environment during the Early Turonian interval.

The clay-bearing, calcite-rich mudstone (LLF1) is intercalated with some thinly limestone
beds (Figure 6-2 A1). Bioclastic-rich debris (Figure 6-2 A2), containing shell fragments and
benthonic foraminifera, were recognised in the matrix. Minor organic matter particles were
developed, mainly in the foraminifera tests (Figure 6-2 A3). The high pyrite content in this
lithofacies occurs as framboids, and the particles are largely distributed in the foraminifera
tests (Figure 6-2 A3). These pyrites are generally large in size, up to 50 um in diameter, and

mostly between 5 um and 15 um.

Interpretation: the dominant fine grain sediments and presence of lamination suggest a quite
environment. The recognised benthonic foraminifera and minor organic matter preservation
in the matrix suggest an oxic bottom water condition when these mudstones were deposited.
This is supported by the distribution of large size of framboids in the sediments, reflecting a

long growth times in the oxic environments (Wilkin et al., 1996). The presence of scouring
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surfaces, bioclastic debris and relative high clay content are indicative of a considerable

clastic input.

The quartz and calcite-bearing, clay-rich mudstone (LF2) was developed in the W.
archaeocretacea zone, presenting as two beds of dark grey mudstone with a thickness of
60cm and 80cm separately (Figure 6-2 B1). These mudstones contain extremely high
amounts of pyrite (Figure 6-2 B3), with dominant framboidal pyrites type. Both benthonic
and planktonic foraminifera were recognised in this lithofacies. The majority of pyrite
crystals range from 10um to 20pum in diameter, and the largest one is up to 60um. Planktonic
and benthonic foraminiferal are both present in this lithofacies, and filled with calcite, pyrites,
and organic matter. These mudstones show different kinds of burrows (horizontal, vertical,
and inclined burrows), scours, erosional surfaces and wave and current ripples (Figure 6-2

B2).

Interpretation: The dominant dark grey mudstone and presence of some parallel beddings
illustrate a relatively low energetic environment, but development of both benthonic and

planktonic foraminifera, as well as some bioturbation suggest an oxygenated water condition.

The commonly developed reworked bioclastics and well-developed scour surface was
interpreted as turbidity flows, which were associated with a mixture of fluvial discharge and
storm sedimentation origin. The abundance of fine-grained siliciclastic detritus (clay mineral
and silt) suggests a proximal region deposition. The lower OM content in this lithofacies

could be induced by the increased clastic dilution and oxidation of organic matter.

The calcite-bearing, quartz-rich mudstone (LF3) shows parallel-bedded structure, which is
frequently terminated by compacted horizons of burrows and colonization and shows a weak
bioturbation (Figure 6-2, C1). Multiple beds of cherts and calcite nodules are observed, and

the sizes of cherts and nodules vary from 5cm to 50cm in diameter. Continuous beds with the
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partially laminated mudstone are recognised in this lithofacies. Very minor pyrite particles,
mainly euhedral pyrite, are distributed in the matrix. Planktonic foraminifera are common in
the matrix, associated with some crinoid fragments and radiolaria. Organic matter particles
are moderately developed, and present as elongated shapes and large size (mostly between 10

to 20um in size) (Figure 6-2, C3).

Interpretation: The presence of lamination and weak bioturbation suggest a low energy
environment with limited oxygen content in the water column, which is evidenced by the
dominant planktonic foraminifera content in the sediments. The presence of radiolaria and
black cherts could explain the high quartz content in the sediments. The occurrence of
discontinuously parallel beds and vertically compacted burrows might be attributed to the
depositional environmental changes and pauses in sedimentation. It allowed the biogenic

colonization and then compacted by the overlying sediments after this (Lazar et al., 2015).

Quartz-bearing, calcite-rich mudstone (LF4) is characterized as dark grey/black colour
and with some weak bioturbation (Figure 6-2, D1). The planktonic foraminifera are
commonly developed and distributed as uncontinuous parallel laminaes (Figure 6-2, D2). The
foraminifera tests are mainly filled with calcite, and some are filled with organic matter and
framboidal pyrite. The organic matter particles are generally small in size (mostly less than

Sum in diameter) (Figure 6-2, D3), predominantly distributed in the matrix.

Interpretation: LF4 was developed in a similar environment as LF3, presenting a low
energetic environment with an oxygen deficiency at the bottom water. The decreased quartz
content in this lithofacies is interpreted to be related to the decreased black cherts and

radiolaria.
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Figure 6-2 Summary of the four mudstone lithofacies in Moroccan basins during the C/T interval.
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LF1: (A1) The Azazoul outcrop, black mudstone intercalated with some thinly limestone layers
in lower part of the Azazoul section; (A2) Optical micrograph, illustrating the carbonate coarse-
grained turbidites within bioclastic debris; (A3) SEM micrograph, illustrating the calcite
matrix, quartz, clay mineral, organic matter in foraminifera, euhedral and framboidal pyrite
component. LF2: (B1) The Azazoul outcrop, black mudstone bed with laminae, and fragile; (B2)
Optical micrograph, illustrating an erosional surface with a coarse-grain limestone turbidites;
(B3) SEM micrographs, illustrating the framboidal pyrites and organic matter particles
dispersed in the clay mineral (mainly kaolinite) dominated matrix. LF3: (C1) The polished
samples in the Azazoul outcrop, the dark grey mudstone with discontinuous planar lamination;
(C2) Optical micrograph, illustrating the crinoid fragments and planktonic foraminifera in this
lithofacies; (C3) SEM micrographs, illustrating the minor euhedral pyrites and elongated
organic matter particles. LF4: (D1) The polished samples in the Azazoul outcrop, weakly
bioturbated mudstone with some micro-burrows; (D2) Optical micrograph, illustrating the
lamination in the fine-grain mudstone; (D3) SEM micrographs, illustrating the small size

organic matter distributed in the matrix.

6.4.1.2 Extensively distributed lithofacies (LF5)

LFS5 is the most prevalent mudstone lithofacies in the studied basins during the C/T interval,
and further eight mudstone microfacies are identified through the thin section observations
(microscope and SEM), grain properties (size, type, and proportion), structures (presence or
absence of laminae, laminae type), and organic matter particles nature (content, type,
structures, size). MF1 to MF5 are developed in the Agadir and Tarfaya Basin in the Early
Turonian which were influenced by the Atlantic Ocean, while MF6 to MF8 are in the

Errachidia section in the Latest Cenomanian/Early Turonian controlled by the Tethys Ocean.

a) MFI: Dark grey/black weakly bioturbated calcareous mudstone
This microfacies is developed in the Early Turonian of the Agadir Basin, and characterized as
dark grey to dark brown colour with discontinuous planar lamination (Figure 6-3, Al). The
highly developed compacted burrows and planktonic foraminifera tests are filled with calcite
(Figure 6-3, A2, A3). The organic matter particles are predominantly present in the matrix as

an elongated shape (Figure 6-3, A3). Minor framboidal pyrite is present in the matrix.
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Interpretation: The highly abundant planktonic foraminifera and radiolaria, the partially
laminated structures, as well as moderately amount of organic matter content in theses
mudstones beds suggest a relative deep marine environment. On the other hand, the
commonly developed horizontal burrows are indicative of an oxygenated water column

occurred periodically.

b) MF2: Black laminated calcareous mudstone
The black calcareous mudstone microfacies with fine laminations (Figure 6-3, B1 and B2) are
developed in both the Agadir and Tarfaya Basin in the Early Turonian. Planktonic
foraminifera are common in this lithofacies, and crinoid fragments are present in the matrix.
Minor framboidal pyrite particles are distributed in the matrix with the size between Sum and
10um in diameter. The organic matter particles are distributed in the matrix and planktonic

foraminifera, and the size up to 100 pm in diameter (Figure 6-3, B3).

Interpretation: The high organic matter preservation and absence of benthonic fauna
illustrate an oxygen depleted water condition. This is consist with the distribution of small
size framboidal pyrite, which was grown in shorter times compared to the oxic water
conditions (Wilkin et al., 1996). The common presence of lamination and scarcity of

bioturbation also support a deep marine environment with low energy.

c¢) MF3: Dark grey strongly bioturbated calcareous mudstone
This microfacies is highly developed in the Tarfaya Basin in the Early Turonian. Strong
bioturbations and large bivalve’s fragments are common in this microfacies (Figure 6-3, C1),
and also the presence of considerably large horizontal, vertical, and inclined burrows. A sharp
erosional contact is observed at the base of this microfacies. Planktonic foraminifera are
common in these mudstones and the tests are filled with calcite (Figure 6-3, C2, 3). Very few
pyrite particles (mainly euhedral type) are contained in this microfacies. The organic matter

particles are generally less than 20um, distributed in the matrix.
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Interpretation: the preserved organic matter as well as common planktonic foraminifera in
this lithofacies are indicative of a deep-water column with limited oxygen content. However,
the presence of strong bioturbation and highly developed burrows in this microfacies suggest
an oxygenated bottom water condition occurred occasionally, which accounts for the

relatively low organic matter preservation in this microfacies.

d) MF4: Dark grey weakly/moderately bioturbated black calcareous mudstone
This microfacies is recognised in the Tarfaya Basin in the Early Turonian. Weak to moderate
bioturbation and some burrows are present in this microfacies (Figure 6-3 D1), which
contains high amounts of planktonic foraminifera and minor shell fragments (Figure 6-3 D2).
These mudstones have complex structures, containing continuous wave parallel to curve
parallel. Scours, lightly deformed bed, and bioturbation intensity vary vertically. The
discontinuous parallel lamination is marked in these mudstones, which is terminated by the
moderately developed small burrows. Large organic particles were mainly recognised in the

foraminifera tests, whiles some smaller ones were in the matrix (Figure 6-3 D3).

Interpretation: The presence of weak/moderate bioturbation and burrows suggest the
depositional environment of these mudstones is oxygenated. However, the commonly
developed planktonic foraminifera, and relatively high organic matter preservation are

indicative of an anoxic bottom water condition.

a) MF5: Yellowish calcareous mudstone
This microfacies is highly developed in the Tazra section (Tarfaya Basin) in both the Late
Cenomanian and the Early Turonian intervals, as well as in the Agadir Basin but only in the
very early Turonian interval. Parallel lamination (Figure 6-4, A1) is commonly present in
this microfacies. Cherts and nodules with various size (up to 50cm in diameter) are
recognised in some interval. Planktonic foraminifera are common in this lithofacies, and the

tests were filled with calcite (Figure 6-4, A2 and A3). Bioclastic debris, such as fish, are
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present (Figure 6-4, A1 and A2). Considerable amounts of big organic matter particles are

distributed in the matrix (Figure 6-4, A3).

Interpretation: The dominant planktonic foraminifer content, significantly developed
lamination suggest this lithofacies mainly developed in deep low energy marine environment
associated with anoxic bottom water conditions. This is further evidenced by the considerable
‘organic matter’ particles distributed in the matrix. However, the yellowish dominant colour
and low TOC content (based on bulk TOC measurements) are not consistent with the redox
conditions and organic matter observed by SEM. This might be interpreted by the alternation
of original organic carbon, which alternated the organic matter and pyrite content in

sediments (Littke et al., 1991; Marynowski et al., 2011)

e) MF6: Black calcareous mudstones
This microfacies is developed in the Errachidia area during the Early Turonian interval
(Figure 6-4, B1), comprising dark grey mudstones with TOC values less than 5%. Weak
bioturbation is present. The planktonic foraminifera tests are filled with calcite (Figure 6-4,
B2 and B3). The organic matter particles are generally small in size and distributed in the
matrix and peloids (Figure 6-4, B3). These mudstones have very rare pyrite particles, mainly

framboidal type. Quartz grains are common in this lithofacies.

Interpretation: The comparably high quartz content, up to 24%, is possibly mainly biogenic
origin. The presence of bioturbation and ripples, as well as absence of lamination suggest an
oxygen-bearing water condition. On the other hand, the distribution of organic matter and
planktonic foraminifera in this microfacies facies are indicative of limited oxygen content in
the bottom water during the organic matter preservation, might indicate a dysoxic water

condition.
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MF1: (A1) polished sample in the Azazoul section, bioturbated mudstone with laminated
microburrows; (A2) Optical micrograph, illustrating the amounts of laminated calcite-grains
and planktonic foraminifera; (A3) SEM micrograph, illustrating the elongated organic matters,
and the foraminifera tests were filled with calcites. MF2: (B1) polished sample in the Azazoul
section, structureless black mudstones; (B2) Optical micrograph, illustrating highly amounts of
planktonic foraminifera in MF2; (B3) SEM micrographs, illustrating the elongated OM
distributed in the matrix and spherical OM in foraminifera, minor small-size framboidal
pyrites. MF3: (C1) The polished samples in the En-Naila section, the black mudstones with shell
fragments and burrows; (C2) Optical micrograph, illustrating the planktonic foraminifera and
shell fragments in this MF; (C3) SEM micrographs, illustrating the amorphous organic matter
in the matrix, and foraminifera tests were filled with calcites. MF4: (D1) The polished samples
in the En-Naila section, weakly bioturbated mudstone with some micro-burrows; (D2) Optical
micrograph, illustrating the high abundance of planktonic foraminifera; (D3) SEM

micrographs, illustrating the organic matters distributed in the matrix and foraminifera tests.
f) MF7: Black laminated calcareous mudstone

MF6 is the most common microfacies in the Errachidia section (Figure 6-4, C1). The high
abundance of organic matter particles was distributed in the matrix with dominant elongated
shape, and the size is commonly between 20 um to 50 pm in diameter (Figure 6-4, C3). Both
framboidal and euhedral pyrites are contained in this microfacies, in spite of low content and
small in size (from 5 to 10 um). The tests of highly developed planktonic foraminifera are
principally filled with calcites (Figure 6-4, C2 and C3). The organic matters particles were

predominantly distributed in the matrix with an elongated shape.

Interpretation: The commonly developed lamination and planktonic foraminifera suggest a
relatively deep and quite environment. The high amount of organic matter preservation in this
microfacies are indicated of an anoxic water condition. Rare framboidal pyrites are present in

this microfacies could be explained by the reducing conditions (Wilkin et al., 1996).
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MFS: (E1) The polished samples in the Tazra section, with parallel laminar and some fish
fragments; (D2) Optical micrograph, illustrating the high abundance of planktonic foraminifera
and some crinoid fragments; (D3) SEM micrographs, illustrating considerable organic matters
distributed in the matrix. MF6: (A1) outcrop sample, illustrating some ripples in this
microfacies; (A2) Optical micrograph, illustrating the planktonic foraminifera and peloids in
this MFS5; (A3) SEM micrograph, illustrating the quartz grains in this MF, and minor organic
matter distributed in the matrix and peloids. MF7: (B1) outcrop samples, extremely black
mudstones; (B2) Optical micrograph, illustrating the laminated planktonic foraminifera and
crinoid fragments in this MF; (B3) SEM micrographs, illustrating the considerably high amount
of elongated OM distributed in the matrix. MF8: (C1) outcrop samples, illustrating the
extremely black mudstones with same laminae; (C2) Optical micrograph, illustrating the high
amounts of planktonic foraminifera and planar lamination; (C3) SEM micrographs, illustrating
the high amount of amorphous organic matter dispersed in the matrix, and the foraminifera

tests were filled with calcite.

e) MF8: Black laminated calcareous mudstone
This microfacies is only developed in the very low interval of Early Turonian (Figure 6-4,
D1). Organic matter is abundant, and a large amount of them are between 50 um and 100 pm
(Figure 6-4, D3) in size. Zinc sulphide and Fe sulphide are comparably high, and the
framboidal pyrites are less than 10 pm in diameter distributed in the matrix (Figure 6-4, D3).
Zinc sulphide (sphalerite) are commonly recognised in planktonic foraminifera tests, which
are mostly filled with calcite (Figure 6-4, D2 and D3). The amounts of huge organic matter

particles up to 200 um were mainly distributed in the matrix as an elongated shape.

Interpretation: The presence of fine-grain lamination and highly developed planktonic
foraminifera indicate a deep-water condition. The presence of sphalerite in this microfacies
could be resulted from the high S content in the water column during the deposition,
suggesting a sulphide environment. The extremely high organic matter content could be

explained by the euxinic water conditions
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Table 6-2 The summary of characteristics of mudstones lithofacies developed in C/T Moroccan basins
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LF5: Calcareous mudstone
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6.4.2 Rock composition variability

XRD measurement and SEM observation show the black mudstones in the three studied
Moroccan basins are predominantly composed of calcite, ankerite, quartz, halite, muscovite,

kaolinite and smectite.

6.4.2.1 Atlantic influenced basins

The Upper Cenomanian mudrocks in the Agadir Basin (LF1 and LF2) present high clay
minerals (kaolinite and smectite) content ranging from 7 to 36 wt. %, a wide range of
carbonate content between 5 wt. % and 70 wt. %, and quartz content from 7 to 24 wt. %
(Table 6-2) (Figure 6-5). Muscovite is relatively enriched (up 30 wt. %) in some intervals. In
the Early Turonian, the fine-grained yellowish limestone (MF5, LF5) is mainly composed of
carbonate (average at 86 wt. %) and quartz (average at 7 wt. %). The upper OM-rich black
mudstones (LF3, LF4 and LF5) are associated with extremely low clay mineral content and
are mainly composed of carbonate and quartz, which accounts over 85 wt. % of the mineral
assemblages (Figure 6-5). The relative proportion of quartz and carbonate varies significantly
in this interval. The amount of other minerals, including muscovite, pyrite and halite, is less

than 15 wt. % totally (Table 6-2).

The yellowish limestone (MFS5, LF5) from the latest Cenomanian to earliest Turonian in the
Tarfaya Basin presents similar mineral assemblage, predominantly consist of carbonate (>85
wt. %), quartz (average at 6 wt. %), as well as minor muscovite and halite. Black mudstones
in the Early Turonian (MF3 and M4, LF5) also possess a high carbonate content (rarely
below 70 wt. %), low quartz content (<20 wt. %), and very minor clay mineral (mainly
kaolinite; <3 wt. %) (Figure 6-5). Other components, such as muscovite, halite and potassium

feldspar are averaging at 4.7, 4.4 and 3 wt. % respectively.
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6.4.2.2 Tethyan basins

C/T black mudstones in the Errachdia section (Tethyan basin) during the C/T interval are
carbonate-rich (>90 wt. %; calcite dominant), quartz-poor (< 10 wt. %), and possess
extremely low clay content (average 0.2 wt. %; kaolinite) (Table 6-2). Other minerals, such

as pyrite and muscovite, are also present in low amounts (<1% wt., <4% wt. respectively).

100 = Agadir- Late Cenomanian

= Agadir- upper Early Turonian

v Agadir- lower Early Turonian

" Tarfaya- upper Early Turonian

°\°\ Q 4 Tarfaya- lower Early Turonian
N )
& >
c} 50 % 4 Tarfaya- Late Cenomanian

o/ " Errachdia- Latest Cenomanian
% /Early Turonian

LF = Lithofacies
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100 .
b # a , a , 7 , >0
0 25 50 75 100
Quartz(%)

Figure 6-5 Ternary diagram illustrating the normalized mineralogical composition of C/T
mudstones in Moroccan basins. Total quartz, carbonate (calcite, ankerite, dolomite, etc.) and

total clay (e.g., kaolinite, ankerite, etc.)

The ternary compositional diagram with the percentages of total carbonate (calcite, ankerite,
dolomite, etc.), total quartz and total clay minerals (kaolinite and smectite) has been applied
for the compositional characteristics of black mudstones analysis in the Moroccan basins
(Figure 6-5). Despite the different mineral contents, most of the black mudstones are
carbonate-rich, such as C/T black mudstones in the Errachdia section and Turonian OM-rich
mudstones in the Tarfaya Basin. However, mudstones in the Agadir Basin show a more

complicated mineral assemblage, including clay-rich mudstones, carbonate-rich,
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clay/carbonate-rich black mudstones during the Cenomanian interval, while carbonate-rich,

quartz-rich and carbonate/quartz-rich during the Turonian interval.

6.4.3 Palaeoredox water condition variability

The C/T organic-rich mudstones in Moroccan basins are enriched in the redox-sensitive and
sulphide related trace elements, such as Ni, Zn, Cu, Mo, V, Co, U (Figure 6-6)(Table 6-3).
These elements possibly indicate the organic matter preservation occurred under reducing
water conditions, and the level of these trace elements concentration is commonly related to
the degree of oxygen depletion (Algeo and Maynard, 2004; Brumsack, 2006; Tribovillard et
al., 2012; Tribovillard et al., 2006). Of these elements, Mo, V, Co and U are reputed as the
redox-sensitive indicators, while Ni, Zn and Cu are taken as productivity-sensitive markers
(Algeo and Lyons, 2006; Algeo and Maynard, 2004; Tribovillard et al., 2006). Detailed
analysis has been conducted in each section in the Chapter 4 and Chapter 5. The comparison
of enrichment factor suggests most of these elements are more highly enriched in the Late
Cenomanian of the Tarfaya Basin than the Agadir Basins, while highly enriched in both
basins during the Early Turonian interval with no significant difference (Figure 6-6). This
suggests a significantly different palacoredox water conditions between the Tarfaya and
Agadir basins during the OAE2 interval, with anoxic/dysoxic conditions and oxygenated
water conditions respectively. Moreover, it does not make a difference of TE concentration
in organic-rich mudstones between the Late Cenomanian and Early Turonian interval in the
Tarfaya Basin. The C/T organic-rich mudstones in the Tethys-influenced basin present a
generally higher TE concentration than the Atlantic-influenced basins, which is consistent

with the higher average TOC content in the former basin.
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Table 6-3 The summary of geochemical characteristics of mudstones lithofacies developed in C/T Moroccan basins

Trace and major elements
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Figure 6-6 Comparison of enrichment factor of some trace elements for the C/T mudstones

interval of studied basins. Enrichment factors is equal to (TE/Al) sample/(TE/Al) standard shale

Fe-S-TOC systematics have been applied to assess the level of oxygen conditions during
organic matter preservation in marine environments (Algeo and Maynard, 2004; Hofmann et
al., 2000). The S/TOC ratio of 0.4 is used for oxic/anoxic marine conditions identification
(Berner and Raiswell, 1983) (Figure 6-7). The total sulphur (TS) in the C/T organic-rich
mudstones show an extremely high correlation with TOC values in both the Errachidia and
Tarfaya basins, with a coefficient (R?) of 0.82 and 0.78 respectively, followed by the Agadir
Basin with a R? value of 0.49 during the Early Turonian and 0.36 during the Late
Cenomanian interval. These graphs show oxic water/dysoxic conditions occurred in the
Agadir Basin during the OAE2 interval, and in some intervals of the Early Turonian in both
the Agadir and Tarfaya basins. This has been evidenced by a depleted/moderate redox-
sensitive element concentrations in the Agadir Basin during the Late Cenomanian (see

Chapter 5). The OM-rich mudstones present a higher sulphur content in the Errachidia area
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during the C/T interval, and the Tarfaya Basin during Early Turonian, showing more

sulphidic water conditions at these times.
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Figure 6-7 the total organic carbon-total sulfur and total sulfur-total relationships of the C/T

mudstones in studied Moroccan basins

Fe-S crossplot shows a strong covariation between Fe and S in the studied basins during the
C/T interval (Figure 6-7), but the average Fe value decreases as the increased S content along
the trend line (Figure 6-7). Furthermore, the higher ratios of Total S and Total Fe characterize
the organic-rich black mudstones and present a variant with TOC cotent, which are

commonly associated with anoxic/euxinic conditions in Moroccan basins.

Based on the above Fe-S-TOC systematics (Figure 6-7), it could be concluded that the OM-
rich black mudstones in the Errachidia basin were likely developed in a more sulfidic anoxic
water condition compared with the Atlantic influenced basins. An intermittent sulfidic-rich
anoxic water condition was recognised in the Tarfaya Basin during the Early Turonian
interval, with organic matter content higher than 5 wt. %, which correspond to a stronger TE
(V and Mo) concentration compared with the moderate organic matter preservation (<5%). In

contrast, in spite of a dominant anoxic water condition occurred in the Agadir Basin during
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the Early Turonian, the moderate S enrichment suggests a less sulphidic water condition. This
is consistent with a lower average TOC content in this basin. Dysoxic bottom water
conditions are also exhibited in some intervals, indicated by moderate trace elements
enrichment and less organic matter preservation (TOC<3%). However, the dark grey/black
mudstone in the Agadir Basin during the OAE2 interval shows a low S enrichments but
extremely strong Fe enrichment. The redox-sensitive elements were consistently low
concentrated, indicating an oxic bottom water condition in the Agadir basin during Late

Cenomanian.

6.4.4 Organic matter distribution and geometry variability

Organic matter particles are observed to be located in the matrix or the foraminifera tests (e.g.
Figure 6-2 A3 and C3). Two samples with these two typical features are selected from the
Errachidia Basin and Agadir Basins respectively. The sizes, volumes, distribution and

connectivity are quantified in 3D for source rock microstructure and potentials analysis.

Organic matter particles are observed to be predominantly distributed in the matrix with
carbonate, silicate and sulfide particles in sample ETS40 (Figure 6-8 A). The visible organic
matter particles in this sample are dominated by an elongated shape (Figure 6-8 B) and
occupy 5.6 vol. %. Majority of organic matter particles are distributed in the matrix along the
bedding (horizontal layers; Figure 6-8 B). Around 69.9% of organic matter particles are
connected across bedding planes (Figure 6-8C), and other particles are scattered in the
matrix. The sizes of isolated organic matter particles range from around 3 pm (image
resolution) to 150 um, and the frequency decreases with increased sizes (Figure 6-8 D). The
elongation ranges from 0.1- 0.9 and peaks at 0.5, which shows the relatively elongated shapes
of the observed organic matter particles (Figure 6-8 E). Organic matter particles below 3 pm
cannot be quantified in the 3D images due to the limitation of image resolutions and they are

quantified in 2D SEM images. The TOC content of ETS40 is up to 10 wt. %, much higher
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than 5.6 vol. % (much less than 5.6 wt. %), therefore, a large part of organic matter should be

below 3 um as shown in Figure 6-8 C4 and D4.
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Figure 6-8 3D quantification of organic matter particles in the matrix in a typical sample (ETS
40 from the Errachidia Basin. A. 3D slice view. B. Organic matter distribution (5.6 vol. %). C.
Connectivity (69.9% of organic matter particles are connected; blue). D. Size distribution by

frequency. E. Elongation (thickness/length), smaller value refers to higher elongation.

Organic matter particles predominantly occurred in foraminifera tests and can be observed in
a typical sample from the Agadir Basin (MAC 122) with carbonate, silicate and sulfide
particles (Figure 6-9A). The content of organic matter particles is slightly lower, which is 4.7
vol. %. Unlike the elongated shapes in ETS40, the organic matter particles in MAC122 are
more spherical (Figure 6-9 B). The majority of them are confined by the tests of foraminifers.
Although the organic matter content is high (4.7 vol. %), they are not connected with each
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other (Figure 6-9 C). The sizes of these isolated organic matter particles range from 3 um
(image resolution) to 160 pum, which is similar to the ETS40 sample (Figure 6-9 D). The
elongation value peaks at 0.8- 0.9, which shows the more spherical shapes than the ETS40

sample (Figure 6-9 E).
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Figure 6-9 3D quantification of organic matter particles in foraminifera tests in a typical
sample (MAC122 sample from the Agadir Basin). A. 3D slice view. B. Organic matter
distribution (4.7 vol. %). C. sulphide distribution (pyrite; 0.6 vol. %) C. Connectivity (different
colours refer to the isolated organic particles). D. Size distribution by frequency. E. Elongation

(thickness/length), smaller value refers to higher elongation.

6.4.5 Spatial distribution and source-rock quality variability

Black mudstones are widely distributed in the three studied basins in Late Cenomanian/Early

Turonian strata, and the ages have been confirmed by biostratigraphy and carbon isotopic
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stratigraphy analysis (Chapter 4 and Chapter 5). The varieties of paleogeographic settings and
palaeoenvironments in these Moroccan basins lead to a diversely spatial and temporal

distribution of OM-rich mudstones during the C/T interval (Figure 6-10)

6.4.5.1 Atlantic influenced basins

1) Late Cenomanian

Black/dark grey mudstones were widely developed in the Agadir Basin during Late
Cenomanian (mainly OAE?2 interval), interbedded with thin beds of limestone but associated
with very low TOC content rarely higher than 0.5 wt. % (Table 6-4). These mudstones are in
an immature to early mature stage, with S2 values less than 1 mg HC/g rock, HI values
between 30 and 136 mg HC/g TOC (Table 6-4), and the OI values from 88 mg CO2/g TOC
to hundreds. A dominant kerogen type III and minor type II are characterised in these
mudstones (Figure 6-11). OM-rich black mudstones were not recognised in the studied
Tarfaya section (the Tazra section) during the OAE2 interval, owing to the significant
alternation of original organic carbon (see Chapter 4). However, a wide distribution of
organic matter was identified in the nearby sites of the Tarfaya Basin, such as Mohammed
Plage section and S57 core (Kuhnt et al., 2009; Tsikos et al., 2004) (Figure 6-10 and Table
6-5), with high TOC content up to 20 wt. %. The OM-rich black mudstones are associated
with a dominant type II kerogen, and lower maturity (Kuhnt et al., 2009; Wagner et al.,

2013).

2) Early Turonian

During the post-OAE?2 interval in the Early Turonian, the lower part is associated with highly
weathered yellowish limestone beds in both the Tarfaya and Agadir Basins. These sediments
present the same characteristics as the sediments developed during the OAE?2 interval in the

Tarfaya Basin.
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Table 6-4 Rock-evil, TOC and mineral results for selected dark grey/black mudstone samples from Agadir and Tarfya basin

Sample ID  Depth (m) TOC( ;3“ e Si(mg/e)  S2(mg/e) Tmax(C) HI(;“ gé{)C/ £ Ol(mg CO2grock) Quartz (%) Carbonate(%) Clay(%)
Late Cenomanianl in Agadir basin

MACO1 0.2 0.65 041 0.57 423.00 87.69 86.15 13.13 48.51 30.27
MAC06 59 0.40 0.06 0.12 424.00 30.00 90.00 13.97 52.44 24.29
MAC20 20.7 0.46 0.06 0.22 413.00 47.83 — 15.30 5.77 35.67
MAC31 23.7 0.41 0.06 0.53 421.00 129.27 — 17.93 22.86 30.99
MAC45 30 0.45 0.05 0.31 420.00 68.89 388.89 21.80 32.67 27.14
MACS56 37.8 0.14 0.10 0.19 424.00 135.71 1135.71 21.62 22.48 31.93
MAC67 45.5 0.20 0.12 0.82 428.00 410.00 445.00 12.31 36.61 17.41
Early Turonian in Agadir basin

MACI01 66.2 1.72 0.35 10.86 426.00 632.13 122.24 26.46 71.12 <1
MACI104 68.5 6.40 0.70 34.50 415.00 539.48 — 19.66 78.24 <1
MACI106 69.1 0.12 0.26 7.27 412.00 — 427.42 14.00 81.64 <1
MACI108 69.6 8.03 1.60 52.72 415.00 656.95 39.00 46.93 47.92 <1
MACI11 70.3 3.73 0.93 33.26 412.00 890.97 50.90 56.77 35.06 <1
MACI15 71.5 5.86 1.80 49.11 413.00 838.77 37.06 73.57 23.54 <1
MACI20 734 1.96 0.59 19.25 416.00 982.64 74.02 43.35 56.26 <1
MACI122 74.4 9.20 1.34 40.96 414.00 445 .46 — 10.34 88.32 <1
MACI26 75.4 1.06 0.59 18.02 423.00 — 120.64 14.84 79.90 <1
M130 76.8 1.41 0.44 14.30 414.00 — 48.87 14.21 83.61 <1
Early Turonian in Tarfaya basin

NALO1 0.1 2.28 2.28 23.99 23.99 — 81.14 15.96 73.57 <1
NALO3 1 9.78 9.78 54.27 54.27 55491 29.35 4.44 85.34 <1
NALO5 1.6 0.32 0.32 11.85 11.85 — — 13.49 56.42 <1
NALO6 2 1.39 1.39 12.79 12.79 920.14 79.14 10.74 78.80 <1
NALIO 35 7.44 7.44 61.43 61.43 825.67 33.47 12.64 77.87 <1
NALI3 465 6.66 6.66 52.86 52.86 793.69 40.39 9.8 8275 a
NALI7 68 0.83 083 8.56 8.56 — 249.40 1.19 97.85 a
NALI9 825 6381 681 61.97 61.97 909.99 49.93 17.82 65.56 a
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Figure 6-10 lithostratigraphy of the three studied sections, showing the black mudstone intervals, TOC, $*C and 6'%0 values. The C/T boundary was

identified based on the results of Chapter 4 and Chapter 5
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Figure 6-11 The kerogen types and maturation states of the black mudstone samples in

Moroccan basins. A. Tmax and HI crossplot B. HI and OI plotted on a pseudo-Van Krevelen
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Figure 6-12 S2 VS TOC crossplot illustrating the hydrocarbon-generating potential of black

mudstone in Errachidia section, modified according to diagram (Dembicki Jr, 2009).
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The upper part is overlain by amounts of OM-rich black mudstones in both the Agadir and
Tarfaya basins in the Lower Turonian, with an exposed thickness of 10 metres and 6 metres
respectively. The organic matter content shows a substantial difference vertically in both
basins, from 0.1 to 8.03 wt. % (average at 2.3 wt. %) in the Agadir Basin and 0.1 to 9.8 wt. %
(average at 3.5%) in the Tarfaya Basin. In the Agadir Basin, Rock-Eval data show
comparable values with the Upper Cenomanian (Table 6-5). S2 and HI show much higher
values from 7.3 to 53 mg HC/g rock and 445 to 1698 mg HC/g TOC respectively, while OI
values present a smaller range between 40 to 430 mg CO»/g TOC. Most of the Tmax values
of these black mudstones are between 412 °C to 426 °C, showing an immature to early
mature stage of these source rocks (Table 6-4). In the Tarfaya Basin, the Rock-Eval analysis
presents comparable data with the equivalent level of the Agadir Basin. The S2 values are
from 8.6 to 62 HC/g TOC. HI values are between 555 to 1052 mg HC/g TOC, and OI values
are ranging from 29 to 249 mg CO2/g TOC (Table 6-4). The Tmax values of these black
shales are considerably low from 410 °C to 414 °C, showing an immature state. The kerogen

type in both basins shows a mixture of type I and type II (Figure 6-11).

Overall, in the north Moroccan basins including the Agadir Basin, south of Tangier and the
Moroccan Rif, the OM-rich black mudstones mainly occur in the Early Turonian, while
dominant OM-poor sediments developed in the Late Cenomanian (Table 6-6). Also, the
dominant type II kerogen occurs in the Early Turonian while dominant type III kerogen in the
Late Cenomanian is also indicative of high hydrocarbon potential of Lower Turonian interval
(Figure 6-12). On the contrary, nearly all the previous studies on the C/T sediments in the
Tarfaya Basin (Table 6-5) suggest the organic matter was significantly developed in both the
Late Cenomanian and Early Turonian intervals. These source rocks are of considerable
hydrocarbon potential marked as organic-rich, low maturity with a mixture of type I and type

IT kerogen.
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Table 6-5 Compilation of samples locations, organic geochemical data (TOC, kerogen, HI and

Tmax) and thickness of the black mudstones in Moroccan basins

Locations Wells Age Av.TOC | MAX | Kerogen HI; ((;/ng Tmax (°C| Thickness Data Source
/Outcrops g (wt. %) |TOC (%)| Type TO(% ) (m)
En-Naila .
. Early T 5.00 9.8 v 550-1050 | 409-414 6 This Study
section
Mohammed Late C 96 125 I 230-770 | 410-419 6 (Kuhnt et al., 2009; Mort
plage et al., 2008)
Early T 11.57 15.36 v 640-840 411 80
Sondage-4 well (Ghassal et al., 2016)
Late C 8.00 15.44 v 600-880 412 15
SN°4 Late C 9 20 >20 (Kuhnt et al., 2017)
Tarfaya (Nzoussi-Mbassani et al.,
T85, T86,T87 C/T 1.5-16% | 16.00 I 500-850 | 419-422 | 100-150 |2005; Nzoussi-Mbassani
et al., 2003)
Early T 5.20 15.00 v 466-838 | 405-422 30 (Kolonic et al., 2002;
S75 h 1., 20
Late C 7.20 17.00 VI | 500-800 | 410-420 25 Kuhnt et al., 2005)
13 Early T 14 20.00 /11 600-780 | 410-425 >16 (Kolonic et al., 2005;
Late C 11 18.00 /11 340-900 | 420-425 30 Prauss, 2012)
(Dickson et al., 2016;
S57 Early T 8.00 14.00 20 Kraal et al., 2010; Tsikos
Late C 10.00 26.00 15 et al., 2004)
e Outcrop-- Early T 3.00 9.2 I 445-980 | 412-426 10 .
Agadir Azazoul Late C 0.50 0.60 10 30-160 | 420-428 35 This Study
South of Mauretanian Early T 8.20 13.80 I 30-130 | 412-426
Tanei (M69, M13,
angier M39) Late C 0.60 111 70-90 458 Herbi L 1986
. Massylian Early T 5.40 11.50 11 20720 | 433-445 4 (Herbin et al., 1986)
Gibraltar (MI2M8
Arch DY6) Late C 6.10 11.70 1/11 1
. R (Groune et al., 2013;
Arba Ayach| Moroccan Rif C/IT 4.47 I/1I1 37-282 440 Herbin et al.. 1986)
) o Early T 8.3 17.7 1I 240-1100 | 419-428 10
Pr%-Afncan Errachldla This Study
rough section
Late C 10.8 144 | 500-660 | 414-416 3

6.4.5.2 Tethyan basins

In the studied Pre-African basins, the Late Cenomanian is generally associated with OM-poor
bioclastic limestone in the lower part and OM-poor fine-grained limestone in the upper part,
except in the Errachidia section. OM-rich black mudstones were only locally distributed in
the Errachidia section from the latest Cenomanian to Early Turonian (Figure 6-10).
Moreover, the accumulation of organic matter started from Latest Cenomanian (the upper
OAE?2 interval) until upper part of the Early Turonian. This interval has a total thickness of
15 metres, and is characterized as OM-rich black mudstones/OM-poor limestone bedding
couplet. TOC values of the black mudstone interval are from 1 to 17.7 wt. %, averaging 9.3

wt. %. The organic matter was mainly enriched in the low and middle interval and
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significantly decreased in the upper part. Rock-Eval analysis shows that Tmax values range
from 414 to 428 °C (Table 6-6), indicating an immature to early mature stage. The cross-plot
of HI/OI and HI/Tmax indicates a dominant Type II kerogen in most mudstones, and few

beds with Type I (Figure 6-11). The S2 values range from 14 to 98 mg/g.

The extremely high S2 values and high TOC values in the Errachidia section indicate these
organic-rich black mudstones have excellent hydrocarbon-generating potentials (Figure

6-12).

Table 6-6 Rock-Eval, TOC and mineral results for selected dark grey/black mudstone samples

from the Errachidia section

Sample Depth TOC S1 S2  Tmax HI(mg HC/g Ol (mg CO2/g Calcite Quartz Clay Kerogen

ID (m) (%) (mg/g) (mg/g) (C) TOC) rock) (%) (%) (%) type
ETS21 2630 1214 281 7997 414 658.73 — 8786 457 101 I-11
ETS26 2745 1030 221 5142 415 499.22 14.17 9245 317 <1 111
ETS29 2820 887 180 4926 416 555.42 17.36 89.85  3.69 <1 111
ETS35 2940 1478 335 8031 416 543.48 26.12 9558 252 <1 111
ETS39 3160 472 218 5168 419  1095.15 49.59 9037  4.66 <1 |
ETS42 3290 17.70 3.98 9797 419 553.50 — 8743  6.82 <1 I-11
ETS44 3380 599 044 1421 428 237.07 24.69 8922 473  1.05 I
ETS46 3490 268 068 13.83 421 516.24 45.54 7071  21.97 <1 111

6.5 Discussion

6.5.1 Variability of microtextures

The recognised mudstones lithofacies in Moroccan basins present heterogeneous
microstructures in aspects of texture, mineral component, and organic matter content (Table
6-4). The presence or absence of laminae, the grain size of minerals, and the connectivity of
organic matter particles at different scales are expected to be influenced significantly by the
water condition, such as bottom-energy levels. The mineral composition (e.g. clay-rich,
quartz-rich, calcite-rich, or mixtures) and distribution could reflect different processes of

fine-grain material produced within basins or riverine delivery to basins (Lazar et al., 2015).
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The TOC values of these C/T source rocks display a wide range from 0.5 to 18 wt. %, and the
organic matter particles are associated with different mineral composition and

microstructures.
6.5.1.1 Microstructures and TOC

Various beddings are present in the mudstones lithofacies, from-cm scale to mm-scale,
indicating various physical, biological and chemical processes. These processes exerted

strong influences on the organic matter accumulation.

The parallel beddings are present locally in the LF1 and LF2 and associated with the
erosional surface developed commonly. This suggests periodically strong energy occurred
and eroded the weakly consolidated mud (Macquaker et al., 2010). This process is also
associated with amounts of bioclastic-rich intraclasts (Figure 6-2 B3) which disturbed the
unconsolidated mudstones. Meanwhile, the redox water condition might turn to less reducing
owing to the accompanied oxygen, which resulted in the remineralisation of organic matter.
Moreover, the locally distributed organic matter at the mm-scale or um-scale may leads to a
higher or lower content than the bulk TOC measurements due to the heterogeneity. The LF1
(Figure 6-2 A3), for example, shows a moderate organic matter content, while the bulk TOC
value is less than 0.5 wt. %. This lower value could be caused by the alternation between
organic-poor and organic-moderation thin beds in this mudstone lithofacies, which decreases
the average value of organic matter content. The parallel-bedded mudstones (LF3, LF4, and
MF1 of LF5), referring to the discontinuous sediment accumulation (Lazar et al., 2015),
commonly occur in the Agadir and Tarfaya Basin during the Early Turonian. It can be
interpreted as the vertically discontinuous sediment accumulation under an intermittently
anoxic and dysoxic/oxic bottom water conditions. This phenomenon is consistent with the
periodically oxygenated conditions developed in this interval (see discussion in Chapter 5),

which could explain the periodic bioturbation of these mudstones (Figure 6-2 C1 and D1, and

230



Figure 6-3 Al). The organic matter are only locally present in some small beds composed of
genetically related laminae (Figure 6-2 D2) during anoxic water conditions, resulting in a
moderate TOC content in these lithofacies. The organic-rich mudstones (LF5) are generally
associated with parallel-laminated structures in a relative thick individual bed (Figure 6-3 B1
and E1, and Figure 6-4 C1 and D1), with vertically continuous sediment accumulation under
relatively consistent water conditions. These mudstones are commonly structureless at a cm-
scale but show massive lamination at a mm scale. Very rare burrows and bioturbation are
present, suggesting these mudstones accumulated by suspension settling under low energetic
and dominantly anoxic/euxinic bottom water redox conditions (Loucks and Ruppel, 2007,

Macquaker and Gawthorpe, 1993).

6.5.1.2 Mineralogy variability and TOC

Mineral compositions of mudstones vary significantly in black mudstones, including clay-
rich, calcite-rich, quartz-rich, and the mixture of these minerals, and are associated with
different organic matter content (Table 6-2). Based on the compositional analysis of the C/T
mudstones in Moroccan basins, the high organic matter content is preferentially developed in
calcite-rich mudstones, while the low organic matter mudstones capture a wide range of

mineral compositions.

Mineral composition does not have a direct correlation with the TOC to indicate the organic
preservation processes (Lazar et al., 2015), but the origins of these components are essential
for palacoenvironment analysis. Many clay-rich mudstones are associated with high TOC, up
to 40. wt. % (Fishman et al., 2012; Ma et al., 2018; Robinet et al., 2012). However, the clay-
rich/moderate mudstones in this study (LF1 and LF2) possess very low organic matter
content (rarely >0.5%) (Table 6-2). These clay minerals are mainly distributed as detrital
fractions, related to strong terrigenous input (Table 6-3), which include some organic matter

with dominant kerogen type III (Figure 6-11). However, the poor preservation (Table 6-3)
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conditions and the strong dilution of organic matter led to a low TOC content in this Basin
(Table 6-3). The quartz-rich mudstones (LF3 and LF4) present a moderate TOC content
(<2.6%) (Table 6-2). The low detrital sensitive elements enrichments and presence of
siliceous-rich radiolaria (Table 6-2 and Table 6-3) could indicate the origin of the quartz were
mainly derived from tests of organisms. The moderate TOC content could be related to the
periodically occurred oxic bottom water conditions. This demonstrates that the siliceous
mudstones are rarely associated with a high TOC content, mostly being below 5% (Bustin et
al., 2008; Fauchille et al., 2017). The carbonate-rich black mudstones (LF5) are associated
with a wide range of TOC from 1.7% to 18% (Table 6-2), and these sediments were widely
developed in a relatively deep environment in all the studied basins associated with dominant
planktonic foraminifera content and weak/no bioturbation (Table 6-2), as well as

anoxic/euxinic water conditions and very limited detrital influx influence (Table 6-3).
6.5.2 Controls on the organic-rich mudstones enrichment across Moroccan basins

A variously temporal and spatial distribution of organic-rich mudstone deposition is found
from the Late Cenomanian to the Early Turonian in the studied Moroccan basins (Figure
6-2). The common presence of §'°C positive excursions suggests the OAE2 has been
recorded in all the basins. However, OM-rich mudstones are only widely distributed in the
Tarfaya Basin (Table 6-5), which is associated with deep marine environments (Table 6-2).
In the shallow environments, either the Atlantic Ocean influenced Agadir Basin or the Tethys
Ocean influenced Errachidia-Goulmima Basin, the Late Cenomanian organic-rich mudstones
are absent or only present in a short interval of some local area. Based on this variability
analysis, in spite of the influence of OAE2 in all the studied basins, the palacoenvironments
controlled the spatial and temporal distribution of the organic-rich mudstones in the Late

Cenomanian.
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During the Early Turonian, comparably deeper water environments are interpreted in all the
studied basins consistent with a global marine transgression (See discussion in Chapter 4 and
Chapter 5), which facilitated a wider geographical distribution of organic-rich mudstones in
Morocco. Therefore, the Early Turonian transgression has significantly influenced the
preserved organic-rich mudstone distribution in the studied Moroccan basins during the Early

Turonian.

6.5.2.1 The OAE2 and palaeoenvironments controls

Thick dark grey organic-poor mudstones succession is recognised in the Agadir Basin during
the Late Cenomanian, which is associated with higher terrigenous input owing to the
increased continental weathering, and this commonly occurred during the OAE2 interval
globally (Forster et al., 2007; Keller et al., 2001; Schlanger and Jenkyns, 1976; Tantawy,
2008). The recorded positive carbon isotope in the Agadir basin suggests the Late
Cenomanian sediments was influenced by the OAE2 (Figure 6-10). However, the dominant
shallow environment in the Agadir Basin was not favourable to organic matter preservation
within dominant oxic bottom water conditions suggested by the low redox condition sensitive
elements concentration (Figure 6-6) and a significant dilution by coarse-grained siliciclastic
materials (Figure 6-2). This is consistent with the generally organic-poor mudstone
sediments in the other north Moroccan basins (Groune et al., 2013; Herbin et al., 1986). On
the contrary, the much higher organic matter content in the Late Cenomanian sediments is
recognised in the south Tarfaya Basin (Table 6-5), which was associated with a relatively
deeper environment. The prevailing anoxic/euxinic bottom water conditions, high

productivity and low dilution (Table 6-3) were conducive to the organic matter accumulation.

In the Pre-African Trough Basin, OM-rich black mudstones are not recognised in any of the
studied sections during the lower OAE2 interval which is dominant by bioclastic-rich

limestones deposition developed in a shallow carbonate platform environment. In the upper
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OAE?2 interval, OM-rich black mudstones are only recognised in the restricted Errachidia
area (see Chapter 4), while they remain absent in the adjacent sections owing to the shallow

oxic bottom water conditions.

In summary, although the OAE2 was recorded in all the basins indicated by the positive '*C
excursions (Figure 6-10), OM-rich mudstones were predominately developed in the deep
environments. The considerably thick OM-rich mudstones in the Tarfaya Basin were

controlled significantly by OAE2, while other basins were much less influenced.
6.5.2.2 Marine transgression control

1) Latest Cenomanian transgression in the Tethyan basin

Organic-rich mudstones in the Errachidia section started to accumulate from the Latest
Cenomanian to Early Turonian, which shows a weak relationship with the OAE?2 interval
(Figure 6-10). The recognised latest Cenomanian (see the discussion in Chapter 4) is more
sensible to explain the organic carbon accumulation. The marine transgressions are not only
identified in this West Sahara platform of Morocco, but also in the eastern part of Saharan
Atlas (Grosheny et al., 2008). Moreover, the black mudstone development is associated with
an extremely restricted condition. It is coincident with the East Sahara platform in Algeria
with black shales distributed in the isolated carbonate platform from latest Cenomanian to
Early Turonian. The C/T organic-rich mudstones were identified in many Tethyan African
basins (Liining et al., 2004). Therefore, it could be that the Late Cenomanian/Early Turonian
marine transgressions played a dominant control on the organic carbon distribution in the
Tethyan basins rather than the OAE2. Furthermore, paleogeographic settings are essential to
the organic carbon distribution. The extremely restricted environment during marine
transgression created favourable water conditions for the organic matter accumulation (see
the discussion in Chapter 4), associated with low detrital and carbonate dilution, moderate
productivity and anoxic/euxinic redox water. Therefore, the organic-rich mudstones in the
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Sahara platform were influenced by the latest Cenomanian, as well as the palaeogeographical

settings, such as silled basins.

2) Early Turonian transgression in Moroccan basins

The thick and widespread of OM-rich black mudstones occurred in the Atlantic and Tethys
Ocean influenced basins during the post-OAE2 interval, which is coeval with the Early
Turonian sea level rise (See discussion in Chapter 5). This transgression has been interpreted
as one of the highest rates of sea level rise in the Phanerozoic (Hancock and Kauffman, 1979;
Haq, 2014). Moreover, the highest sea-surface temperature of the Phanerozoic is coincident
with this rise in sea level (Friedrich et al., 2012; Jarvis et al., 2015), which facilitated organic

matter accumulating over a wide area (Sachse et al., 2012).

6.5.3 The source rock potentials in Moroccan basins

6.5.3.1 Atlantic Ocean influenced basins

The relatively thick organic-poor mudstones beds in the Agadir Basin are discontinuous
vertically, characterized as mudstones/limestone bedding couplets. The Rock-Eval analysis
suggests these mudstones are dominated by kerogen type III and shows a low maturity,
indicating extremely low hydrocarbon transformation has occurred. The dominant type III of
these source rocks could be related with significant terrigenous plant debris input during the
mudstone deposition, and this is consistent with the high detrital sensitive TM elements
concentration in mudstones. The corresponding low HI (30-160 mg HC/g TOC) and S2
(0.12-0.82 mg/g) values, as well as low TOC content suggest these mudstones have a very
low hydrocarbon potential. Furthermore, the organic matter particles associated with LF1
and LF2, are predominantly recognised in in the foraminiferal tests locally (Figure 6-2 A3)
and dispersedly distributed (Figure 6-8 C), suggesting limited hydrocarbon potential.
Coincidentally, In some other north Moroccan basins, such as Mauritanian in south of

Tangier, the upper Cenomanian mudstones (roughly coeval to OAE?2 interval) are also
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associated with low TOC content, Low HI values, dominant type III kerogen, and the Tmax

value (458°C) below the gas window (Herbin et al., 1986). Therefore, these indicate a poor

hydrocarbon source in these North Moroccan basins during the Late Cenomanian interval.

On the contrary, all the studied Late Cenomanian organic-rich mudstones in the Tarfaya
Basin present extremely high HI values up to 880 mg HC/g TOC, high TOC content up to 26
wt. %, as well as a mixture of type I and type Il kerogen (Ghassal et al., 2016; Kuhnt et al.,
2009; Mort et al., 2008; Wagner et al., 2013). The organic matter is demonstrated in an
immature stage by a lower Tmax value (410-422°C). These OM-rich mudstones are commonly
vertically-continuous, and most of the organic matter particles present in the matrix have an
elongated shape in the matrix and are well connected with each other (Figure 6-9 C),
suggesting good hydrocarbon potential. Furthermore, there are thick organic-rich sediments
(over 20 m) in this basin. Therefore, the Late Cenomanian OM-rich mudstones in the deeper

Tarfaya Basin present an excellent hydrocarbon potential.

The Agadir Basin and Tarfaya Basin present similar properties of organic matter
concentration in the Early Turonian. Most of these mudstones have a mixture of type I and
type II kerogen, and all show no or early mature indicated by Tmax values between 400 and
425°C. The extremely high HI, rarely below 500 mg HC/g TOC, and high TOC values up to
20% (S13 well, Tarfaya Basin) demonstrate a good to excellent source rock potential. The
organic matter is mainly associated with LFS, though there are some thin beds of LF3 and
LF4 in the Agadir Basin. Although some mudstones lithofacies (such as LF3 and MF1 of LF5
in the Agadir Basin, MF3 in the Tarfaya Basin) have low/moderate TOC content, they are
recognised occasionally and in thinner beds in this interval. Large amounts of the organic
matter particles are present in the matrix as elongated or irregular shape, despite some
particle in the foraminiferal tests. Moreover, these organic-rich black mudstones interval are

commonly thicker than 20 metres (Table 6-5), sometimes even up to 80m in Sondage-4 well
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of Tarfaya Basin (Ghassal et al., 2016). These results suggest the Early Turonian interval also
presents a good hydrocarbon potential in the Atlantic influenced basin. The hydrocarbon
potential would be significantly enhanced in the deeper marine environment as the Tarfaya
Basin, with vertically continuous organic-rich beds from the Late Cenomanian to Early

Turonian.

6.5.3.2 Tethys Ocean influenced basins

The low Tmax values (414-428 °C) in the C/T organic-rich interval in the Errachidia section
suggest a lower maturity of these mudstones, but the upward increasing Tmax value from the
latest Cenomanian to Early Turonian shows an unreasonable vertical variation, as Tmax
values of source rocks commonly increase with the preservation depth owing to the
geothermic gradient. However, no significantly tectonic reverse or volcanic activities were
recognised in this interval. The kerogen facies could also affect the Tmax, which is
commonly higher in kerogen type I than that of kerogen type II in immature sediments
(Espitalié, 1986). However, the kerogen type (Table 6-3) suggests no significant change could
explain the gradually increased Tmax values upward. On the other hand, the substantial small
fractures were identified in these mudstones, which might suggest a thermal effect of hot
liquid occurred after the deposition. It could influence the Tmax values, but further work is

needed for a deeper explanation.

The extremely high TOC content and dominant kerogen type I/type II in the relative thick
organic matter layers (up to 15metres) might demonstrate the Latest Cenomanian/Early
Turonian interval in the Errachidia section could be associated with an outstanding
hydrocarbon potential. Moreover, the dominant MF6 and MF7 of LF5 of the organic-rich
mudstones show organic matter particles are predominantly present in the matrix as elongated
shapes (Figure 6-7 and Figure 6-10) and well connected, indicating great source rock

potentials. However, these OM-rich mudstones beds are regularly interbedded with OM-poor
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limestone, commonly attributed to seasonally paleoclimate and/or productivity cycles
(Elderbak and Leckie, 2016; Sageman et al., 2003; Tyson and Pearson, 1991). This suggests
these organic-rich mudstones intervals are discontinuous vertically, which could reduce the
hydrocarbon potential in this area. Similar case occurred in the East C/T Sahara platform,
showing an OM-poor limestone/OM-rich mudstone bedding couplet (Grosheny et al., 2008).
Therefore, in spite of the high quality of organic carbon in the present in the Errachidia area
during the C/T interval, the poorly lateral and vertical distribution have limited its great

hydrocarbon potential in this shallow carbonate platform environments.

6.54 Implication for global hydrocarbon potentials during the C/T interval

According to the above discussion, in spite of some local controls on the different
distributions and enrichment of organic carbon, source rock with hydrocarbon potentials have
been recognised from the Late Cenomanian to Early Turonian in the Moroccan basins. The
global OAE2 and/or globally marine transgression played an essential role in the deposition
of OM-rich mudstone. This is consistent with the widespread distribution of organic matter
preservation during the C/T interval in the Atlantic Ocean and paleo-Tethys Ocean influenced

basins (Figure 6-13) (Table 6-7).

6.54.1 Comparison with other Atlantic Ocean influenced basins

The published organic geochemical data of ODP and DSDP wells in the Atlantic Ocean
(Table 6-7) demonstrate that C/T organic-rich mudstones are associated with high TOC
values, dominant type II kerogen, as well as low Tmax (generally immature). The organic
matter was substantially accumulated during both the Late Cenomanian and Early Turonian
interval. The TOC values are rarely less than 10% and some interval even up to 60%, such as
Cape Verde Basin (Dickson et al., 2016). Moreover, the average TOC content in the Late

Cenomanian (mostly OAE?2 interval) sediments presents a higher average TOC value than the
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Early Turonian interval, such as ODP1257 and DSDP 367. These illustrate very similar
characteristics with the organic-rich mudstones in the Tarfaya Basin, but with much higher
hydrocarbon potential in the Deep Ocean sites. However, the generally lower thermal
maturity of these C/T source rocks suggests an immature stage. These results suggest OM-
rich black mudstones are not only recognised in the OAE2 interval, but also in Post-OAE2
interval in the Early Turonian. These OM-rich mudstones beds are almost continuously
developed from the OAE?2 interval to the post-OAE?2 interval in these deeper Atlantic
influenced basins. Therefore, the organic-rich mudstones in the OAE2 and Early Turonian
interval commonly have a higher TOC content as well as great thickness in these Atlantic

influenced deep basins (Kuypers et al., 2002).
6.5.4.2 Comparison with other Tethys Ocean influenced basins

The organic-rich black mudstone intervals in the studied Tethyan Moroccan basin are
isochronous with the regional or even global Late Cenomanian and Early Turonian marine
transgression (see the discussion in Chapter 4). This suggests the sea level rise have
influenced the palaeoenvironmental changes in this area, which led to favourable water
conditions for organic matter accumulation, though this process was also associated with
some local controls, such as the extremely restricted marine conditions in Saharan platform.
This has been further evidenced by the Chebeibit section in the Algeria (Grosheny et al.,
2008), which was also developed in the Tethyan shallow carbonate platform environment.
The commonly recognised organic-rich mudstones from Latest Cenomanian and Early
Turonian in those Tethys Ocean influenced basins might support a regional marine
transgression influence rather than the OAE?2 in the Sahara platform environments. The
presented organic-rich mudstones show a relatively high TOC content and high HI values,
but the presence of locally distributed, thinner organic-rich mudstones suggest a more

complex hydrocarbon potential. In the more open marine settings, the C/T interval with

239



increased organic-rich mudstone deposition is coeval with the OAE2 interval in the Wadi
Bahloul section in Tunisia (Caron et al., 2006) and North western desert, Egypt(Zobaa et al.,
2011). This suggest OAE2-related organic-rich mudstones are also present in the Tethys

Ocean influenced basins. However, the generally thinner beds and lower average TOC

content also suggests lower hydrocarbon potential than the Atlantic influenced basins.
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Figure 6-13 The mapping of C/T OM associated outcrops and wells in the Atlantic and west
Tethys Ocean, modified based on R.Aguado,2016

6.5.5 Implication for global carbon cycle

813C chemostratigraphy has been accepted as reliable for repeating the carbon cycle in Earth
history (Ehleringer et al., 2000). The overall positive §'*C values during OAE2 interval have
been recognised in all the studied basins with various environments, suggesting a global
perturbation of the carbon cycle. This can be linked to the warming climate, rising sea level

and enhanced productivity caused by the increased continental weathering globally. Several
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major positive excursions and recoveries of carbon isotope from the Late Cenomanian to

Early Turonian are recognised in these basins.

The onset of §'3C excursion (peak I) is not well correlated to the substantial organic matter
content or increased productivity (Figure 6-10). The same trend has been found in S13 and
S75 in the Tarfaya Basin, suggesting this area may not the main carbon sink leading to the
initial carbon isotope excursion (Kuhnt et al., 2005). However, the majority of the peaks
above peak I follow the similar trends with the TOC and high productivity peaks during the
OAE2 interval in the Atlantic influenced basins. Moreover, the low 8'3C values are
commonly associated with a decreased productivity. This suggests the carbon preservation in
this area exerted a significant role in maintaining the positive excursion. The organic matter
accumulations during the upper OAE2 in the Tethyan were presenting a slight delay to the
carbon isotope peaks, suggesting the increased §'°C values was not influence by the local
carbon preservation, but related to a more regional or even global effect. No organic matter
recorded in the Tethyan basins in the lower OAE?2 interval suggests the positive §'°C
excursion was controlled by the significant carbon preservation in deep marine environment

in the Tethyan basins. This evidences the global anoxic event was all recorded in turn.

A negative §'°C excursion is identified in each of the Moroccan section at the base of Lower
Turonian, associated with decreased TOC content (Figure 6-10). This is consistent with the
decreased nutrient influx under the sea level regression at the base of Lower Turonian (Hagq,
2014). The decreased §'C values have been proposed to be linked to the marine regression
and biota turnover in many studies (Guex et al., 2004; Price et al., 2018). The significant
organic carbon preservation overlying is consistent with the increased §'*C values in all
Morocco Basins during the Early Turonian. This indicates this organic carbon preservation
may exert an essential role on the renewed positive excursion, though less intensive

compared with the OAE2 interval.
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Therefore, the recognised carbon isotopic values in C/T strata of Moroccan Basins gave the
signals of the global perturbation of carbon cycles. The positive peaks are commonly
correlated with substantial organic matter preservation and increased productivity owing to
marine transgression, while the negative excursions are generally associated with lower
productivity during marine regression. However, the preserved organic matter in Moroccan
Basins is far less enough to impel the global organic cycles than the large amounts of organic

matter preservation in deep ocean settings globally.
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Table 6-7 Compilation of samples locations, organic geochemical data (TOC, kerogen, HI and Tmax) and thickness of the black mudstones in the

Atlantic and Tethyan basins shown in Figure 6-13.

. MAX | Kerogen HI (mg Thickness
Hol Locat A Av.TOC (¢ ° Dat
ole ocations ge v.TOC (%) ToC (%) Type HC/g TOC) Tmax (°C) (m) ata Source
ODP 1257 Late C 7.60 13.60 Il 453-704 44
Early T 11.00 | 17.00
ODP site 1258 1l 485-687 384-405 60
Late C 14.00 29.00
ODP site 1259A |Demerara Rise| EarlyT | 17.00 | 36.00 I 528-763 | 387-404 50 (Erbacher et al., 2005; Forster et
! al., 2007; Meyers, 2006; Wagner et
Leg 207 Early T 7.00 | 15.00 110-722 al,, 2013)
ODP site 1260 Il 375-414 90 Y
Late C 10.00 22.00
Early T 7.00 14.00
ODP site 1261 1l 352-805 392-413 87
Late C 10.00 29.00
- Early T 3.29 4.58 177-243 438-440
Outcro'p Venezuela (Perez-Infante et al., 1996)
S Maracaibo Late C 3.98 5.82 152-276 | 437-443
(]
o) DSDP144 French Guyana| LateC 7.00 9.00 (Kuypers et al., 2002)
(%)
% Early T 18.00 30.00 I 600 49.6 (Herbin et al., 1986; Wagner et al.,
2 c/T 24.90 34.20 1/ 477-655 | 396-411 2013)
C Verd
DSDP 367 apBeasiir € | lLatec 26.60 | 60.00 (Dickson et al., 2016)
Late C 16.00 46.00 (Kuypers et al., 2002)
C/T 10-40% | 40.00 1l 300-900 150 (Nzoussi-Mbassani et al., 2005)
DSDP 105, 603B Cc/T 6.00 26.00 150-270 (Kuypers et al., 2004)
opp10s | capHatteras I 890 |23.80| I/l 66-399 | 398-419 1.85
Abyssal Plain
ODP 603 Cc/T 5.30 20.40 1n/m 14-252 339-430
(Wagner et al., 2013)
ODP 641 Galicia Margin Cc/T 10.50 12.80 1/11 383-646 408-413 0.3
ODP 398 Galicia Margin Cc/T 3.10 8.70 1n/m 77-381 394-423
ODP 1276 Early T 1.00 2.00 (Damsté et al., 2010)
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Newfoundland-

1276 Late C 4.00 13.40
ODP site 417 |Hatteras Abyss| Late C 3.00 7.00 1] (Erbacher and Thurow, 1997)
(Erbacher and Thurow, 1997;
DSDP 14-137 | Morocco-137 Early T 2.00 2.60 1/ 150 Herbin et al., 1986; Summerhayes,
1981)
(Erbacher and Thurow, 1997;
DSDP 14-138 | Morocco-138 Early T 5.20 10.70 1l 260 Herbin et al., 1986)
Early T 1n/m
DN-2, Gd-1, Rd-1 0.33-3.53 | 3.53 30-390 435-445 | 500-2050 (Nzoussi-Mbassani et al., 2003)
Late C 1n/m
Casamance CM-7 Cc/T 1.27-8.72 | 872 | llrarelylll | 152-660 | 434-438 300 (Nzoussi-Mbassani et al., 2005)
Early T 2.60 7.30 95-370
Casamance CM-1 1n/m
Late C 1.00 1.30 80-160
S Early T 3.80 9.20 90-570
8 |Casamance CM-2 ]
o Late C 2.30 5.20 270-530
Ko Senegal Basin
t Early T 1.20 2.30 100-300
& |Casamance CM-4 1/
b3 Late C 1.00 1.20 80-100 (Herbin et al., 1986)
Casamance CM- Early T 4.00 6.70 I 400-500
10 Late C 2.60 10.60 380-450
Senegal DM-1 Early T 1.60 1.60 [} 50
Early T 1.30 1.60 140-220
Senegal NC-1 1n/m
Late C 0.40 0.60 30-80
Pont d'Issol V ti Early T 0.50 2.00 13
S on .SSO € (?CO” fan (Danzelle et al., 2018)
3 section Basin, France Late C 1.00 2.50 10
a Wad| Bazina Northern Early T 1.80 4.11 261-536 425-438 3.1
Z . . (Touati, 2017)
5 section Tunisia Late C 3.20 6.19 50-698 390-428 10
[
Early T 0.90 2.00 (Nederbragt and Fiorentino, 1999)
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Oued Mellegue

North-eastern

. Late C 2.40 6.50
outcrop Tunisia
Wadi Bahloul Early T 2.50 5.50 5
adi sanlou Tunisia (Caron et al., 2006)
outcrop Late C 2.00 5.50 20
Novara di Sicilia | North-eastern | 820 | 23.00 il 580-640 | Low 20 (Scopelliti et al., 2008)
section Sicily, Italia
Calabianca Sicily, Italia | Late C 1440 | 2650 | 1/ | 350-600 | <428 2 (Scopelliti et al,, 2004; Scopeliti et
section al., 2008)
North Early T 8.00 20.00 1, /101 10
Razzak Field Western (Zobaa et al., 2011)
Desert, Egypt | LateC 8.00 | 24.60 | 12
Early T 1.00 3.00 15
Levant Platform Jordan (Sepulveda et al., 2009)
Late C 1.00 4.00 20
i Early T 0.60 1.00
Apennines Italia (Schlanger et al., 1987)
outcrop Late C 7.00 17.00
Early T 10.00 Il 268-564 402-433 0.2
Furlo section Central Italia (Mort et al., 2007)
Late C 5.00 17.09 268-564 402-433 1
DSDP 14-135 |North Morocco| Late C 7.70 11.90 1] 200-430 (Herbin et al., 1986)
) Early T 2.00 5.20 3 (Caron et al., 2006; Mort et al.,
Pueblo section
° Late C 3.00 5.50 2 2007)
© Pueblo, USA
3 Early T 5.00 I 350-610 5 (Herbin et al., 1986; Prokoph et al.,
k=] Pueblo Core
5 Late C 4.00 /11 70-480 25 2001)
= Gun Gardens [Eastbourne, UK| Early T <0.2 3 (Jarvis et al., 2011; Kuypers et al.,
outcrop outcrop Late C <0.2 2 2002; Tsikos et al., 2004)
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6.6 Conclusions

1)

2)

3)

C/T OM-rich black mudstones are recognised in both the Atlantic Ocean influenced
basins and Tethys Ocean influenced basins in Morocco. They are not only associated with
the OAE2 interval but also distributed during post-OAE?2 interval over a wide area in
Morocco.

Five mudstones lithofacies are recognised during the C/T interval in these Moroccan
basins based on the distributions, mineral compositions, source rock properties and
geochemical analyses: (1) calcareous-argillaceous mudstones (LF1), (2) argillaceous-
siliceous mudstones (LF2), (3) siliceous-calcareous mudstone (LF3), (4) calcareous-
siliceous mudstone (LF4), (5) calcareous mudstones (LF5). LFS5, which has a higher OM
content, is the most common mudstone lithofacies in all the Moroccan basins. A further 8
microfacies are recognised in LF5 based on redox facies and microstructures. Organic
matter particles were predominantly identified in the matrix and in foraminiferal tests.
The former type is an elongated or irregular shape and well connected while the latter
type is more dispersively distributed.

Thick organic-rich mudstones were widely developed in the deeper Atlantic influenced
basins within OAE2 interval, which shows the greatest hydrocarbon potentials. The Early
Turonian interval in the Atlantic influenced basin also presents a great hydrocarbon
potential. The hydrocarbon potential would be significantly enhanced in the deeper
marine environment as the Tarfaya Basin, with vertically continuous organic-rich beds
from OAE2 interval to post-OAE?2 interval. The local distribution and relative thin
intervals of organic-rich mudstones in the Tethyan basins indicate more locally restricted
hydrocarbon potential, with considerable organic matter content and well-connected
organic particles in the individual bed. The organic-rich mudstones were commonly

developed in an anoxic/euxinic facies, and associated with high S content, while a
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4)

5)

dominant oxic/dysoxic water conditions for OM-poor mudstone deposition with much
less S content.

The distribution and source rock qualities are controlled by OAE2, marine transgression,
palaeogeographical settings and palaecoenvironment. Specifically, the organic-rich
mudstones in the Atlantic Ocean influenced basins were primarily influenced by the
OAE2 and Early Turonian transgression, while in the Tethys Ocean influenced basins
they were largely contributed to the marine transgression. Besides, deeper marine
environment is favourable for thicker mudstones and higher organic matter content. Also,
the locally distributed anoxic bottom conditions in the Tethyan basins leads to much less
organic-rich mudstones accumulation than the Atlantic influenced basins. These
conclusions are applied in other Atlantic and Tethyan basins globally based on the global
comparison.

The recognised carbon isotopes in C/T strata of Moroccan Basins record the global
perturbation of the carbon cycle. The positive peaks are commonly correlated with
substantial organic matter preservation and increased productivity related to marine
transgression, while the negative excursions are generally associated with lower

productivity during marine regression.
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7 Summary

7.1 Conclusions

This thesis documents a large amount of fieldwork, sedimentological analysis, stratigraphic
correlations and geochemical measurements and analysis to develop a detailed
characterisation of the organic-rich mudstones associated with OAE2 and post OAE2 interval
in Morocco. It more precisely defines the C/T boundaries and OAE2 intervals, introducing
new biostratigraphic data, and summarises the lithofacies; reconstructs the
palaeoenvironments; and assesses the source rock potential in the studied Moroccan Basins.
The controlling factors of the organic matter enrichment are analysed across the basins and

these conclusions have been extended to assess global implications.
The conclusions derived from this study are summarised below:

1) The C/T and relative OAE2 boundaries have been more precisely defined in the Pre-
African Trough Basins (Errchidia-Goulmima Basin) and Western Moroccan coastline basins
(the Agadir and Tarfaya basins). This has been done based on high-resolution logging of
outcrops, new biostratigraphic (planktonic foraminifera and ammonite) data and high-
resolution carbon isotope stratigraphic correlation.

2) Positive carbon isotope excursions recorded in studied basins show no close
relationship with organic matter preservation in many of the paleogeographic settings
investigated.

3) The distribution of the organic-rich mudstones was extensively investigated. Black
mudstones were recognised from latest Cenomanian to Early Turonian in the Tethys Ocean
influenced Errachidia section, but these mudstones were not coincident with the OAE2
interval, correlating to only the upper OAE2 and post-OAE?2 interval. Mudstones in the

Atlantic Ocean influenced Agadir and Tarfaya basins developed during the Late Cenomanian
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to Early Turonian, corresponding to the OAE2 in some sections, but not in the Agadir Basin,
and to a Turonian post OAE2 interval in all basins.
4) Lithologies, macro- and microfossil assemblages, sedimentary texture and structures

were analysed.

In the Pre-African Trough basins, twelve lithofacies were identified. Shallow carbonate
platform associated lithofacies dominate in the Upper Cenomanian (the lower OAE2
interval), suggesting a prevailing inner/middle ramp environment. Deeper carbonate platform
lithofacies associations demonstrate a predominant outer ramp environment in the Latest
Cenomanian to Early Turonian (upper OAE2 interval and post-OAE2 interval), which
suggests a sea level rise across the study area. Shallower inner/middle ramp conditions return
toward the top of Lower Turonian. Mudstones were recognised in the deeper outer ramp
environment, and this is the interval within the Errachidia section where organic-rich black

mudstones have been identified.

In the Atlantic influenced basins, a total of ten lithofacies were recognised in the Agadir
Basin and five in the Tarfaya Basin. The results suggest the Agadir Basin presents a dominant
shallow marine environment during OAE2 interval, and associated with black/dark grey
mudstones intervals, while the Tarfaya Basin shows a pervasively deeper marine
environment, but some of the mudstones intervals were highly weathered in studied section.
Both the Agadir and Tarfaya basins were associated with deeper marine lithofacies

associations during the Early Turonian interval where organic-rich mudstones developed.

5) Trace elements and major elements analysis has been undertaken to assess the

palaeoenvironmental variations across the OAE2 interval.

In the Pre-African Trough basins, oxic bottom water conditions and low surfaces

productivity prevailed in the lower OAE2 interval. Water conditions continued to be
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predominantly oxic or slightly dysoxic on the shallow ramp during upper OAE?2 and post-
OAE?2 interval, with only marginally enhanced productivity over most of the study area,
preventing OM preservation. In the Errachidia area extremely restricted marine conditions,
indicated by the TOC-Mo relationship, high productivity and favourable anoxic/euxinic water
conditions locally produced a restricted environment responsible for the organic-rich

mudstone deposition in the Errachidia area.

In the Atlantic influenced basins, shallow water conditions with low productivity, strong
oxidation and high clastic dilution in the Agadir Basin could explain the poor organic matter
accumulation during the OAE2 interval. On the contrary, predominant anoxic water
conditions and high productivity are responsible for the widespread of organic-rich
mudstones in the deeper water conditions in the Tarfaya Basin during OAE2 interval. OM-
rich black mudstones were developed in both the Agadir and the Tarfaya Basin during the
Early Turonian. These OM-rich black mudstones are associated with increased surface water

productivity and oxygen-depleted bottom water conditions, as well as the low clastic dilution.

6) Regional correlation with nearby and distant Tethyan basins suggests that organic-rich
intervals are not coupled with the OAE2, but show a relationship to the global/regional Late
Cenomanian/Early Turonian marine transgression. This sea level rise had a strong impact on
deposition of fine-grain sediments, with OM-rich black mudstones distributed within deeper-
water environments. High productivity associated with increased detrital influx and the
enhanced hydrological cycle during sea level transgression plays an essential role on OM
accumulation. The increased productivity further led the oxic/dyxoic and anoxic/euxinic
water conditions. The interplay of high productivity and anoxic/euxinic water conditions

facilitated organic matter preservation in the Errachidia section.

In the Atlantic Ocean influenced basins, OAE2 related OM were largely developed in the

deep marine environment and not accumulated in the shallow marine environment. The
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global Early Turonian marine transgression had a strong impact on organic carbon
deposition, facilitating a geographically widespread development of organic-rich mudstones

in the Early Turonian.

7) Five mudstones lithofacies were recognised during the C/T in the Moroccan basins
based on the mineral composition: (1) calcareous-argillaceous mudstones (LF1), (2)
argillaceous-siliceous mudstones (LF2), (3) siliceous-calcareous mudstone (LF3), (4)
calcareous-siliceous mudstone (LF4), (5) calcareous mudstones (LF5). LF5, which has a
higher OM content, is the most common mudstone lithofacies in all the basin, A further 8
microfacies were recognised in LF5 based on redox facies and microstructures. Organic
matter particles were predominantly identified in the matrix and in foraminiferal tests. The
former type is the elongated or rounded in shape and well connected, while organic matter in
the foraminifera tests is more dispersively distributed.

8) Organic-rich calcareous mudstones were commonly developed in anoxic/euxinic
facies, associated with high S content, while OM-poor mudstones are associated with
dominant oxic/dysoxic water conditions, with less S content. The OM-rich black mudstones
in the Errachidia section were developed in a more sulfidic anoxic water condition compared
with the two Atlantic influenced basins. Anoxic bottom water conditions were developed in
the Tarfaya Basin during both OAE2 and Early Turonian interval, but were only recognised
in the Early Turonian of the Agadir Basin.

9) The OAE2 in deeper water environments and the global marine transgression in the
Turonian had a significant influence on organic carbon preservation in Moroccan basins.
Palaeogeographical setting is a critical control for OM concentration in the studied basins.
During the OAE?2 interval, OM-rich black mudstones were only recognised in the Tarfaya
Basin within deeper marine environments. In the Agadir Basin, a much shallower

environment has no recorded OM enrichment.
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10) The Early Turonian Transgression facilitated widespread deposition of OM-rich
mudstones in the Atlantic and Tethyan basins. In the Tethyan basins, considerable organic
carbon deposition was identified in the Errachidia area within an extremely restricted marine
environment whereas OM-poor limestone was deposited in time equivalent shallow marine
sections during the Late Cenomanian/Early Turonian marine transgression.

11) The OAE2 interval is associated with thick organic-rich mudstones widely developed
in the deeper Atlantic influenced basins. The widespread organic-rich mudstones distribution
in the Early Turonian, with deposition of relative thick organic-rich mudstones associated
with high TOC content, suggest great hydrocarbon potential. OM-rich mudstones beds in the
deeper Atlantic influenced basins are almost continuously developed from the OAE2 interval
to the post-OAE2 interval, showing enhanced hydrocarbon potential during the Late
Cenomanian and Early Turonian interval.

12) The local distribution and relative thin intervals of marine transgression related
organic-rich mudstones in the Tethyan basins indicate more locally restricted hydrocarbon
potential, with considerable organic matter content and well-connected organic particles in
individual beds. The OAE?2 related organic-rich mudstones in the open marine environments
influenced by the Tethys Ocean present lower TOC content in thinner beds compared with

the Atlantic Ocean, indicating a lower hydrocarbon potential.

7.2 Recommendations for Future Research

This thesis reveals some possible future work in various areas to continue this research. Some

specifics are summarized below:

1) Weathering is found to modify the mudstones in the Tazra section of Tarfaya Basin.

Organic matter was probably accumulated but total organic and sulphur content
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2)

3)

4)

destroyed due to weathering and other related affects. Additional work can be
undertaken to strengthen our understanding on these affects.

The palaeoenvironmental controls on organic carbon enrichment during the C/T
interval suggest the importance of regional marine transgressions. Some other local
controls, such as tectonic movements, local bathymetry and basin architecture, could
also influence deposition. For example, the significant environmental change from
Late Cenomanian to Early Turonian transition in the Agadir Basin could be
influenced by a combination of sea level rise and tectonic subsidence. A more detailed
study on the local controls on the restricted environment development in the
Errachidia during the organic-rich mudstone deposition can be undertaken.

This study has provided detailed information on the C/T sediments associated with
organic-rich mudstones in nearshore basins influenced by the Tethys Ocean and
Atlantic Ocean. Additional work can be conducted on the sediments in the offshore
basins, to compare the controls on organic matter accumulation across the OAE2
interval.

This study has proposed some direct controls (productivity, preservation conditions
and dilution) on the organic matter accumulation in the Moroccan basins, and has
given suggestions to adjacent Tethys Ocean and Atlantic Ocean influenced basins.
The similar workflow can be applied to other oceans influenced basins during OAE2
globally, and the trigger factors can be more defined based on the wider comparison.
Also, similar workflow has potentials to be extended to the studies on other global

events, such as the OAE 1.
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8 Taxonomic Appendix

The genus “Heterohelix” is quoted because the taxonomy of this group is still under revision.
Biserial taxa occurring across the C—T boundary interval that were traditionally included in
the genus Heterohelix, have been transferred to different genera (see discussion in Falzoni et
al. 2018, with references). We have maintained the term “Heterohelix” shift to be consistent

with previous authors.

List of planktonic foraminiferal species with authors and years mentioned in the text and/or in

the figures.

Hedbergella (Asterohedbergella) asterospinosa Hamaoui, 1965
Helvetoglobotruncana helvetica (Bolli, 1945)
Helvetoglobotruncana praehelvetica (Trujillo, 1960)
Planoheterohelix globulosa (Ehrenberg, 1840)
Planoheterohelix moremani (Cushman, 1938)

Rotalipora cushmani (Morrow, 1934)

Rotalipora planoconvexa (Longoria, 1973)

Whiteinella archaeocretacea Pessagno, 1967

List of ammonite species with authors and years mentioned in the text and/or in the figures.
Calycoceras (Proeucalycoceras) cf. canitaurinum (Haas, 1949)
Choffaticeras segne Solger, 1903

Coilopoceras gr. requienianum (d'Orbigny, 1841)
Coilopoceras aff. newelli Benavides-Céceres, 1956

Fagesia peroni Pervinquiere, 1907
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Hoplitoides mirabilis Pervinquiere, 1907

Hoplitoides gr. wohltmanni (Koenen, 1897) sensu Meister and Abdallah, 1996
Mammites nodosoides (Schliiter, 1871)

Nannovascoceras intermedium Renz and Alvarez, 1979
Neolobites vibrayeanus (d'Orbigny, 1841)

Neoptychites cephalotus (Courtiller, 1860)
Pseudaspidoceras flexuosum Powell, 1963
Pseudaspidoceras madagascariensis Basse, 1954
Romaniceras (Yubariceras) reymenti (Collignon, 1967)
Vascoceras compressum Barber, 1957 sensu Powell, 1963
Vascoceras proprium Reyment, 1954

Vascoceras durandi (Thomas and Péron, 1889)
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