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ABSTRACT

The response of shallow-water sequences to oceanic anoxic event 2 and mid-

Cenomanian events 1a and 1b was investigated along the west African margin

of Morocco north of Agadir (Azazoul) and correlated with the deep-water

sequence of the Tarfaya Basin (Mohammed Beach) based on biostratigraphy,

mineralogy, phosphorus and stable isotopes. In the deeper Mohammed Beach

section results show double peaks in d13Corg for mid-Cenomanian events 1a

and 1b (Rotalipora reicheli biozone, lower CC10a biozone), the characteristic

oceanic anoxic event 2 d13C excursion (Rotalipora cushmani extinction, top of

CC10a biozone) and laminated (anoxic) black shale. In the shallow

environment north of Agadir, a fluctuating sea-level associated with dysoxic,

brackish and mesotrophic conditions prevailed during the middle to late

Cenomanian, as indicated by oyster biostromes, nannofossils, planktonic and

benthonic foraminiferal assemblages. Anoxic conditions characteristic of

oceanic anoxic event 2 (for example, laminated black shales) did not reach

into shallow-water environments until the maximum transgression of the early

Turonian. Climate conditions decoupled along the western margin of Morocco

between mid-Cenomanian event 1b and the Cenomanian–Turonian boundary,

as also observed in eastern Tethys. North of Agadir alternating humid and dry

seasonal conditions prevailed, whereas in the Tarfaya Basin the climate was

dry and seasonal. This climatic decoupling can be attributed to variations in

the Intertropical Convergence Zone and in the intensity of the north-east trade

winds in tropical areas.

Keywords Middle Cenomanian event, Morocco, oceanic anoxic event 2,
palaeoclimate, shallow shelf environments.

INTRODUCTION

The middle to late Cretaceous is characterized by
very warm climate and high sea-levels, which is
attributed commonly to high concentrations of
greenhouse gases related to increased tectonic

activity (Larson, 1991; Larson & Erba, 1999).
During this time, low-latitude basins of the
western Tethys and North Atlantic intermittently
experienced times of black shale deposition
known as oceanic anoxic events (OAEs) (Jenkyns,
1980; Arthur et al., 1988; Kerr, 1998; Leckie et al.,
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2002). The main oceanic anoxic event, known as
OAE2, is geographically the most extensive (Kerr,
1998) and spans the latest Cenomanian (ca 94 to
93Æ5 Ma) to early Turonian. Two smaller black
shale depositional events occurred in the middle
Cenomanian and are known as middle Cenoma-
nian events (MCE) 1a and 1b (Rodriguez-Lazaro
et al., 1998; Coccioni & Galeotti, 2003; Jarvis
et al., 2006; Gale et al., 2008).

The two MCEs have not been studied exten-
sively. Their age is estimated at ca 95Æ8 Ma
(Rodriguez-Lazaro et al., 1998; Coccioni & Gale-
otti, 2003; Gale et al., 2008). Sediments are char-
acterized by relatively high total organic carbon
(TOC) (<4%), two positive d13C excursions of
about 2Æ2& and 2Æ5& (Jenkyns et al., 1994; Paul
et al., 1994), minor faunal and floral turnovers
(Paul et al., 1994) and rapid sea-level fluctuations
(Haq et al., 1987; Paul et al., 1994).

The well-studied late Cenomanian OAE2 was
significantly more severe. A major transgression
reached its maximum during the early Turonian
(Haq et al., 1987; Hallam, 1992) accompanied by
very warm temperatures (Huber et al., 1995, 2002;
Clarke & Jenkyns, 1999; Norris et al., 2002; Voigt
et al., 2004; Forster et al., 2007). Marine biota
experienced major faunal and floral turnovers
(Erbacher et al., 1996; Keller et al., 2001, 2008;
Leckie et al., 2002; Erba & Tremolada, 2004;
Keller & Pardo, 2004a), accompanied by a positive
2& carbon isotope excursion and black shale
deposition (Hart & Leary, 1989; Uličný et al.,
1993; Paul et al., 1999; Keller et al., 2001, 2004;
Tsikos et al., 2004; Kuhnt et al., 2005). Large
igneous province eruptions were active in the
Caribbean, Ontong Java and Madagascar during
this period (Sinton et al., 1998; Wignall, 2001;
Courtillot & Renne, 2003; Snow et al., 2005;
Turgeon & Creaser, 2008) and are postulated as
a major trigger of the late Cenomanian OAE2
(Kerr, 1998; Turgeon & Creaser, 2008).

During OAE2, organic-rich black shale deposi-
tion occurred in outer shelf and deep basin
environments. Factors influencing black shale
deposition include organic terrestrial influx and/
or marine primary productivity, increased organ-
ic matter (OM) preservation and/or primary
productivity, oxidation in the water column, rates
of sedimentation, distance to the coast and water
depth (Pedersen & Calvert, 1990; Arthur &
Sageman, 1994; Canfield, 1994). The severity of
oceanic anoxia in the water column depends
largely on which of these factors was prevalent.
Deeper basins near upwelling areas, such as the
north-eastern Atlantic off Morocco (for example,

the Tarfaya Basin), reveal very high sedimenta-
tion rates and organic contents (up to 8 cm per
103 years; Kuhnt et al., 2005; Kolonic et al.,
2005). The Tarfaya Basin has been studied widely
to evaluate variations in the intensity of anoxia,
the magnitude and nature of the d13C excursion,
the biotic effects on benthonic and planktonic
foraminifera and the biostratigraphic record
(Kuhnt et al., 1997, 2005, 2009; Kolonic et al.,
2005; Mort et al., 2007, 2008; Keller et al., 2008).

Shallower middle shelf environments (100 to
200 m depth), such as the US Western Interior at
Pueblo, Colorado (ca 100 m), reveal higher terri-
genous influx and lower organic contents (Pratt
et al., 1993; Sageman et al., 1998; Keller et al.,
2004). Pueblo, as well as the similarly shallow
Eastbourne section in England (200 to 300 m),
provide excellent biostratigraphic control and a
wealth of information on water column anoxia
(causes, variations in intensity and faunal conse-
quences), the nature of the d13C excursion and
patterns of sedimentation related to OAE2 condi-
tions in middle shelf environments (Leckie et al.,
1998, 2002; Paul et al., 1999; Gale et al., 2000;
Keller et al., 2001; Keller & Pardo, 2004a; Caron
et al., 2006; Sageman et al., 2006).

Black shales are rare in sections from inner
ramp and coastal environments, either because
they were not deposited or were not preserved
(Van Buchem et al., 2002; Luning et al., 2004).
The biostratigraphic record is generally poor due
to low-diversity and long-ranging stress-resistant
assemblages (Keller & Pardo, 2004a,b; Gertsch
et al., 2010). As a result, these environments have
received little attention to date and, conse-
quently, are poorly understood with regard to
palaeoenvironmental conditions during OAEs
(Schlanger et al., 1987; Drzewiecky & Simo,
1997; Davey & Jenkyns, 1999; Voigt et al., 2006;
Parente et al., 2007; Gertsch et al., 2010). Largely
unanswered questions concern the overall
response of shallow shelf environments to oce-
anic anoxia. Did the low oxygen water mass reach
into inner ramp and coastal environments? If so,
what was the timing? What were the biotic
effects? At what rate did OM accumulate? Is the
absence of black shale a matter of dilution by
terrigenous influx or preservation? Investigation
of shallow neritic and coastal sections can
provide some answers to these questions.

This study focuses on shallow neritic sections
of western Morocco and deeper shelf sections
of the Tarfaya Basin in order to evaluate and
compare the middle and late Cenomanian anoxic
events. It is hypothesized that OAE2 reached into
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very shallow waters, but that the effects were
mitigated by oxygen uptake in surface waters such
that the water column never reached the oxygen
depletion of deeper shelf or basin environments.
In addition, the signal was lessened probably by
high terrigenous influx and generally poor OM
preservation. If this hypothesis is correct, then the
sea water composition in shallow neritic environ-
ments should retain the d13C signal that is char-
acteristic ocean-wide, even though other factors
(for example, biotic effects and TOC) may vary.

The shallow-water coastal section at Azazoul
north of Agadir, Morocco, and the deeper shelf/
basin section at Mohammed Beach in the Tarfaya
Basin of southern Morocco (Fig. 1A) were
selected to test this hypothesis. Investigations
concentrate on: (i) stable isotopes (d13C) to eval-
uate the shallow-water response in relation to
global oceanic productivity; (ii) mineralogy and
sedimentology to evaluate the depositional
environment and climate evolution; (iii) OM
and phosphorus contents to glean information
on primary productivity; (iv) faunal turnovers to
evaluate the biotic response to anoxia and envi-
ronmental stress; and (v) biostratigraphy and age
control.

GEOLOGICAL SETTING AND LOCATION

The Azazoul section is exposed in two segments
separated by a 5 to 10 m landslide along the coast
about 20 km north of Agadir (Fig. 1A). The lower
middle Cenomanian segment crops out along the
Agadir to Essaouira Road, whereas the upper
middle Cenomanian to Turonian segment crops
out along the nearby beach.

Palaeogeographically, the Azazoul section is
situated on the rim of the Agadir and Essaouira
Basins, which belong to the northern part of the
Tarfaya Basin. During the Cenomanian to early
Turonian, a large marine seaway marks the Aga-
dir Gulf between the Idrissides High and Anti-
Atlas chain (Fig. 1B), which represents the arm of
a failed rift of the North Atlantic rift system
(Luning et al., 2004). In the Agadir Gulf, sedi-
ments consist of organic-poor inner shelf depos-
its, including alternating marl-limestone layers
and oyster-rich limestone beds. Deposition varied
between inner to middle shelf environments
without significant upwelling (Behrens et al.,
1978; Wiedmann et al., 1978, 1982; Jati, 2007).

By contrast, the Mohammed Beach section
(Fig. 1A) is located in the widely studied Tarfaya
Basin to the south, which extends along the

southern coast of Morocco between 28�N and
24�N (Fig. 1A). Both MCE and OAE2 are present,
although only the OAE2 has been studied thor-
oughly. During the late Cenomanian and early
Turonian, OAE2 is characterized by thick units of
organic-rich marls with high TOC (11% to 18%)
and thin limestone layers (Kuhnt et al., 1997;
Kuypers et al., 2002; Gustafsson et al., 2003;
Luning et al., 2004; Kolonic et al., 2005; Kuhnt
et al., 2005; Keller et al., 2008; Mort et al., 2008).

METHODS

Sections were examined in the field for litholog-
ical changes, burrows, macrofossils, hardgrounds
and erosion surfaces, which were described,
measured and photographed. A total of 257

A

B

Fig. 1. (A) Geographical map of north-western Mor-
occo and locations of Azazoul and Mohammed Beach
sections (grey lines: roads). (B) Palaeogeographic map
of north-west Africa during the Cenomanian with the
position of Azazoul and Mohammed Beach sections
(modified from Luning et al., 2004).

1432 B. Gertsch et al.

� 2010 The Authors. Journal compilation � 2010 International Association of Sedimentologists, Sedimentology, 57, 1430–1462



samples were collected at an average interval of
25 cm for the Azazoul Beach outcrop and 104
samples for the road outcrop at intervals of about
10 cm. A further 120 samples were collected at
Mohammed Beach. In the laboratory, samples
were processed for foraminiferal analysis using
standard methods (Keller et al., 1995). Planktonic
foraminifera were analysed in the >63 lm size
fraction. Species identification follows that of
Sliter (1968), Robaszynski & Caron (1979), Caron
(1985) and Bolli et al. (1994).

Samples were processed for nannofossil analy-
sis using methods described in Tantawy (2003)
and Perch-Nielsen (1985). This study follows the
standard cosmopolitan zonations of Sissingh
(1977) and Perch-Nielsen (1985) and incorporates
additional bioevents from Bralower (1988) and
Burnett (1998).

Carbon and oxygen isotope analyses were car-
ried out on powdered bulk rock samples at the
stable isotope laboratories at the University of
Karlsruhe, Germany, using an Optima ratio mass
spectrometer (Micromass UK Limited, Manches-
ter, UK) equipped with an online carbonate
preparation line (Multi Carb; Micromass UK
Limited) with separate vials for each sample,
and at the University of Bern, Switzerland, using
a Finnigan Delta V Advantage mass spectrometer
equipped with an automated carbonate prepara-
tion (Gas-Bench II) (Thermo Fischer Scientific
AG, Reinach, Switzerland). The results were
calibrated to the Vienna Pee Dee Belemnite
(V-PDB) scale with standard errors of 0Æ05& for
d13C and of 0Æ1& for d18O.

Mineralogical, TOC and total phosphorus quan-
tification analyses were carried out at the Geo-
logical Institute of the University of Neuchâtel,
Switzerland. Bulk rock and clay mineral assem-
blages were analysed using X-ray diffraction
(Scintag XRD 2000 Diffractometer; Thermo-ARL,
Ecublens, Switzerland) based on procedures
described by Kübler (1983) and Adatte et al.
(1996). The semi-quantification of whole-rock
mineralogy is based on XRD patterns of random
powder samples by using external standards with
an error margin between 5% and 10% for the
phyllosilicates and 5% for grain minerals.

Clay mineral analysis follows the methods
developed by Kübler (1987) and Adatte et al.
(1996). The intensities of the identified minerals
are measured for a semi-quantitative estimate of
the proportion of clay minerals, which is there-
fore given in relative percent without correc-
tion factors, because of the small error margin
(<5%).

Total phosphorus quantification analysis was
performed on bulk rock samples, following the
procedure of Bodin et al. (2006) and Mort et al.
(2007). The concentration of PO4 in mg l)1 with
an estimated error margin of <5%, is obtained by
calibration with known standard solutions,
using a photospectrometer (Perkin Elmer UV/
Vis Photospectrometer Lambda 10; Perkin Elmer
AG, Scherzenbach, Switzerland). Rock-Eval 6
was performed to obtain oxygen and hydrogen
indices (OI and HI), mineral carbon (MinC) and
TOC based on methods by Espitalié et al. (1985)
and Behar et al. (2001). Measurements were
calibrated using the two standards IFP 160000
and VP143h.

LITHOLOGY

The Azazoul Road outcrop spans from the lower
Cenomanian to the base of the lower middle
Cenomanian. The Azazoul Beach outcrop encom-
passes the middle and upper Cenomanian to the
base of the Turonian. The basal 3Æ5 m of the
Azazoul Road outcrop consists of burrowed silty
and sandy shale layers with a 0Æ6 m thick lime-
stone and alternating shale and limestone layers
(Fig. 2). Above this interval are four oyster-rich
limestone beds (3Æ5 to 28Æ5 m) separated by
nodular laminated shale layers in the lower part
(Fig. 2A) and alternating shale and marly lime-
stone layers in the upper part. A 3 m thick dark
laminated shale overlies this interval and is
terminated by a landslide (Fig. 2B). The top part
of the section consists of alternating marly shale
and thin limestone layers (Fig. 2C).

The Azazoul Beach outcrop is separated from
the road outcrop by a 5 to 10 m landslide (Fig. 3A).
The lower part of the section (0 to 31Æ5 m) consists
of alternating shale and marly limestone layers
with thin oyster beds (Fig. 3B). Alternating marl
and shale layers (31Æ5 to 45Æ2 m) with rare nodules
terminate in a 0Æ5 m thick oyster bed. Above are
alternating marl and marly limestone beds with
ripples in the upper 2 m (46 to 55Æ6 m; Fig. 4A and
B). A shale interval (55Æ6 to 58Æ2 m) and alternating
marly shale and thin limestone layers (58Æ2 to
75 m; Fig. 4C) terminate at a 0Æ6 m thick burrowed
limestone with an erosional surface at the top
(Fig. 4D and E). Burrows are filled with oyster
shell fragments in a fine calcareous matrix origi-
nating from the overlying 10 to 20 cm thick layer
(75Æ5 to 76 m) (Fig. 4D and E). This layer shows a
grading with larger shell fragments at the bottom
and rare small shell fragments to the top. Above,
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A

B

C

Fig. 2. Lithological description of the Azazoul Road sections with illustrations. Two mid-Cenomanian events
MCE1a (17 to 21 m) and MCE1b (27Æ5 to 32 m) are recorded in this section. See key to lithology in Fig. 3. Hammer for
scale in (A) and (C) is 32 cm long. Person for scale in (B) is ca 1Æ8 m tall.
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A

B

C

Fig. 3. Lithological description of the Azazoul Beach outcrop with illustrations. Oceanic Anoxic Event 2 (OAE2)
spans 76 to 91 m, including the last two oyster beds and the lower part of the alternating marl-limestone layers above.
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A B

C D

E F

G H

Fig. 4. Characteristic features of the Azazoul Beach section keyed to the lithological column. (A) Alternating marl/
marly limestone beds of the middle part (15 to 55 m). (B) Rippled marly limestone beds (53 to 55 m; cm for scale). (C)
Interval across OAE2 (73 to 90 m). (D) Unconformity at the top of a bioturbated limestone with burrows infilled by
overlying gravity-flow deposit (75Æ4 to 76 m; hammer for scale is 32 cm long). (E) Contact between the bioturbated
limestone and oyster shell gravity flow (75Æ5 to 75Æ7 m; pencil for scale is 14 cm long). (F) Oyster limestone bed (76Æ2
to 79 m; hammer for scale). (G) Early Turonian laminated limestone rich in organic matter (102 to 102Æ5 m; hammer
for scale) (from Jati, 2007). (H) Turonian sequence (ca 100 m).
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two oyster-rich limestones (76 to 84Æ5 m) are
separated by a 1 m thick shale layer (Figs 3C and
4C, F). Rhythmically bedded thin shale and
limestone layers (84Æ5 to 93Æ7 m) and organic-rich
shale with siliceous nodules mark the top of the
outcrop below the landslide (Fig. 4G and H).

At Mohammed Beach deposition occurred in a
middle shelf environment of the Tarfaya Basin
(Kuhnt et al., 2005, 2009; Mort et al., 2008). The
section crops out in the cliffs near Tarfaya and
spans the middle Cenomanian to lower Turonian
(Fig. 5A). In the lower part of the section (0 to

A

B

C D

Fig. 5. Lithological description of the Mohammed Beach section with illustrations: (A) Cenomanian–Turonian
exposed in cliffs. (B) and (C) Lithological characteristics of OAE2, including alternating black shale, siltstone and
marly limestone layers. (D) Alternating nodular shale, bioturbated marly limestone and tempestites from the lower
part of the section. Hammer for scale is 32 cm long.
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5Æ25 m), 10 to 20 cm thick marly limestone layers
alternate with 20 to 70 cm thick marly shale and
siltstone layers with bioturbation. Tempestite
horizons are observed in the overlying shale and
limestone layers are bioturbated (5Æ25 to 8Æ0 m;
Fig. 5D). Between 8 and 24 m, black shale layers
alternate with marly bioturbated limestone and
siltstone layers (Fig. 5B and C). A unique 10 cm
thick chert layer occurs at 16Æ2 m (Fig. 5).

BIOSTRATIGRAPHY AND FAUNAL
TURNOVER

Planktonic foraminifera generally are rare,
although common in specific intervals of the Aza-
zoul section. Wherever present, 100 to 200 speci-
mens were counted. Nannofossil preservation and
abundance is also variable. Preservation is gener-
ally poor to moderate due to dissolution and calcite
overgrowth, as evidenced by high abundance
Watznaueria barnesae (>50%) (Roth & Krumbach,
1986). Abundance of nannoliths is low (£1 per field
of view), although preservation and abundance
improve in the upper part of the section.

Azazoul middle Cenomanian

Calcareous nannofossils and planktonic forami-
nifera are present sporadically in the relatively
deeper water shale intervals and mostly absent in
the oyster-rich limestones of the lower to middle
Cenomanian Azazoul Road outcrop. In the basal
silty-sandy shale layers and limestones (0 to 8 m),
planktonic foraminifera are absent and rare nanno-
fossils are restricted to the 2Æ5 m interval at the
base (Fig. 6). The first relatively diverse nanno-
fossil assemblage occurs in the laminated shale
interval between 8Æ4 and 11Æ5 m, where the first
appearance of Lithraphidites acutus at 10Æ5 m
tentatively marks the boundary between CC9c
and CC10a (Sissingh, 1977; Perch-Nielsen, 1985),
or UC2/UC3 of Burnett (1996, 1998). The over-
lying zone CC10a spans the remainder of the
Azazoul Road outcrop (10Æ5 to 42 m), as indicated
by the presence of Helena chiastia and co-occur-
rences of Axopodorhabdus albianus, Corollithion
kennedyi and L. acutus.

Small planktonic foraminifera first appear in
the bioturbated shale between 10 and 12 m, with
assemblages dominated by Hedbergella planispira,
Globigerinelloides ultramicra and Globigeri-
nelloides bentonensis, a few Praeglobotruncana
stephani and Heterohelix moremani, but no age
diagnostic index species (Fig. 6). Ostracods,

bivalves, oysters, bryozoa and low oxygen-tolerant
benthonic foraminifera are also present. A similarly
impoverished assemblage between 18Æ5 and 21 m
is dominated by G. ultramicra and rare nanno-
fossils. Very rare nannofossils and dwarfed (<63
lm) low oxygen-tolerant planktonic (H. moremani)
and benthonic (Gavelinella sandidgei, Neobuli-
mina albertensis and Pyraminida prolixa) forami-
nifera are present in the shale/limestone interval
(24 to 26 m). An oyster-rich limestone bed (at 29 m)
marks the end of this impoverished interval.

In the alternating thin shale/limestone layers
(29 to 32 m) above the oyster-rich limestone bed,
planktonic foraminiferal and nannofossil assem-
blages are more diverse (Fig. 6). Whiteinella
baltica first appears at the top of this interval,
consistent with the middle Cenomanian age
(CC10a) of the nannofossil assemblage. A land-
slide covers the next 5 m of the section. Above the
landslide, small planktonic foraminifera are
common to abundant and more diverse (for
example, H. moremani, Guembelitria cenomana,
W. baltica, Hedbergella delrioensi and Clavihed-
bergella simplex). The first appearance of the
deeper dwelling Rotalipora cushmani in this
interval reflects the sea-level rise, rather than its
evolutionary appearance. Hence, the Rotalipora
reicheli/R. cushmani zone boundary is placed
tentatively in the alternating marl/shale interval
below the first appearance of R. cushmani. The
lower part of the section is within the R. reicheli
biozone, although the index species is not
observed due to the shallow environment. This
biozone spans the nannofossil CC9c/CC10a
boundary (Bralower et al., 1995; Burnett, 1998;
Rodriguez-Lazaro et al., 1998). For this reason,
the base of the R. reicheli zone is placed tenta-
tively below the first major oyster bed (Fig. 6). It is
generally observed that the two MCE d13C events
1a and 1b fall within the R. reicheli planktonic
foraminiferal zone and the CC9c/CC10a nanno-
fossil zone (Burnett, 1998; Rodriguez-Lazaro
et al., 1998). By contrast, Luciani & Cobianchi
(1999) and Coccioni & Galeotti (2003) placed the
MCE events within the R. cushmani zone in Italy.
This discrepancy can be explained by the spo-
radic presence of L. acutus and local conditions in
Italy, as suggested by Luciani & Cobianchi (1999).

Azazoul upper Cenomanian

Vegetation covers a 5 to 10 m interval separating
the road and beach outcrops of the Azazoul
section. The end of the middle Cenomanian
interval continues in the bottom part of the
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Azazoul Beach outcrop (0 to 30 m) and contains
sparse foraminiferal assemblages of H. delrioensis
and H. planispira (Fig. 7). Nannofossils are

abundant with sporadically high diversity (for
example, 8 to 9 m and 11 to 12 m). The boundary
between the middle and upper Cenomanian is

Fig. 8. d13C and d18O records of the shallow Azazoul sequence correlated with d13Corg from the deeper Mohammed
Beach sequence in the Tarfaya Basin.
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placed at the top of the marly limestone interval
(30Æ5 m), just below the first appearance of Prae-
globotruncana aumalensis and W. baltica in the
overlying marly shales (31Æ5 to 45 m).

Similar lithologies and impoverished nanno-
fossil and planktonic foraminiferal assemblages
continue into the upper Cenomanian (Fig. 7).
Shale and marly limestone layers span most
of the upper Cenomanian (31Æ5 to 76 m), which
is marked by an assemblage of Whiteinella
archeocretacea, R. cushmani, R. greenhornensis,
P. aumalensis, P. stephani and Dicarinella
algeriana. Nannofossil assemblages are character-
istic of zone CC10a. The prominent oyster-rich
limestones (76 to 84 m) generally contain no
microfossils. An unknown interval is missing at
the erosional unconformity between the lime-
stone and oyster-rich limestones (75Æ5 m).

Low-diversity small planktonic foraminifera
dominate (for example, G. cenomana, H. moremani
and H. planispira) above the last oyster bed (84Æ5
to 90 m) and a high abundance of the low oxygen-
tolerant Heterohelix species marks this interval
as OAE2 and the W. archeocretacea zone (Hetero-
helix sub-zone of Keller et al., 2001, 2008; Keller &
Pardo, 2004a). Low oxygen-tolerant benthonic
foraminifera dominate this interval (for example,
Coryphostoma plaitum, N. albertensis, Gavelinella
sandigei and P. prolixa; Fig. 7). Rotalipora cush-
mani is absent, making it difficult to place the top
of the R. cushmani zone. However, this species is
known to disappear in the trough between the two
d13C peaks (Keller et al., 2001; Keller & Pardo,
2004a), nearly coincident with the onset of abun-
dant Heterohelix, which places this boundary at
about 86 m. Increased diversity and abundance of
W. archeocretacea and decreased abundance of
low oxygen-tolerant benthonic species (90Æ5 to
93Æ5 m) occur above the Heterohelix sub-zone.

Nannofossil assemblages record the last occur-
rence (LO) of H. chiastia, the marker for the CC10a/
CC10b boundary at 92Æ3 m, A. albianus at 101 m
and C. kennedyi at 95Æ6 m. The simultaneous LOs
of A. albianus and H. chiastia are observed consis-
tently following the disappearance of C. kennedyi
(Bralower, 1988; Burnett, 1998; Tantawy, 2008).
However, in the Azazoul Beach section, C. kenne-
dyi seems to disappear above the LO of H. chiastia
(Fig. 7), which may be due to reworking or the
diachronous LO of this species as previously
observed in North Africa and Italy (Robaszynski
et al., 1990; Luciani & Cobianchi, 1999).

The Cenomanian–Turonian boundary is iden-
tified at 96 m by the first appearance of Quadrum
gartneri, which marks the base of CC11 (=UC7 of

Burnett, 1998). The stratigraphically consistent
first appearance of Q. gartneri near the C/T
boundary, as defined by ammonite stratigraphy,
and within the d13C plateau at Pueblo, Colorado
(USA), Eastbourne, England, Gubbio, Italy and
Tarfaya, Morocco, provides a reliable strati-
graphic marker for the C/T boundary and the
duration of OAE2 (Tsikos et al., 2004; Kennedy
et al., 2006). The planktonic foraminiferal index
species for the basal Turonian, Helvetoglobotrun-
cana helvetica, was not observed.

Mohammed Beach

At the Mohammed Beach section the R. reicheli,
R. cushmani and W. archeocretacea zones were
identified, as discussed in Kolonic et al. (2005),
Keller et al. (2008), Mort et al. (2008) and Kuhnt
et al. (2009). The R. reicheli biozone spans the
lower part of the section up to sample 52, the first
appearance of R. cushmani. The nannofossil

Fig. 9. Cross-plot of the d13C and the d18O values of
shale and limestone layers from Azazoul Road and
Azazoul Beach outcrops. Rare very low diagenetically
altered d13C and d18O values account for the low cor-
relation factor (R) despite the similar trends observed
throughout the section as seen in Fig. 8.
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boundary CC9/CC10 coincides with the first mid-
Cenomanian event (MCE1a) and the R. reicheli/
R. cushmani zone falls within the trough after the
second event, MCE1b (Mort et al., 2008). These
results are correlative with the Azazoul biostrati-
graphy (Fig. 8).

STABLE ISOTOPES

Primary isotopic signals may be altered by post-
depositional diagenetic alteration (for example,
dissolution, cementation and replacement reac-
tions) rendering them of limited use in palaeo-
environmental interpretations (Jenkyns et al.,
1994; Schrag et al., 1995). Oxygen isotopes are
more sensitive to diagenetic effects, which may
lead to significant lowering of d18O values due to
recrystallization and/or pore water influence
(Schrag et al., 1995). Carbon isotopic values are
less prone to alteration during diagenesis due to
the low carbon contents of pore waters, but shifts
can be important where organogenic carbon is
incorporated (Marshall, 1992). Shallow-water
carbonates are more likely to undergo diagenesis
as a result of meteoric-vadose diagenetic over-
printing. However, various studies have demon-
strated that the d13C records of Cretaceous
shallow-water sections with strong diagenetic
overprinting can be correlated with well-pre-
served deep-water sections (Jenkyns, 1991; Grot-
sch et al., 1998; Davey & Jenkyns, 1999;
Buonocunto et al., 2002; Parente et al., 2007).

A cross-plot of carbon and oxygen isotope values
of the Azazoul section shows no significant trend
(R2 = 0Æ24; Fig. 9). Most d18O and d13C values fall
in the range of )3Æ7& to )1Æ2& and )2& to 3Æ5&,
respectively, and no distinctive trends due to
limestone or shale lithologies are apparent (Fig. 9).
The relatively constant d18O values ()2Æ5&

to )1&) suggest only minor diagenetic overprint-
ing, except on rare single samples. Nevertheless,
carbon and oxygen isotope curves show parallel
trends, except for single peaks and short excur-
sions (Fig. 8), which apparently account for the
low R2. Therefore, oxygen isotopes are probably
affected by diagenesis, although general tempera-
ture trends may be preserved. Thus, oxygen
isotopes will not be discussed further.

Middle Cenomanian events MCE1a and
MCE1b

In the lower to middle Cenomanian of the Aza-
zoul section (0 to 16Æ5 m) few samples contained

sufficient carbonate for stable isotope analysis
and these show very low d13C ()0Æ6& to 0Æ6&)
values. A d13C excursion to 1Æ2& is restricted to a
1Æ5 m thick shale/marl interval (20 to 21Æ5 m)
between the 6 and 1Æ5 m thick oyster-rich
limestone beds below and above, respectively.
This d13C excursion probably marks the first mid-
Cenomanian event (MCE1a). In the oyster-rich
limestone above 22Æ5 m, a d13C value of 1&

suggests that the excursion persisted through this
interval.

The second mid-Cenomanian d13C excursion
(MCE1b) occurs in the alternating shale and marl
layers (29 to 32 m). In this interval, d13C values
increase gradually from )0Æ5& to 1Æ9& (Fig. 8).
The full excursion cannot be documented
because a landslide covers about 5 m of the
section that presumably details the nearly 3&

decline evident above the landslide.
At the Mohammed Beach section, the high

organic content in the middle and upper Ceno-
manian rocks necessitated analysis of organic
carbon isotopes. In the middle Cenomanian,
d13Corg values increased from )27Æ8& to )27Æ4&

and remained steady up to 3Æ2 m (Fig. 8). This
interval marks MCE1a. A second d13Corg excur-
sion, which marks MCE1b, begins with a gradual
increase at 5 m, reaches a maximum of )26Æ5&,
and is followed by a decrease to minimum values
at 8 m ()28Æ8&; Fig. 8).

Late Cenomanian OAE2

At Azazoul Beach, d13C trends show small fluc-
tuations between 0 and 75 m with gradually
decreasing values in d13C in the last 5 m. d13C
reaches a minimum just below the erosional
unconformity at the base of the limestone (Fig. 8).
Excluding the anomalous peak value at the
unconformity, d13C values increase gradually
from 1Æ2& to 3& through the oyster-rich lime-
stone (75Æ5 to 84 m) and reach the first OAE2
excursion maximum of 3Æ4& at the base of
the alternating shale/limestone interval (84Æ5 m).
A drop in d13C values to 2Æ1&to 2Æ5& (85Æ5 to
86Æ5 m) forms a short trough, overlain by an
abrupt shift to 3Æ7&, which marks the onset of the
second OAE2 d13C excursion. High d13C values
persist between 86Æ5 and 88Æ5 m, after which d13C
values decrease gradually to around 2& across
the C/T boundary. At the top of the section, a
drop in d18O and d13C values in the marly
limestone is probably due to diagenetic effects
and/or enriched OM in the laminated shale of the
lower Turonian.
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At Mohammed Beach the drop in d13Corg values
above MCE1b is overlain by a gradual increase to
plateau around MCE values, as also observed at

Azazoul Beach. Above this increase, d13Corg val-
ues remain relatively steady up to the OAE2
carbon isotope excursion, which is marked by a

Fig. 10. Bulk rock analysis of the Azazoul section. Grey lines mark three-point moving average for calcite, phyl-
losilicates and unquantified. Oyster beds are dominated by high calcite and high detrital influx. Unquantified
minerals include a non-identified group of organic material and poorly crystallized minerals.
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sudden shift to peak values of )24Æ7& (20Æ5 m;
Fig. 8). Lower values ()25Æ8&, 21Æ5 m) form a
trough with a second peak of )24Æ9& (22 m) and
high d13Corg values persist to the top of the section.

MINERALOGY

Bulk mineralogy

Azazoul section
Calcite, quartz and phyllosilicates dominate
the Azazoul section, although values are highly

variable and reflect the alternating shale/lime-
stone layers, oyster beds and marly limestones. In
the lower to middle Azazoul Road outcrop calcite
dominates in the marl/limestone intervals (40%
to 70%) and oyster beds (70% to 90%) with lower
values in shale, whereas phyllosilicates show
the opposite pattern with high values in shale
(Fig. 10). Quartz content is the highest for the
section at the base (35%), about 15% to 20% in
shale and <5% in limestone and oyster beds.
K-feldspars are variably present (0% to 2%),
ankerite is restricted to three shale layers and
plagioclase is rare with peaks in the basal part (up

Fig. 11. Bulk rock analysis of the Mohammed Beach section. Grey lines mark three-point moving average for calcite,
quartz, phyllosilicate and detrital index. Calcite increases steadily upsection, whereas detrital minerals (quartz,
phyllosilicate, plagioclases and K-feldspar) decrease, reflecting a change from detrital to carbonate-dominated
sedimentation.
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to 5%) (Fig. 10). The detritus/calcite (D/C =
(quartz + phyllosilicates + K-feldspars + Na-pla-
gioclase)/calcite) index reflects the low detrital
influx at times of oyster deposition and high
influx during shale deposition.

At Azazoul Beach calcite dominates limestones
and oyster beds (90%) but shows lower values in
shale layers, which are dominated by phyllosili-
cates (Fig. 10). Quartz content is significantly
lower (<5%) than in the underlying middle

Fig. 12. Clay mineralogical analysis of the Azazoul section. Dominant kaolinite content marks humid conditions up
to 29 m at the Azazoul Road outcrop. Dominant smectite suggests dry and seasonally contrasted conditions in the
upper Azazoul section but interrupted by locally humid conditions, as indicated by high kaolinite contents (Azazoul
Beach: 4 to 10 m and 75 to 84 m).

1446 B. Gertsch et al.

� 2010 The Authors. Journal compilation � 2010 International Association of Sedimentologists, Sedimentology, 57, 1430–1462



Cenomanian, except for the shale at the base of
the section (55 to 60 m) and shale layers associ-
ated with the OAE2 excursion (Fig. 10). Scattered
plagioclase and K-feldspar peaks appear in the
upper part of the section (55 to 100 m). Compared
with the middle Cenomanian, ankerite is high,
but variable in shale layers and low in the
carbonate-rich intervals. The detritus/calcite
values continue the trend of the underlying road
section with higher ratios (0Æ5 to 2) in the marl/
shale layers, and low ratios in limestone and
oyster beds (<0Æ1).

Mohammed Beach section
Bulk rock minerals at Mohammed Beach are less
variable than at Azazoul. Calcite is the dominant
mineral and varies between 60% and 95%
throughout most of the section, but concentra-
tions are sporadic with low values near the base
(0 to 1, 2 to 3 and 3Æ5 to 8Æ5 m), where quartz
reached 50%, K-feldspar 15% and unquantified
minerals 40 to 50% (Fig. 11). Quartz decreases
steadily upsection to <5%, K-feldspar is absent
but reappears below the OAE2 excursion, and the
unquantified content varies between 0% and
30%. Phyllosilicate content is low and decreasing
steadily upsection from 15% to 20% to <5% at
the top. Plagioclase is absent, except for some
isolated peaks. Ankerite content is <3% in the
lower part of the section and nearly absent
upsection. Isolated occurrences of late diagenetic
gypsum are present near the top of the section
and in the lower part. The detrital index is the
highest and most variable (0Æ1 to 10; average of 1)
in the lower part of the section (0 to 8 m) and
decreases steadily upsection.

Clay mineralogy

Azazoul section
Clay assemblages consist of kaolinite, chlorite,
smectite, illite and illite–smectite (IS) mixed
layers. At the Azazoul Road outcrop (Fig. 12),
kaolinite dominates the lower part of the section
(0 to 28Æ5 m; 60% to 90%), except for lower
values (30% to 40%) in shale, marl and marly
limestone intervals where smectite is the main
clay mineral (50% to 80%). Kaolinite is nearly
absent in the shale below the landslide. Smectite
also dominates the upper part (30 to 42 m). Illite
and IS mixed layers show similar patterns with
steady, low values throughout the lower part of
the section, increasing only in the shale (28Æ5 to
30 m, 40% to 80%) and gradually returning to
lower values at the top (Fig. 12). Chlorite shows

sparse peaks (up to 14%) throughout the road
outcrop. The kaolinite/smectite ratio is a humid-
ity index (Chamley, 1989; Pardo et al., 1999;
Adatte et al., 2002), which shows high ratios (1
to 20) in the lower 28Æ5 m of the section and lower
ratios (0Æ1 to 1) in the upper part (28Æ5 to 42 m).

At the Azazoul Beach outcrop (Fig. 12), smec-
tite is the main clay mineral (80% to 90%),
except in oyster beds and marly limestones
(26Æ5 to 31Æ5 m) where kaolinite dominates (50%
to 90%). Transitions between smectite-domi-
nated to kaolinite-dominated intervals are grad-
ual over 1 to 2 m. Chlorite and palygorskite
show scattered peaks up to 8%. Illite and IS
mixed layers show similar trends with generally
low values, except in some intervals (11 to
31Æ5 m, 46 to 55Æ5 m; 62 to 71 m) where values
can reach 55% and 20%, respectively. The
kaolinite/smectite ratio is low, but variable, for
most of the section (0 to 74 m) with maximum
values (1 to 100) in two large oyster beds (76 to
79 m and 80 to 84Æ5 m, Fig. 12). Above the
oyster beds values decrease gradually to a
steady 0Æ8 ratio.

Mohammed Beach
Clay mineral assemblages at Mohammed Beach
consist mainly of smectite, IS mixed layers, kaol-
inite and illite, with chlorite only as a minor
component (Fig. 13). The lower part of the section
(0 to 4Æ5 m) is dominated by illite (20% to 70%) and
kaolinite (10% to 50%), with minor chlorite (2% to
7%), smectite (<35%) and IS mixed layers (<5%).
Between 4Æ5 and 8Æ0 m smectite increases gradu-
ally to 80% as illite decreases to 10% and kaolinite
disappears. Between 8Æ0 and 18Æ0 m, smectite and
illite are highly variable at lithological changes,
with smectite decreasing gradually to 5% and illite
increasing (Fig. 13). In the top part of the section
(18 to 24 m), smectite remains low but variable,
whereas illite increases only near the top (22 to
24 m). The low smectite and illite values are
accompanied by high IS mixed layer components
(Fig. 13) but, for most of the section, IS mixed
layers remain low (<20%, Fig. 13).

ORGANIC CARBON AND PHOSPHORUS

Organic carbon

Rock-Eval pyrolysis data from the upper part of
the Azazoul section indicate very low average
TOC values (0% to 0Æ3%), but reach 0Æ6% and 1%
in the last two samples at the top of the section
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(Fig. 14). Total organic carbon values are at a
minimum in the oyster-rich limestone. The origin

and maturity of the OM can be deduced by
pyrolytic measurements (Espitalié et al., 1985;

Fig. 13. Clay mineralogical analysis of the Mohammed Beach section. Dominant kaolinite at the bottom of the
section marks humid conditions. Dominant smectite and illite in the rest of the section suggest dry and seasonally
contrasted conditions.
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Behar et al., 2001). Determination of the HI and
OI allows the characterization of the type of OM.
At Azazoul Beach, OM is mainly altered (type IV;
Fig. 14). High OI values (>300 CO2 per g TOC)
and low HI (100 to 150 mg HC per g TOC) values
reflect significant alteration and oxidation of OM.
Few samples contain terrestrial OM (OI < 300
CO2 per g TOC and HI between 100 and 150 mg
HC per g TOC). The last two samples of the
Azazoul section indicate organic matter of marine
origin (OM type II) with a high hydrogen index
and low oxygen index. (Fig. 14).

At Mohammed Beach, OM preservation is good
and of marine origin. Total organic carbon con-
tents vary between 1% and 5% in the lower part
of the section (0 to 8Æ5 m), whereas HI varies
between 220 and 700 mg HC per g TOC (Fig. 15).
Between 8Æ5 and 21 m, TOC remains between 2%
and 8% up to the onset of the d13C shift (average:
5%) and HI values stabilize around 700 mg HC
per g TOC. The uppermost part of the section (21
to 24 m) shows the highest values (6% to 10%),
while HI values are scattered (400 to 750 mg HC
per g TOC) and average 600 mg HC per g TOC.

Total phosphorus concentration

Total phosphorus (P) concentrations show values
from 100 to 1700 p.p.m. for the Azazoul Road and
Azazoul Beach outcrops (Fig. 15). In the lower to
middle Cenomanian road outcrop, P concentra-
tions are low and constant (100 to 500 p.p.m.),
except in five levels with isolated peaks at litho-

logical boundaries. In the middle to upper Ceno-
manian beach outcrop, a similar pattern is repeated
with single peak high values coinciding with
lithological boundaries. These anomalous peaks
most likely mark reworking and concentration of P.

At Mohammed Beach, total P was analysed
from 2 m below the d13C excursion to the top of
the section (Fig. 15). Below the d13C excursion,
total P concentrations are variable but usually
high (up to 1400 p.p.m.). During the d13C excur-
sion total P concentrations remain low.

DISCUSSION

Sea-level

Sea-level fluctuations in the Azazoul section can
be inferred from lithological changes (oysters and
marl-limestone alternations) and the foramini-
feral record. Oyster beds consist of 1 to 5 m thick
biostromes and extend laterally over several
hundreds of metres. Cenomanian strata of Mor-
occo (Andreu, 1989), Sinai (Bauer et al., 2001;
Gertsch et al., 2010) and Jordan (Schulze et al.,
2003, 2004, 2005) are marked by the presence of
extensive oyster biostromes, which formed a
specific facies in the Tethys and North Africa
(Dhondt et al., 1999).

High energy, shallow and faunally restricted
environments with low salinity, mesotrophic
nutrient level and a turbid water column are
characteristic palaeoenvironmental conditions for
oyster build-ups (Glenn & Arthur, 1990; Pufahl &
James, 2006). These conditions are encountered
in shallow sub-tidal (<20 m) and estuarine envi-
ronments (Trappe, 1992; Dhondt et al., 1999;
Pufahl & James, 2006), such as the Atlas Gulf,
where Azazoul was located during the Cenoma-
nian. Thus, the frequent oyster-rich limestones in
the early and middle Cenomanian indicate
sub-tidal environments alternating with drown-
ing of oyster biostromes marked by the influx of
low-diversity planktonic foraminiferal and nan-
nofossil assemblages. This effect is also indicated
by the high abundance of low oxygen-tolerant
benthonic foraminifera in shale layers, dominated
by C. plaitum, G. sandidgei and N. albertensis
in the shale layers but absence in oyster-rich
limestones (Fig. 6).

The Cenomanian to early Turonian is charac-
terized by a major global transgression (Haq et al.,
1987; Gale et al., 2008; Müller et al., 2008)
superimposed by fluctuating sea-levels (Sageman
et al., 2006; Sahagian et al., 1996; Gale et al.,

Fig. 14. Oxygen index (OI) versus hydrogen index (HI)
diagram of organic matter (OM) in the Azazoul section
shows that organic matter consists mostly of altered
and terrestrial origins, except for two samples that
indicate a marine origin.

MCE and OAE2 in shallow and deeper water environments 1449

� 2010 The Authors. Journal compilation � 2010 International Association of Sedimentologists, Sedimentology, 57, 1430–1462



Fig. 15. Phosphorus concentrations of the Azazoul section compared with phosphorus (P), total organic carbon
(TOC) and hydrogen index (HI) at Mohammed Beach.
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2002, 2008). During the early Cenomanian, sea-
level steadily increased followed by a major
sea-level fall at the early/middle Cenomanian
boundary (MCE1a) and a rapid sea-level rise (Gale
et al., 2002, 2008). Similar sea-level trends can be
observed at Azazoul during the early to middle
Cenomanian, including low-amplitude, short-
term sea-level falls leading to oyster deposition
(Fig. 6).

During the late Cenomanian, this major sea-
level rise is observed at Mohammed Beach by
decreasing detrital influx and increasing HI
values (Figs 11 and 15). However, the Morocco
record also shows several short, low-amplitude
sea-level changes, which are not all recognized in
the global eustatic sea-level curve (Hardenbol
et al., 1998; Gale et al., 2002, 2008) (Fig. 7). The
most noticeable sea-level fall is observed in both
Azazoul and Mohammed Beach sections prior to
OAE2. A small tempestite or gravity-flow marks
the sea-level low at Azazoul. The tempestite
contains reworked oyster shells from sub-tidal
to inner neritic environments and is correlative
with the abrupt d13C change in the condensed
interval below OAE2 at Mohammed Beach.
This sea-level fall is also recorded in shallow
sequences of Central Europe with an estimated 5
to 10 m decrease prior to OAE2 (Gale et al., 2002;
Wilmsen, 2003; Voigt et al., 2006).

Palaeoclimate

The formation of clay minerals in terrestrial soils
depends on the type of rocks and climatic condi-
tions. Kaolinite and smectite are the major clay
components. Kaolinite forms under humid condi-
tions in equatorial soils, whereas smectite forms by
alteration of basalts, or in tropical soils under dry,
seasonal climate conditions (Adatte & Rumley,
1989; Chamley, 1989; Chamley et al., 1990;
Deconinck & Chamley, 1995). Apart from climate,
the distribution of clay minerals is influenced by
authigenesis (Chamley, 1989; Kübler & Jaboyedoff,
2000) and the differential settling of kaolinite
versus smectite (Thiry, 2000; Godet et al., 2008).
Authigenesis, which refers to the recrystallization
of new minerals during diagenetic processes, is
generally associated with tectonic activity and/or
burial depth. In the Azazoul and Mohammed
Beach sections the weak tectonic activity and the
shallow burial depth eliminate authigenesis as a
significant factor.

Differential settling of clay minerals is caused
mainly by physical segregation of clay particles,
such as the smaller size of smectite relative to illite,

kaolinite and chlorite (Chamley, 1989). Thus,
larger clay particles (for example, illite, kaolinite
and chlorite) settle preferentially closer to the
coast and in platform environments, whereas
smectites are carried into basins or offshore. In
the marine clay record differential settling of clay
minerals is therefore defined by the positive
correlation between kaolinite, chlorite and illite
contents in the most proximal section (Chamley,
1989). Applying this concept, differential settling
can be evaluated based on clay mineral assem-
blages of the shallow-water Azazoul section. No
correlation between kaolinite, chlorite and illite
contents (R2

kaol-chlo = 0Æ005; R2
kaol-illite = 0Æ05;

R2
chlo-illite = 0Æ002) is observed, which therefore

indicates the absence of differential settling.
A similar lack of correlation was observed by

Godet et al. (2008) based on the Vocotian trough
during the Hauterivian with sections 500 km
apart. In this area, clay mineral assemblages show
no differential settling when a ramp is present,
but differential settling occurred in a rimmed
platform environment. This observation concurs
with the palaeoenvironmental conditions of the
Azazoul and Mohammed sections during the
Cenomanian. Indeed, deposition in the Azazoul
area occurred on a shallow ramp devoid of reef
barriers to trap larger clay particles (Behrens
et al., 1978), whereas the Mohammed Beach
section was deposited in the deeper Tarfaya
Basin about 500 km to the south.

Sea-level variations over longer time periods
during the Cretaceous were also postulated as a
major cause for high smectite abundance at times
of sea-level highstands and therefore due to
differential settling of clay particles (Chamley
et al., 1990; Deconinck & Chamley, 1995; El
Albani et al., 1999). However, this correlation is
not evident in Morocco (Chamley et al., 1990; El
Albani et al., 1999). During the Cenomanian to
early Turonian, smectite contents are constant
and long-scale sea-level varies only slightly
(Chamley et al., 1990).

Based on these observations, clay mineral
assemblages in shallow and deep depositional
environments at Azazoul and Mohammed Beach
are mostly the result of climate changes and can
therefore be used as a climate proxy. However,
caution is in order due to the slight differential
settling overprint as a result of sea-level fluctua-
tions.

At Azazoul Road, high kaolinite contents sug-
gest a predominantly humid climate at the time of
oyster limestone deposition during the early and
middle Cenomanian. This long trend in humid
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conditions is interrupted by a period of high
smectite indicative of dry and seasonal condi-
tions (Fig. 12). During MCE1b, smectite increases
and kaolinite decreases in a shale interval that
indicates an abrupt climate change to drier and
seasonal conditions (Fig. 12). During the middle
to upper Cenomanian at Azazoul Beach, smectite
predominates and is punctuated by short inter-
vals of very high kaolinite contents (>90%) that

suggest mostly dry seasonal conditions inter-
rupted by short periods of pronounced humidity
(Fig. 12). For example, high kaolinite contents
indicative of very humid conditions prevailed
during the first peak of the positive d13C charac-
teristic of the OAE2 and are followed by a rapid
change towards drier and more seasonal condi-
tions (dominant smectite and the presence of
palygorskyte; Fig. 12).

During the lower and middle Cenomanian at
Mohammed Beach, high kaolinite contents indi-
cate humid conditions up to MCE1a, correlative
with humid conditions at Azazoul to the north.
During the middle and upper Cenomanian, the
gradual transition to high smectite contents
indicates progressively drier and more seasonal
conditions between MCE1a and MCE1b (Fig. 13).
The relatively high IS mixed layer values in the
OAE2 interval may be due to the high OM
contents and alteration of smectite into IS mixed
layers (Chamley, 1989) (Fig. 13).

Palaeoclimate of the Agadir–Tarfaya area
Palaeoclimate inferred from clay mineralogy in
the Agadir–Tarfaya area is correlative during
the lower and middle Cenomanian. Both sec-
tions indicate humid conditions up to MCE1b,
followed by a drier seasonally contrasted climate
(Fig. 16A). After MCE1b up to the lower Turo-
nian, climate conditions decoupled between
Azazoul and Mohammed Beach with variably
humid conditions at Azazoul and a dry seasonal
climate at Mohammed Beach (Fig. 16B and C).
This decoupling is also observed in bulk rock
mineralogy with relatively higher detrital input
up to MCE1b at both locations (Figs 10 and 11).
From MCE1b up to the lower Turonian, a gradual
decrease in detrital input at Mohammed Beach is
the result of a drier seasonally contrasted climate
and a sea-level rise that led to carbonate-domi-
nated sedimentation (Fig. 11). At Azazoul, detri-
tal input is variable with high detrital influx
during humid periods, except in oyster-domi-
nated limestone beds (90% calcite). However, it is
likely that terrigenous run-off continued or was
even more important during the growth of oyster-
dominated limestone beds, which depends on
high nutrient influx derived largely from conti-
nental run-off (Pufahl & James, 2006; Gertsch
et al., 2010).

High variability in clay mineral assemblages
and detrital indices at Azazoul is due mainly to
its near-shore location (Fig. 1B) in the Agadir Gulf
next to the Atlas chain (Behrens et al., 1978;
Wiedmann et al., 1978). By contrast, Mohammed

A

B

C

Fig. 16. Palaeoclimatic evolution from the early
Cenomanian to early Turonian in the Agadir–Tarfaya
area. A humid climate belt marks this area from early
Cenomanian to MCE1a (A). A dry, seasonal climate belt
moved southward by MCE1b, leading to dry and sea-
sonally contrasted conditions in the Agadir–Tarfaya
area (B). Intermittent humid periods are caused by
stronger north-east trade winds bringing moisture from
the Tethys and leading to high precipitation on the
Atlas Gulf and Anti-Atlas (C).
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Beach was situated in the Tarfaya Basin off the
Morocco coast, where little or no relief was
present (Wiedmann et al., 1978). Azazoul clay
mineral assemblages were influenced highly by
climate variations due to changes in precipitation
and increased continental run-off. The maximum
decoupling is observed during OAE2 at Azazoul,
as indicated by nearly 100% kaolinite. By con-
trast, no change is observed at Mohammed Beach,
where kaolinite is absent.

Intertropical Convergence Zone and north-east
trade wind variations during the Cenomanian
The differences in climate signals and the decou-
pling inferred from clay mineral assemblages at
Azazoul and Mohammed Beach can be explained
by variations in north-east trade wind intensity
and latitudinal shifts of the Intertropical Conver-
gence Zone (ITCZ) across western Africa. The
ITCZ is defined as the dynamic boundary
between south-east and north-east trade winds
and is associated with a well-organized zonal
band of low pressure and high precipitation
that occurs predominantly over the ocean basin
(Peterson & Haug, 2006). Today, the ICTZ extends
over the Atlantic Ocean from South America to
the west coast of Africa with latitudinal seasonal
variations between 10�N and 20�N (July) and the
equator (January). The largest latitudinal fluctua-
tions occur on continents where the average
position of the ITCZ lies at 6�N (Pettke et al.,
2002; Friedrich et al., 2008).

Latitudinal position and variations are con-
trolled mainly by eccentricity, precession,
insolation and the percentage of continents per
hemisphere. These factors influence the cross-
equatorial gradient in sea surface temperatures,
which trigger the distribution of sea-level pres-
sure and winds (Nobre & Shukla, 1996; Chiang
et al., 2002). Over long periods (>1 Myr), changes
in eccentricity (2Æ4 Myr cycle) will result in
variations of latitudinal amplitude of the ITCZ.
High eccentricity will cause high latitudinal
variations of the ITCZ. Consequently, a large belt
across the equator will be affected by the ITCZ
over a year. The distribution of continents
on Earth influences the mean position of the
ITCZ, whereas precession acts on its short-term
variations. Today, for example, the northern
hemisphere contains 66% of the land on Earth
(Floegel, 2001), which therefore triggers a mean
position north of the equator (6�N).

During the Cenomanian to early Turonian the
Azazoul–Tarfaya area was located at a palaeo-
latitude of ca 10�N (Philip, 2003; Skelton et al.,

2003; Floegel & Wagner, 2006). Ocean tempera-
tures reached their maxima at the end of the
Cenomanian and show a low equator to pole
gradient (Pearson et al., 2001; Huber et al., 2002;
Norris et al., 2002). Continents were distributed
evenly (Floegel, 2001). Based on these con-
straints, climate and ITCZ variations first mod-
elled by Poulsen et al. (1999) suggest a mean
latitudinal position at 7Æ5�S (Floegel & Wagner,
2006). However, the northern ITCZ boundary
varies seasonally between 0�N and 15�N, whereas
the southern boundary varies between 15�S and
0�S. Very high precipitation is postulated in
tropical North Africa (Floegel & Wagner, 2006).
Model results for the Cenomanian climate on
land suggest tropical humid conditions
between 0�N and 10�N in western Africa (Fluteau
et al., 2007), which concur with worldwide field -
data summarized by Chumakov et al. (1995).
Major problems with these models arise from
the lack of climate variability and their rough
estimates for periods spanning several million
years.

At a similar palaeolatitude during the late
Cenomanian to early Turonian in the Sinai,
Egypt, Gertsch et al. (2010) recorded geochemical
and climate records in sediments that are similar
to Azazoul (for example, oyster biostromes, nod-
ular marls and shales; Fig. 17). In the Sinai,
humid conditions with high run-off and kaolinite
input in the ocean prevailed during the late
Cenomanian up to the first peak in d13C associ-
ated with OAE2; this is followed by drier and
more seasonal conditions (smectite dominated
and minor palygorskite) during the terminal
Cenomanian and early Turonian.

Based on modelling and sedimentological data,
the middle Cenomanian climate decoupling
(end of MCE1b) appears to have been triggered
by changes in eccentricity. At times of high
eccentricity the ITCZ was positioned on the
Agadir–Tarfaya area and therefore led to humid
conditions. After MCE1b, lower eccentricity led
to lower ITCZ amplitude variations and to sea-
sonal and dry conditions over the Agadir–Tarfaya
Basin. From MCE1b to the early Turonian, inter-
mittent humid periods in Agadir are probably
caused by stronger north-east trade winds, which
brought moisture from the Tethys. The Anti-Atlas
mountain range triggered abundant precipitations
during periods of high north-east trade wind
intensities. Therefore, very humid conditions
occurred on the Atlas Gulf, whereas dry and
seasonal conditions affected the Tarfaya Basin
due to the rain shadow effect.
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A

B

Fig. 17. (A) Palaeoclimate correlation for the late Cenomanian to early Turonian between Egypt (Gertsch et al., 2010)
and the Azazoul section of Morocco. Both sections reveal rapid climate change from humid to dry seasonally
contrasted conditions near the end of the Cenomanian and into the early Turonian. (B) Palaeomap of the late
Cenomanian with present-day latitudes and palaeolatitudes and palaeolongitudes during the late Cenomanian (white
lines) (modified from Philip, 2003). Note that the Azazoul and Egypt sections are within the same palaeolatitude belt
and experienced similar climate shifts.
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During OAE2, Floegel & Wagner (2006) suggest
that an importation of humidity from south to
north may have been the ultimate cause of black
shale formation. This study also shows that
climate change with high precipitation and run-
off in tropical zones during the late Cenomanian
was probably a major factor in black shale
formation associated with the OAEs. At a global
scale, this period of very humid conditions in the
tropics during OAE2 correlates with the ‘Plenus
Cold Event’ in the English Chalk (Pearce et al.,
2009). Kuhnt et al. (2009) suggest that eccentric-
ity minima during periods of low variability in
obliquity triggered a glacioeustatic lowstand prior
to and at the onset of MCE and OAE2 events, but
the glaciation hypothesis remains controversial as
shown by new isotopic results from Blake Nose
(Ando et al., 2009). Therefore, global climate
change induced by eccentricity cycles is probably
an important factor for the OAE2 formation.

Mid-Cenomanian events

The middle Cenomanian events, MCE1a and
MCE1b (MCE2 of Rodriguez-Lazaro et al., 1998)
are documented from sections in England, Italy,
Spain and western USA where they occur in the
lower part of the middle Cenomanian as two
relatively closely spaced d13C excursions (Paul

et al., 1994; Rodriguez-Lazaro et al., 1998; Cocci-
oni & Galeotti, 2003; Jarvis et al., 2006; Gale et al.,
2008). In the Dover section, England, carbon
isotope values increased sharply by 0Æ5& to reach
the first positive excursion at 2Æ3& (MCE1a),
followed by a rapid fall to form a trough at 2Æ1&

(Jarvis et al., 2006). A 0Æ8& increase in d13C
values to reach 2Æ9& corresponds to the second
peak (MCE1b).

The two d13C excursions in the lower middle
Cenomanian of the Azazoul and Mohammed
Beach sections corroborate these observations.
At Azazoul, oyster deposition prevents full char-
acterization of MCE1a, although a 1& excursion
is observed in the overlying shale (Fig. 18).
MCE1b also follows oyster deposition, but the
uppermost part of this excursion (ca 5 m) is
covered by a landslide. At Mohammed Beach,
MCE1a is marked by scattered high d13Corg values,
whereas MCE1b marks a broad area of elevated
values. The slight differences between the
Mohammed Beach and Azazoul sections are
probably due to diagenetic or preservation effects,
and/or differences in the excursions of the d13Corg

and d13Ccarb data for the MCE events, respec-
tively. In comparison with the d13C curve from
the English Chalk (Jarvis et al., 2006), the Azazoul
MCE1a and MCE1b are about 1& lower. This
difference may be due to the shallower deposi-

Fig. 18. d13C correlation between the two mid-Cenomanian events, MCE1a and MCE1b, of the English chalk com-
posite curve (from Jarvis et al., 2006), Mohammed Beach and Azazoul sections of Morocco (this study).
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tional environment at Azazoul (<50 m) when
compared with the English Chalk (50 to 100 m).

Late Cenomanian OAE2

The late Cenomanian OAE2 carbon isotope record
is well-known from deep-sea sections globally but
relatively unknown from shallow-water environ-
ments. However, in the peri-Adriatic (Croatia),
Portugal, Italy, Mexico and south-central Pyre-
nean (Spain) platforms the OAE2 d13C excursion
was observed to be comparable with deep-water
sections (Drzewiecky & Simo, 1997; Davey &
Jenkyns, 1999; Parente et al., 2007; Hart et al.,
2008; Elrick et al., 2009). Recent studies in the
Sinai observed the OAE2 excursion in shallow
inner neritic environments where rare black shale
deposition occurred (Gertsch et al., 2010).

Regardless of the environment of deposition,
the OAE2 d13C positive excursion shows charac-
teristics similar to the global boundary stratotype
section and point (GSSP) section at Pueblo (Keller
et al., 2004; Sageman et al., 2006), including: (i)
the rapid increase in carbon isotope values to the
first peak; (ii) a short decrease of about 0Æ6&

forming a trough; (iii) a rapid increase forming the
second peak; and (iv) the prolonged plateau.
These features are well-represented in the upper
part of the Azazoul and Mohammed Beach
sections (Fig. 8) and confirm the wide extent of
the d13C signal.

Carbon and organic carbon isotope stratigraphy
allows correlation of the Azazoul and Mohammed
Beach sections with other coeval sedimentary
successions globally. The magnitude of the OAE2

carbon excursion at Azazoul is comparable with
the GSSP section at Pueblo, Colorado (about
2Æ2&) but lower than at Eastbourne, England
(Paul et al., 1999; Jarvis et al., 2006), and in
Tarfaya [e.g. S75 (2Æ5&), S57 (3Æ8&) and Tazra
(3&), Fig. 19]. At Mohammed Beach, the OAE2
interval shows a similar d13Corg increase (4&) as
at Tarfaya (Fig. 19), but the presence of a
condensed interval or hiatus is indicated by the
sudden d13C shift.

Phosphorus concentrations and d13C trends
show decreasing P concentrations during the
gradual increase in d13C to the first peak of the
OAE2 d13C excursion at Azazoul and Mohammed
Beach (Fig. 15). The P concentrations remain low
and reach their lowest values at the end of
the d13C plateau. Similar P concentrations were
observed previously by Mort et al. (2007, 2008),
who also noticed a decoupling of the phosphorus
and carbon cycles, supporting P regeneration and
sustained productivity during OAE2. The latter is
less evident at Azazoul, perhaps because of
deposition in more oxic shallow water and oyster
growth that does not record P concentrations in
the same way as limestone or shale.

Delayed anoxia in shallow shelf environments

The faunal and floral turnovers of the middle and
late Cenomanian have been described widely
from shelf and deeper water sections, such as in
Colorado (Keller & Pardo, 2004a; Keller et al.,
2004), England (Keller et al., 2001), Italy (Luciani
& Cobianchi, 1999; Mort et al., 2007), Tunisia
(Caron et al., 2006) and the Tarfaya Basin of

Fig. 19. d13Ccarb and d13Corg correlation of late Cenomanian OAE2 excursion in the Tarfaya Basin (S75, S57, Tazra
and Mohammed Beach) and Agadir Basin (Azazoul section).
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Morocco (Kuhnt et al., 1997; Kolonic et al., 2005;
Keller et al., 2008). Although biotic changes in
very shallow-water sections, such as Azazoul, are
more difficult to quantify due to the sporadic
occurrence of marine microfossils and rarity or
absence of age diagnostic species, some environ-
mental inferences can be drawn. A key feature of
the shallow-water Azazoul sedimentary succes-
sion is the presence of oyster-rich limestone beds
during the middle and late Cenomanian, which
indicate shallow sub-tidal to estuarine environ-
ments and tolerate a wide range of environmental
conditions (see Sea-level section above; Gertsch
et al., 2010).

Benthonic foraminiferal assemblages are rare in
sub-tidal environments but increase in inner
neritic settings. At Azazoul, benthonic abun-
dance and diversity increases across and above
the OAE2 d13C excursion, correlative with the
sea-level rise and species assemblages, which
consist mainly of abundant low oxygen-tolerant
species (for example, C. plaitum, G. sandidgei,
N. albertensis and P. prolixa, Figs 6 and 7); this
suggests dysoxic bottom waters. By contrast,
benthonic foraminifera in deeper marine environ-
ments are generally absent due to anoxic bottom
waters (Keller et al., 2001, 2004; Keller & Pardo,
2004a; Wagner et al., 2004; Kuhnt et al., 2005).

Planktonic foraminifera are rare in shallow shelf
(sub-tidal and inner neritic) environments but
allow correlation with the sea-level rise across the
d13C excursion (Fig. 7). Assemblages are domi-
nated by H. planispira and H. delrioensis, which
are tolerant of reduced salinity in the shallow-
water Pueblo section (Keller & Pardo, 2004b).
Similarly, nannofossils Broinsonia spp. (B. sig-
nata and B. matalosa) are tolerant of reduced
salinity (Roth & Krumbach, 1986; Bralower, 1988;
Paul et al., 1994, 1999). During the sea-level
rise and d13C excursion more diverse assem-
blages appeared, including low oxygen-tolerant
Heterohelix and Whiteneinella species (W. arche-
ocretacea and W. brittonensis), suggesting a
well-stratified ocean and high surface fertility;
this is also indicated by the presence of common
Zeugrhabdotus spp., an indicator for high surface
water fertility (Roth & Krumbach, 1986; Shafik,
1990; Watkins et al., 1996; Premoli Silva et al.,
1999; Lees, 2002). Dysoxic conditions prevailed
into the lower Turonian laminated black shale
interval, as indicated by G. cenomana, Hedber-
gella spp. and Heterohelix spp. (Jati, 2007).

Cenomanian sediments contain OM of both
terrestrial and marine origin as a result of weak
dysoxia in a marginal shelf setting and high

continental run-off during humid periods.
Rock-Eval data also suggest that some of the
marine-sourced OM is altered. During the lower
Turonian, increasingly laminated sediments with
marine OM (Jati, 2007) mark the onset of anoxic
conditions as sea-level rises to middle neritic
depths.

Organic matter preservation, shallow-water
planktonic and benthonic foraminifera and nanno-
fossil assemblages indicate dysoxic, brackish
and mesotrophic conditions during the OAE2 at
Azazoul. Anoxic marine conditions were not
reached until the lower Turonian, suggesting a
delay in anoxia in these shallow marginal envi-
ronments, as also observed by lower Turonian
altered laminated shale in the Sinai (Gertsch
et al., 2010) and in the Western Interior Sea
(Leckie et al., 1998). By contrast, OAE2 is associ-
ated with anoxic conditions and better organic
carbon preservation in outer shelf and deeper
basin environments like Mohammed Beach in the
Tarfaya Basin.

CONCLUSIONS

• Middle Cenomanian events 1a and 1b
(MCE1a and MCE1b) and late Cenomanian oce-
anic anoxic event 2 (OAE2) in the Agadir–Tarfaya
area of Morocco are recorded globally in d13C
excursions from inner neritic (Agadir and Aza-
zoul) to open marine environments (Tarfaya).

• Sub-tidal to inner neritic environments
during MCE and OAE2 events (at Azazoul) are
characterized by dysoxic, brackish and meso-
trophic conditions, as indicated by planktonic
and benthonic foraminifera, nannofossil and
macrofossil (for example, oysters) assemblages.

• Anoxic bottom conditions (laminated black
shale deposition) are restricted to deeper waters
(middle neritic and deeper) associated with the
maximum sea-level rise during the early Turo-
nian (Azazoul). In contrast to the latest Cenoma-
nian anoxia in deeper environments, this
indicates a delay in shallow-water sequences
until a critical water depth is reached.

• Sea-level changes inferred from lithology,
microfossils and macrofossils at Azazoul reveal
low-amplitude short-term sea-level falls super-
imposed on the major well-known sea-level
variations.

• Palaeoclimate evolution of the Agadir–
Tarfaya area reveals climate decoupling in the
middle Cenomanian (after MCE1b), which
appears to be related to the southward shift of
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the Intertropical Convergence Zone that was
triggered probably by changes in eccentricity.
This effect is indicated by constant dry seasonal
conditions in the Tarfaya Basin, and alternating
humid and dry seasonal conditions at Agadir,
probably as a result of short-term changes in
north-east trade wind intensity and moisture
input from the Tethys.

• Humid conditions prevailed at Agadir during
the onset of OAE2, followed by drier and more
seasonal conditions. Similar climate trends were
observed in similar palaeoenvironments at the
same palaeolatitude in Egypt (Gertsch et al.,
2010), which suggests that climate change was a
critical factor in the formation of OAE2 and black
shale deposition.
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