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Paleoceanographic conditions across the Valanginian Weissert oceanic anoxic event were reconstructed for the
first time on the central Moroccan margin from a quantitative-based calcareous nannofossil study. Two onshore
successions in the Essaouira-Agadir Basin and one offshore from DSDP Hole 416A were studied, providing a
proximal-distal transect on the central Moroccan margin. The paleoceanographic conditions were reconstructed
in an accurate chronostratigraphic framework. The sedimentary evolution of the Essaouira-Agadir Basin shows
that sea-level variations controlled the paleogeographic context, clastic input, and nutrient availability. A thick
photic zone and mesotrophic conditions favored the development of a diverse nannofossil community before the
Weissert Event in the early Valanginian. In all studied successions, a collapse of the nannofossil community was
recorded during the onset of the Weissert Event at the early-late Valanginian transition, and was caused by a
major sea-level fall. The nannofossil community gradually recovered and reached its highest nannofossil pro-
duction associated with high surface-water fertility during the Weissert Event in the late Valanginian. This
eutrophication is coeval with the high and stable 613Ccarb values of the carbon-isotope positive shift. After the
Weissert Event, surface-water fertility and nannofossil production decreased but remained higher than during the
early Valanginian. Additionally, the nannoconid decline started in the early Valanginian and was linked to a low
sea-level. Their recovery in the early late Valanginian occurred during conditions of high sea-level and of high
surface-water fertility. The central Moroccan margin is integrated into a global paleoceanographic
reconstruction.

1. Introduction Martinez et al. (2015) identified three phases for the CIE, a first phase of

rapid 5'3Cearp increase with a duration of 0.60 myr, a second phase of

The Valanginian stage (137.7-132.6 Ma; Gale et al., 2020) records
the first positive carbon-isotope excursion (CIE) of the Early Cretaceous
(Lini et al., 1992; Weissert and Erba, 2004), termed the Weissert oceanic
anoxic event or the Weissert Event (Erba et al., 2004; Kujau et al., 2012).
The amplitude of the CIE ranges between 1.5 and 2%o in bulk marine
carbonate rock and 1.5-3%o in marine organic matter (Lini et al., 1992;
Hennig et al., 1999; McArthur et al., 2007; Charbonnier et al., 2013). In
addition, the positive CIE was recognized in terrestrial fossil plants with
a magnitude of ~4%o, implying a perturbation of both the oceanic and
atmospheric Earth systems (Grocke et al., 2005; Nunn et al., 2010).

stable §'3Ccqr, values lasting 1.48 myr, and a final phase of smooth
decrease in 8'3Ceqy, values lasting 3.77 myr and extending to the early-
late Hauterivian boundary. The onset of the positive CIE was observed
just below the early-late Valanginian boundary (Duchamp-Alphonse
et al., 2007; McArthur et al., 2007; Gréselle et al., 2011; Martinez et al.,
2015). In the Tethyan Realm, the positive CIE was dated from the late
NK3A calcareous nannofossil Subzone and extends to the NC4A calcar-
eous nannofossil Subzone in some localities (Lini et al., 1992; Sprovieri
et al., 2006; Duchamp-Alphonse et al., 2007; Bornemann and Mutter-
lose, 2008; Charbonnier et al., 2013; Aguado et al., 2018). Calibrated
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with ammonite biostratigraphy, the onset of the positive CIE was iden-
tified in the lower part of the Karakaschiceras inostranzewi Standard Zone
(uppermost early Valanginian) and the highest values occur during the
Saynoceras verrucosum Standard Zone (lowermost late Valanginian;
McArthur et al.,, 2007; Gréselle et al., 2011; Martinez et al., 2015;
Aguado et al., 2018). The aforementioned zones follow the standard
ammonite zonation that is suitable for the Mediterranean Province of
the Mediterranean-Caucasian Subrealm (Tethyan Realm; Reboulet et al.,
2018). In addition to the Tethyan Realm, records of the positive CIE
extend to a wide range of geographic locations that include the Atlantic
Ocean (Brenneke, 1978; Cotillon and Rio, 1984), the northwestern Pa-
cific Ocean (Bartolini, 2003), the Boreal Realm (Price and Mutterlose,
2004; Meissner et al., 2015; Morales et al., 2015), and the southern
Hemisphere (Aguirre-Urreta et al., 2008; Gomez-Dacal et al., 2018).

The positive CIE has been associated with a global increase in marine
surface-water primary productivity (Erba et al., 2004). During the Val-
anginian, calcareous nannofossils and dinoflagellates were the major
marine planktonic primary producers (Bown et al., 2004). Several
studies on calcareous nannofossil assemblages have shown enhanced
surface-water trophic conditions occurring before and during the
Weissert Event, inferred from increasing abundances of high-fertility
taxa such as Biscutum, Discorhabdus, Diazomatolithus, and small Zeugr-
habdotus spp. (Tethyan Realm: Bersezio et al., 2002; Erba and Trem-
olada, 2004; Duchamp-Alphonse et al., 2007; Mattioli et al., 2014;
Atlantic Ocean: Bornemann and Mutterlose, 2008; Kessels et al., 2006;
Pacific Ocean: Lozar and Tremolada, 2003; and Boreal Realm: Williams
and Bralower, 1995; Melinte and Mutterlose, 2001; Kessels et al., 2006).
Nevertheless, paleoceanographic reconstructions based on calcareous
nannofossils from the south Tethyan margin have not been documented
yet, such that it needs to be further investigated. The causes of the in-
crease in marine primary productivity differ in coastal and distal pelagic
settings. Eutrophication in the coastal settings is hypothesized to have
been caused by a greenhouse climate, intensification of the hydrological
cycle, and consequently higher weathering rates and detrital input (Lini
et al.,, 1992). Climate reconstructions demonstrated intensified hydro-
lyzing conditions culminating around the early-late Valanginian tran-
sition observed from clay mineral distributions (Duchamp-Alphonse
et al., 2011; Charbonnier et al., 2020) and spore-pollen ratios (Kujau
et al., 2013). Eutrophication in pelagic settings could be explained by
the introduction of limiting bio-metals from hydrothermal vents during
the break-up of Gondwana (Lini et al., 1992; Weissert et al., 1998; Erba
et al., 2004). Sea-level changes might have also influenced the fertil-
ization of the ocean. (1) Enhanced continental runoff increases nutrient
fluxes to the proximal parts of the ocean (gradual fertilization) during
low sea level. (2) An increase in nutrients within the outer shelf realm
may be linked to upwelling (sharp fertilization) during high sea level. In
the late Valanginian, a global sea-level rise was documented after an all-
time minimum of the Early Cretaceous occurred in the mid-Valanginian
(Haq, 2014). The different hypotheses that could cause the fertilization
of the ocean need to be tested for the Weissert positive CIE. A bio-
calcification crisis in both platform and pelagic settings has been infer-
red from carbonate platform drowning around the early-late
Valanginian (Weissert et al., 1998; Wortmann and Weissert, 2000;
Follmi et al., 2006), and a nannoconid decline predating the positive CIE
has been identified (Channell et al., 1993; Bersezio et al., 2002; Erba and
Tremolada, 2004; Gréselle et al., 2011; Barbarin et al., 2012).

This study aims to reconstruct the paleoceanographic conditions
around the Weissert Event on the central Moroccan margin, which was
located on the south Tethyan margin during the Cretaceous. Calcareous
nannofossil abundances and accumulation rates together with their as-
semblages were used to quantify changes in surface-water nannofossil
production and fertility conditions. Nannofossil samples were collected
from three geological successions located on a proximal-distal transect:
two onshore sections (Zalidou and Ait Hamouch belonging to the
Essaouira-Agadir Basin, EAB) and an offshore DSDP Hole 416A (east
Atlantic Ocean). The paleogeographic context of the onshore sections
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was defined from a sedimentological analysis done at the scale of the
EAB. The time framework was based on ammonite (only for the onshore
sections) and calcareous nannofossil biostratigraphy, and carbon-
isotope stratigraphy. The transect allowed to better constrain the vari-
ations of continental nutrient flux, upwellings that were present on the
NW African margin during the Early Cretaceous due to active trade
winds considering atmospheric circulation models from Price et al.
(1995) and Poulsen et al. (1998), and calcareous nannofossil
production.

2. Geological setting

The Essaouira-Agadir Basin (EAB) is located in southwest Morocco
and corresponds to the westernmost part of the High Atlas fold belt,
bounded by 9°55’ to 9°20’ W and 30°30’ to 31°05' N. The basin is
bordered to the north by the Jebilet Massif and Doukkala Plateau
(Paleozoic basements), to the south by the plain of Souss (Neogene
basin), and to the east by the High Atlas (Fig. 1). The EAB presently
constitutes part of the Atlantic passive margin which is considered one
of the oldest existing passive margins (Stets and Wurster, 1982; Sahabi
et al., 2004). The EAB extends offshore until the western limit of the
continental margin (Frizon de Lamotte et al., 2008). During the Creta-
ceous, the central Moroccan margin which includes the EAB occupied a
paleogeographic location on the south Tethyan margin, between paleo-
latitudes ~15°N and ~ 22°N (Fig. 2). Until the opening of the South
Atlantic (Valanginian) and its connection with the Central Atlantic
(early Albian), the Tethys Ocean included what is presently the Central
Atlantic. Therefore, the geological evolution of the Atlantic-Tethyan
passive margin controlled the development of the EAB (Ellouz et al.,
2003). Two sections in the EAB, namely Zalidou and Ait Hamouch, were
selected for the study of calcareous nannofossils. The Zalidou section is
located 45 km north of Agadir (30°54'23”N; 9°39'48”W, Fig. 1B),
whereas the Ait Hamouch section is located ~25 km NNW of Agadir
(30°36'54”N; 9°42'14”W). The Ait Hamouch section is composed of two
adjacent sections, only 0.6 km apart from each other. The primary sec-
tion, denoted “AH”, was not accessible in its middle part (between 32
and 42 m). Accordingly, the nearby “ATH” section was studied and
correlated using ammonite biostratigraphy and sedimentological dis-
continuities. Moreover, calcareous nannofossils were studied in the
offshore succession DSDP Leg 50 Hole 416A (Fig. 1A). Additional sec-
tions were used in this paper to improve the precision of the ammonite
biostratigraphy and the sedimentological framework (Fig. 1B), although
these sections will not be discussed in detail herein as this is beyond the
scope of this paper.

2.1. Ammonite zonal framework for the late Berriasian-early Hauterivian
interval of the EAB

The systematic revision and identification of ammonites sampled at
Zalidou and Ait Hamouch sections are being prepared as a separate
paper and were part of a chapter in Shmeit's PhD thesis (2021), in which
paleontological comments and ranges of ammonite taxa are provided.
The standard ammonite zonation for the Mediterranean Province
(Tethyan Realm, Reboulet et al., 2018) is applied here. Only two
regional units are added, namely Neocomites subtenuis and Busnardoites
campylotoxus local subzones, to make more accessible the comparisons
with previous works made in this Moroccan area by Wippich (2001,
2003) and Ettachfini (2004). The ammonite (sub-)zones are interval
(sub-)zones defined by the first appearance datum (FAD) of two suc-
cessive ammonite-indices. Hereafter will be used the following abbre-
viations: standard zone = StZ, standard subzone = StSz, and local
subzone = LSz.

The base of the Thurmanniceras pertransiens StZ, and therefore the
lower boundary of the Valanginian, is placed by the FAD of the index-
species (Kenjo et al., 2021). As it is relatively rare at Zalidou and Ait
Hamouch, the base of the zone can be placed at the first records of
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Fig. 1. Location of the study area in SW Morocco, modified from Ouajhain et al. (2009). (A) Location of the central Moroccan margin including the Essaouira-Agadir
Basin and the DSDP Hole 416A (not to scale). Approximate location of the Mesozoic shelf margin from Tari and Jabour (2013). (B) Geological sketch including the
location of the sections used in this study (square shape). The successions studied for their calcareous nannofossil assemblages (Zalidou, Ait Hamouch, and Hole

416A) are identified in “bold” font and by a “star” sign.
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Fig. 2. Paleogeographic map of the Valanginian (136 Ma) showing the location of the central Moroccan margin (star shape). The “white circles” correspond to the
location of basins/successions where calcareous nannofossils of the Weissert Event were investigated: Tethyan Realm, (1) Vocontian Basin (France) (Duchamp-
Alphonse et al., 2007, 2014; Gréselle et al., 2011; Barbarin et al., 2012; Mattioli et al., 2014), (2) Lombardy Basin (Italy) (Bersezio et al., 2002; Erba and Tremolada,
2004), and (3) Moesian Platform (south and east Carpathians-Romania) (Melinte and Mutterlose, 2001); western and central Atlantic, (4) DSDP 534A (Blake Bahama
basin, NE Florida) and (5) DSDP 603B (east Florida) (Bornemann and Mutterlose, 2008), and (6) DSDP 535 (SE Gulf of Mexico) (Kessels et al., 2006); Boreal Realm,
(7) ODP 638 (NW Iberian Peninsula) (Kessels et al., 2006), (8) BGS 81/43 (southern North Sea Basin, east England) (Williams and Bralower, 1995; Kessels et al.,
2006), and (9) east Greenland Basin (NE Greenland) (Pauly et al., 2012); western Pacific, (10) ODP 1149B (Nadezhda Basin) (Lozar and Tremolada, 2003). Con-
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Neocomites premolicus (Ettachfini, 2004; Reboulet et al., 2018). Due to
the rarity of the index-species, the base of the N. neocomiensiformis StZ is
identified at Zalidou and Ait Hamouch sections by the first occurrence
(FO) of Neocomites subtenuis, as its appearance is contemporaneous with
that of N. neocomiensiformis in SE Spain (Company and Tavera, 2015).
Above the N. subtenuis LSz, the upper part of the N. neocomiensiformis StZ
is characterized by the Busnardoites campylotoxus LSz, for which the base
is placed at the FO of its relatively abundant index-species at Zalidou and
Ait Hamouch. The base of the Karakaschiceras inostranzewi StZ is placed
at the FO of its index species. In both sections, Saynoceras verrucosum,
index species of the S. verrucosum StZ, was not found. Other ammonite
markers of the basal part of this zone, such as Valanginites ven-
trotuberculatus, were also not observed. Consequently, at Zalidou, the
base of the S. verrucosum StZ, and so the base of the late Valanginian, are
placed at the FO of Karakaschiceras pronecostatum that is the index-
species of the second subzone of the S. verrucosum StZ. At Ait
Hamouch, very few specimens of some taxa that could be restricted to
the S. verrucosum StZ are recorded in a single layer (AH89) with the FO
of Neocomites peregrinus allowing the identification of the base of the
N. peregrinus StZ. Thus, the ammonite assemblage could be interpreted
as a result of a condensed lithology. In this layer, there are also few
doubtful specimens of K. inostranzewi?; their preservation could indicate
that they have been reworked. At Zalidou, N. peregrinus was also
observed allowing the placement of the base of the zone. In this section,
the Olcostephanus nicklesi StSz is identified by the occurrence of the
genus Himantoceras (see Reboulet, 1996). The O. nicklesi StSz is not
recognized at Ait Hamouch. The base of the Criosarasinella furcillata StZ
and that of the Tescheniceras callidiscum StSz are identified in both sec-
tions. The base of the Acanthodiscus radiatus StZ, and thus the base of the
Hauterivian (see Mutterlose et al., 2020), are placed at the FO of Breis-
trofferella castellanensis and that of Acanthodiscus radiatus at Zalidou and
Ait Hamouch, respectively.

2.2. DSDP Hole 416A

DSDP Leg 50 Hole 416A was drilled ~180 km NW of Essaouira
(32°50'10.77N; 10°48'03.6"W) at a water depth of 4201 m in the eastern
Atlantic (Fig. Supp. 1). The Berriasian to Hauterivian sediments consist
of a turbidite succession deposited in a lowermost continental rise
environment (Lancelot et al., 1980). The Valanginian interval was
identified onboard from cores 48 to 14, between —1540 and —1222
meters below seafloor (mbsf) (Cepek and Gartner, 1980; Sliter, 1980).
The detailed lithology of Hole 416A was described by Lancelot et al.
(1980). Briefly, the Berriasian and early Valanginian were assigned to
lithological unit VII (from —1624 to —1430 mbsf, cores 57 to 37),
characterized by alternating siliciclastic and carbonate turbidites. The
lithology displays quartz-rich siltstone and mudstone cycles alternating
with hard micritic and calpionellid-rich limestones. A prominent change
in lithology above —1430 mbsf characterizes the shift to the overlying
lithological unit VI (from to —1430 to —880 mbsf, cores 36 to 7). This
change is identified by an abrupt decrease in carbonate deposition and a
subsequent increase in terrigenous input, with siliciclastic terrigenous
turbidites replacing the calcareous turbidites. The lithology change was
regarded as a classical example of the mid-Valanginian platform
drowning (Schlager, 1980). Lithological unit VI spans the rest of the
Valanginian and builds up to the Hauterivian (Lancelot et al., 1980;
Schlager, 1980). The lithology shows graded calcareous and siliciclastic
cycles, from siltstone or fine sandstone to mudstone.

3. Materials and methods

The onshore successions (Zalidou and Ait Hamouch) span the late
Berriasian to early Hauterivian covering the entire Valanginian. The
offshore DSDP Leg 50 Hole 416A spans the Valanginian stage (Cepek
and Gartner, 1980). Samples for calcareous nannofossils, calcium car-
bonate content, and carbon-isotope analyses were collected from

Marine Micropaleontology 175 (2022) 102134

different lithologies (except sandstones). The sampling interval was on
average 0.3 m in Zalidou, 0.5 m in Ait Hamouch, and 5 m in Hole 416A.
Both macrofossils and nannofossil smear slides are curated at the Col-
lections de Géologie de 1'Observatoire des Sciences de 1'Univers de
Grenoble (OSUG), with an appropriate UJF-ID number. “OSUG-COL-
LECTIONS” is a database of rocks, minerals, and fossils (https://web.
collections.osug.fr, OSUG, UGA; doi:https://doi.org/10.5072/0
SUG-COLLECTIONS.all).

3.1. Sedimentological analysis

Sedimentological analysis was based on sections located in the
southern and central parts of the EAB (Fig. 1B). Observations were made
both in the field and under the microscope. All sedimentary features
(lithology, peculiar surfaces, sedimentary figures, faunal content, and
bioturbation) were observed and recorded in the field. Limestone beds,
mainly in the lower Valanginian series, were also sampled for microfa-
cies analysis. We used the classification defined by Dunham (1962).

3.2. Calcareous nannofossils

Biostratigraphic and paleoenvironmental analyses of the Zalidou and
Ait Hamouch sections were based on 85 and 54 samples (Supplementary
Table), respectively, from calcareous claystone to limestone. For Hole
416A, 44 samples were investigated.

Smear slides were prepared using a random settling technique
developed by Beaufort et al. (2014) and modified by Menini et al.
(2019). Only 17 samples from the Ait Hamouch “AH section” were
prepared using the random settling technique of Geisen et al. (1999) (see
Supplementary Table). Both techniques allow the determination of the
nannofossil absolute abundance (nannofossils/gram of rock) using the
equations presented in the Supplementary Table. A comparison between
both techniques for absolute abundance quantification has not been
done yet. Studies comparing other slide preparation techniques have
shown that nannofossil proportions can be reliably determined regard-
less of the technique (Bordiga et al., 2015; Lupi et al., 2016).

Nannofossils were observed using a polarizing light microscope
(Leica “DM2500 P”) at 1000x magnification. Five hundred specimens
per slide, both coccoliths and nannoliths, were generally counted in a
variable number of fields of view (a mean of 52 for Zalidou, 80 for Ait
Hamouch, and 39 for DSDP Hole 416A). All nannofossils with at least
more than half of the specimen preserved were counted. In few samples
(4 from Zalidou and 3 from Ait Hamouch), characterized by low abun-
dance of nannofossils (approx. 1-2 specimens/4 fields of view), ~
350-400 specimens were counted (Supplementary Table). In addition,
two longitudinal random transverses (200 fields of view per transverse)
were scanned after each counting for rare species that could be of
biostratigraphic importance. To improve the biostratigraphic schemes
whenever needed, ~8-12 random longitudinal transverses on un-
counted samples were also scanned (5 from Zalidou, 1 from Ait
Hamouch, and 11 from Hole 416A).

The taxonomic frameworks of Perch-Nielsen (1985), Bown and
Young (1997), and Nannotax3 (Young et al., 2017) were followed. For
nannoconids, the work of Deres and Achéritéguy (1980) was followed.
The calcareous nannofossil zonation applied to the investigated sections
were the NC and NK zones of Bralower (1987) and Bralower et al. (1989,
1995), modified from Roth (1978). This zonation scheme was selected
because of its applicability to low-latitude Tethyan continental margins
and Atlantic oceanic settings (Bralower et al., 1995; Bown, 2005; Bor-
nemann and Mutterlose, 2008). The biostratigraphic scheme (CC zones
and subzones) of Sissingh (1977), modified by Perch-Nielsen (1979,
1985) and Applegate and Bergen (1988), was also applied to the studied
sections because it allows subdividing the early Valanginian. This zonal
scheme uses taxa with cosmopolitan distribution and Tethyan affinities,
and it relies on the first occurrence (FO) of Eiffelithus taxa (E. windii and
E. striatus) for subzone divisions during the Valanginian stage.
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Nannofossil preservation was evaluated following the classes defined
by Roth and Thierstein (1972) and modified by Roth (1983). Nanno-
fossil absolute abundances are controlled by the nannoplankton
biomass, preservation, and sedimentation rate. Nannofossil accumula-
tion rates (nannofossils/mz/yr) were calculated to cancel the sedimen-
tation rate effect (see formula in Supplementary Table). The duration of
the different phases of the positive CIE from Martinez et al. (2015) were
used to determine the sedimentation rates in the studied sections. These
authors provided an improved age model for the Valanginian-
Hauterivian boundary using astrochronology, and acquired absolute
age durations for the different phases of the positive CIE. The 613Ccarb
values and the ammonite zonation of the onshore sections (Zalidou and
Ait Hamouch) were correlated with those of Martinez et al. (2015).

For each nannofossil taxon (or group of combined taxa) the absolute
abundance (AA), the relative abundance (RA), and the accumulation
rate (AR, only for the Zalidou and Ait Hamouch sections) were calcu-
lated. In addition, the nannofossil total absolute abundance (NTAA) and
the nannofossil total accumulation rate (NTAR, for Zalidou and Ait
Hamouch sections) were calculated, corresponding to the entire nan-
nofossil assemblage. To consider the inherent counting uncertainty,
binomial proportion confidence intervals for relative abundances were
computed based on the ‘exact’ Clopper-Pearson method using the PAST
software (Hammer et al., 2001; Suchéras-Marx et al., 2019). Addition-
ally, diversity indices were calculated. Nannoconus spp. were excluded
from the calculation of sample diversity indices, absolute/relative
abundances, and accumulation rates of other taxa because of their un-
certain biological affinity (Aubry et al., 2005). The counting and the
different calculation formulae are given in the Supplementary Table.

3.3. Calcimetry and carbon isotopes

The calcium carbonate content was measured on 117 and 56 bulk
rock samples from Zalidou and Ait Hamouch sections, respectively
(Supplementary Table). For Ait Hamouch, analyses were done on sam-
ples from the “AH” section. Additionally, 88 samples from DSDP Hole
416A were measured (Supplementary Table). The CaCOs content was
determined using the carbonate bomb technique (Miiller and Gastner,
1971). For the calculation of the calcium carbonate percentage, see
Appendix A in Peybernes et al. (2013).

Carbon stable isotope analysis was performed on the same samples as
for the calcium carbonate content at the stable isotope laboratories of
the Institute of Earth Surface Dynamics of the University of Lausanne,
using a Thermo Fisher Scientific Gas Bench II carbonate preparation
device connected to a Delta Plus XL isotope ratio mass spectrometer. The
CO4, extraction was done at 70 °C. The carbon stable isotope ratios were
reported in the delta (8) notation as the per mil (%o) relative to the
Vienna Pee Dee belemnite standard (VPDB), where 8 = (Rsample —
Rytandard)/Rstandard @and R = 3C/'2C. The §'3Cear, values were stan-
dardized relative to the international VPDB scale by calibration of the
reference gases and working standards with international reference
materials NBS 18 (carbonatite, 513C = —5.01%0) and NBS 19 (limestone,
513C = +1.95%o). Analytical uncertainty (1 sigma), monitored by
replicate analyses of the international calcite standard NBS 19 and the
laboratory standard Carrara Marble (§!3C = +2.05%q) was not greater
than +0.05%o for §'3C.

4. Results
4.1. Summary of the Valanginian sedimentary evolution

Geological sections indicated in “bold” font hereafter, correspond to
sections that have been investigated for calcareous nannofossils in the
present study. Detailed analysis allowed the identification of several
sequences. Three main stages can be recognized in the Valanginian
sedimentary evolution of the EAB.
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1. The top of the Berriasian carbonate shelf is marked by a karstified
surface in the northern sections. The overlying lower Valanginian
succession (8-15 m) is dominated by marlstone and thin limestone
beds (Fig. 3). It shows a thinning-upward, then thickening-upward
trend. In the thinning-upward lower part, ammonites, belemnites,
plicatulids, and brachiopods dominate. They are also associated with
ostreids, Trichites sp., pectinids, and with sea-urchins at the base
(Fig. 3). Microfacies show mudstone to wackestone textures con-
taining mainly echinoids, bivalves, and agglutinated foraminifers.
The fauna indicates an outer shelf depositional environment that
represents the maximum depositional depth for the early Val-
anginian period. In the upper part of the lower Valanginian succes-
sion, limestone beds are more abundant and sandstone beds appear
in the south (Ait Hamouch). The macrofauna is composed of am-
monites, belemnites, brachiopods, oysters, and plicatulids, with
subordinate regular and irregular sea-urchins, crinoids, serpulids,
and locally corals and bone fragments (Fig. 3). Compared with the
lower part, this assemblage indicates a shallower depositional depth.
Microfacies analysis reveals wackestone textures containing agglu-
tinated foraminifers, brachiopods, echinoids, and benthic foramini-
fers. Several discontinuities (erosion, karsted surfaces) indicate the
existence of three or four depositional sequences, and support a
marked shallowing-upward trend that culminated in the late early
Valanginian. The Obbay section exhibits a very reduced lower Val-
anginian succession (3 m), mainly made of limestone beds alter-
nating with thin marlstone interbeds (Fig. 3). Limestones show a
wackestone texture containing abundant phosphate-rich glauconitic
oolites and are frequently capped by iron-rich hardgrounds. The
causes of condensation of this series are discussed in Section 5.1.

2. The lower part of the upper Valanginian series (5-15 m) is mainly
made of marlstone, thin limestone beds, sandy marlstone, and sandy
limestone. The sandy beds are more abundant to the north and east
(Fig. 3). The succession shows a thinning-upward trend, locally
overlain by a thickening-upward series, interrupted by a major
erosion period (D7) that removed one depositional sequence in many
sections (Fig. 3). It contains an outer shelf to hemipelagic macro-
fauna (ammonites, belemnites, brachiopods, and plicatulids),
although small bivalves and wood fragments are locally found. The
upper Valanginian succession is interpreted as a transgressive-
regressive sequence, the top of which is frequently eroded. The
maximum depositional depth reached a rather deep outer shelf
environment during the “middle” late Valanginian.

3. The uppermost Valanginian series (8-22 m) is mainly composed of
marlstone, thin limestone beds, sandy limestone to the south, and of
sandy marlstone and calcareous sandstone to the north. The suc-
cession exhibits an overall thinning-, then thickening-upward trend.
The macrofauna is dominated by ammonites, belemnites, brachio-
pods, plicatulids, and serpulids, locally associated with gastropods
and wood fragments. To the north and east of the basin, the upper-
most Valanginian deposits are made of sandstone (Zalidou) locally
showing current ripples, Hummocky Cross Stratification (HCS), and
low angle lamination (Ida w Iddar) (Fig. 3), interpreted as foreshore
deposits. This succession is thus interpreted as a transgressive-
regressive sequence reaching an outer shelf environment to the
south. The thick overlying Hauterivian marlstone represents a new,
major sea level rise (Ferry et al., 2007).

4.2. Calcareous nannofossil biostratigraphy

The identified biozones of Bralower et al. (1995) and Sissingh (1977)
are illustrated for the Zalidou section (Fig. 4), Ait Hamouch section
(Fig. 5), and Hole 416A (Fig. 6). Secondary nannofossil bioevents were
also observed (Figs. 4-6). Nannofossil zonal and subzonal markers are
illustrated in Fig. 7.

A gradual size transition was observed between Eiffelithus windii and
E. striatus (Applegate and Bergen, 1988; Bralower et al., 1989; Bown and
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Fig. 3. Main sedimentary features, faunal assemblages, and discontinuities (D1 to D8) of some Valanginian sections in the Essaouira-Agadir Basin. Location of

sections is shown in Fig. 1B.

Concheyro, 2004), making a proper differentiation difficult. Coccoliths
with the length of their long-axes greater than 6.0 pm and with a rela-
tively wide central area (almost 2/3 or greater of coccolith length) were
identified in this study as E. striatus (Fig. 7).

Additionally, a new calcareous nannofossil biostratigraphy is pro-
posed for Hole 416A. Cepek and Gartner (1980) dated the interval be-
tween cores 48-1 and 7-1 (~ —1530 to —1000 mbsf) to the early
Valanginian-late Hauterivian based on calcareous nannofossil biostra-
tigraphy. The LO of R. wisei was observed in this study in core 11-4
(—1200 mbsf; Fig. 6). In the Zalidou and Ait Hamouch sections, the LO of
R. wisei was observed in the early late Valanginian (lower and upper
N. peregrinus StZ in Zalidou and Ait Hamouch, respectively; Figs. 4, 5).
Also, our results demonstrate that the Valanginian stage extends to core
9-3 (—1122 mbsf) based on the LO of T. verenae (top NK3B Subzone). In
the onshore sections, the top of the NK3B Subzone ends in the late
Valanginian (uppermost N. peregrinus StSz). The LO of T. verenae was
also observed at a similar stratigraphic interval both in the Vocontian
Basin (Duchamp-Alphonse et al., 2007; Gréselle et al., 2011) and in the
Subbetic Basin (Aguado et al., 2018). Therefore, we can assume that the
top of the studied interval at Hole 416A records the late Valanginian, but
not the latest Valanginian.

4.3. Calcareous nannofossil assemblages

The majority of studied samples show good to moderate preservation

of calcareous nannofossils with minor dissolution and recrystallization
(Fig. 8). Note that the delicate structures of coccoliths are still visible.
Highly dissolved and recrystallized coccoliths were limited to 14-18% of
all the samples.

Following the abundance classes defined by Erba and Quadrio
(1987), calcareous nannofossils are common (10-20 specimens per field
of view) in the majority of the studied samples. The calcareous nanno-
fossil assemblage is dominated by eight and nine groups of taxa in the
onshore and offshore successions, respectively, illustrated in Fig. 7.
Altogether, they constitute on average 81% of the total assemblage at
Zalidou, 88% at Ait Hamouch, and 79% at Hole 416A. They are: Watz-
naueria barnesiae/fossacincta, Diazomatolithus lehmanii/subbeticus, small
Zeugrhabdotus spp., Biscutum ellipticum, nannoconids, and to a lesser
extent Discorhabdus ignotus, other Watznaueria species (W. biporta and
W. britannica), and Assipetra infracretacea. Rotelapillus crenulatus are
negligible in both onshore sections, but not at Hole 416A. The reader is
referred to the Supplementary Table for more details.

In this study, Diazomatolithus lehmanii and Diazomatolithus subbeticus
were combined since they are considered as morphological variants
(Griin and Allemann, 1975). The small Zeugrhabdotus spp. in this study
correspond to Zeugrhabdotus with long axis < 5 pm combined with
Zeugrhabdotus erectus. Finally, W. barnesiae and W. fossacincta were
merged since they are considered to be morphological variants (Bor-
nemann and Mutterlose, 2006).

The nannoconid group is mainly represented in all studied
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Fig. 7. Photomicrographs of the selected nannofossil species (XPL: cross-polarized light; PPL: plane-polarized light). 1, Calcicalathina oblongata, side view, XPL,
sample Za43c; 2, Calcicalathina oblongata, top view, XPL, sample Za49b; 3, Rucinolithus wisei, XPL, sample Za27a; 4, Rucinolithus wisei, XPL, sample Za27a, same
specimen rotated ~90°; 5, Tubodiscus verenae, XPL, sample 416A 21R2w 103-104; 6, Lithraphidites bollii, XPL, sample AH112a; 7, Eiffellithus windii, XPL, sample 416A
10R2w 144-145; 8, Eiffellithus striatus, XPL, sample Za53a; 9, Polycostella parvistellatus, XPL, sample 416A 49R1w 124-125; 10, Hagqius circumradiatus, XPL, sample
ATH2d; 11, Watznaueria barnesiae, XPL, sample Za28a; 12, Watznaueria fossacincta, XPL, sample Za39a; 13, Diazomatolithus lehmanii, XPL, sample Za32b; 14,
Zeugrhabdotus erectus, XPL, sample 416A 9R3w 135-136; 15, Biscutum ellipticum, XPL, sample Za32a; 16, Watznaueria biporta, XPL, sample Za32a; 17, Watznaueria
britannica, XPL, sample Za39c; 18, Discorhabdus ignotus, XPL, sample Za39d; 19, Assipetra infracretacea, XPL, sample Za32a; 20, Rotelapillus crenulatus, PPL, sample
416A 47R1w 76-77; 21, N. steinmannii subsp. steinmannii, XPL, sample ATH2h; 22, N. steinmannii subsp. steinmannii, PPL, sample ATH2h, same specimen; 23,
N. kamptneri subsp. minor, XPL, sample ATH2f; 24, N. kamptneri subsp. minor, PPL, sample ATH2f, same specimen; 25, N. globulus subsp. globulus, XPL, sample ATH2f;

26, N. globulus subsp. globulus, PPL, sample ATH2f, same specimen.

successions by three taxa, N. steinmannii corresponding to narrow-canal,
and N. kamptneri and N. globulus both corresponding to wide-canal (see
Supplementary Table). These three taxa constitute on average ~ 80% of
the total nannoconid population in both onshore sections and ~ 94% at
Hole 416A. Additionally, N. steinmannii is the dominant taxon within the
total nannoconid population in all three successions (see Supplementary

10

Table).

4.3.1. Calcareous nannofossil absolute abundance and accumulation rate

Four and three intervals with different sedimentation rates were
identified throughout the Valanginian stage in Zalidou and Ait
Hamouch, respectively (see Supplementary Table). Thus, allowing the
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calculation of the nannofossil total accumulation rate (NTAR, nanno-
fossils/mz/year). It was not possible to calculate sedimentation rates,
and then NTAR, for Hole 416A because the large scatter in 5'3Cearp
(Fig. 6) hindered identifying possible correlation points with the §'3Ca,
curve from Martinez et al. (2015).

The average nannofossil total absolute abundance (NTAA, nanno-
fossils/gram of rock) is higher offshore compared to onshore, and the
average NTAR is higher at Zalidou than at Ait Hamouch (Figs. 4-6, see
also Supplementary Table). In both Zalidou and Ait Hamouch succes-
sions (Figs. 4 and 5), the NTAR is high in the early Valanginian. After-
wards, NTAR decreases and minimal values are recorded around the
early-late Valanginian transition (K. inostranzewi to S. verrucosum StZ,
upper NK3A and upper CC3b subzones). Upwards, in the late Val-
anginian, NTAR gradually increases in both successions. It reaches
maximal values within the N. peregrinus StZ at Zalidou (Fig. 4), followed
by a slight decrease during the rest of the succession. At Ait Hamouch,
NTAR values higher than that of the early Valanginian are recorded
within the C. furcillata StZ (Fig. 5). In both successions, NTAR reflects an
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amplification of NTAA with very similar trends (Figs. 4 and 5), which
implies that the sedimentation rate does not significantly affect the
NTAA. At Hole 416A, NTAA is low in the lower NK3A and CC3a sub-
zones, and increases during the mid-NK3A and upper CC3a to lower
CC3b subzones (Fig. 6). Thereafter, the NTAA gradually decreases to
minimal values in the NK3B and the CC3b-CC4a subzones transition.

In this study, only the taxa that presented significant variations in all
studied successions are considered (Figs. 4-6). Thereby, the following
groups are not described: other Watznaueria species (W. biporta and
W. britannica), A. infracretacea, D. ignotus, and R. crenulatus. For Zalidou
and Ait Hamouch sections, the absolute abundance (AA, nannofossils/
gram of rock) of nannofossil taxa are shown in Figs. Supp. 2 and 3,
respectively (see also Supplementary Table). The average accumulation
rate (AR, nannofossils/mz/year) of each considered nannofossil taxon is
generally higher at Zalidou (Fig. 4) compared to Ait Hamouch (Fig. 5),
except for nannoconids their average AR is higher at Ait Hamouch than
at Zalidou (Supplementary Table).

The AR of nannofossil taxa in the onshore sections generally de-
creases during the B. campylotoxus LSz and K. inostranzewi StZ (NK3A
and lower CC3b subzones), earlier than the decrease of NTAR. Their AA
in Hole 416A decreases during the same calcareous nannofossil sub-
zones. Notably, the reductions in the NTAR and the AR of taxa are
observed earlier in Ait Hamouch (B. campylotoxus LSz) with respect to
Zalidou (K. inostranzewi StZ). During the rest of the successions, the AR
or AA of nannofossil taxa generally follow the same trend as that of the
NTAR or NTAA, respectively (Figs. 4-6).

4.3.2. Calcareous nannofossil diversity indices and relative abundances

Taxa richness and equitability are plotted for Zalidou (Fig. 4), Ait
Hamouch (Fig. 5), and Hole 416A (Fig. 6). The offshore succession is
characterized by higher nannofossil diversity indices compared to those
of the onshore sections. At Zalidou (Fig. 4), the taxa richness shows a
long-trend decrease from the early to late Valanginian. The equitability
is highest in the early Valanginian. At Ait Hamouch (Fig. 5), the taxa
richness decreases to lowest values in the late early Valanginian and in
the early late Valanginian. The lowest equitability values are recorded in
the late early Valanginian. At Hole 416A (Fig. 6), both taxa richness and
equitability increase during the lower NK3A and CC3a to lower CC3b
subzones. Upwards, the equitability remains high in the rest of the
Valanginian, whereas the richness decreases.

At Zalidou (Fig. 4), the RA of W. barnesiae/fossacincta is high in the
early Valanginian and around the early-late Valanginian transition, then
it decreases during the early late Valanginian. At Ait Hamouch (Fig. 5),
its RA increases during the late early Valanginian and during the late
Valanginian. The RA of D. lehmanii/subbeticus increases at Zalidou in the
late Valanginian and remains high upsection. Whereas, its RA at Ait
Hamouch decreases in the late early Valanginian, followed by a re-
increase in the early late Valanginian. In both onshore sections, the
RA of small Zeugrhabdotus spp. increases to highest values in the late
Valanginian. The RA of B. ellipticum decreases in both onshore sections
to minimal values from the late early Valanginian. Its RA re-increases
only at Ait Hamouch in the late Valanginian. The RA of nannoconids
declines to minimal values in Zalidou (Fig. 4) from the late early Val-
anginian to the early late Valanginian. Whereas, at Ait Hamouch
(Fig. 5), the RA of nannoconids is low in the early Valanginian and in-
creases to maximal values in the early late Valanginian. A change in the
proportion of narrow-canal nannoconids within nannoconid population
is observed at Ait Hamouch. Their proportion is high from the early
Valanginian to the early late Valanginian compared with the rest of the
Valanginian (Fig. 5).

At Hole 416A (Fig. 6), the RA of W. barnesiae/fossacincta increases
during the upper NK3A and CC3b subzones. The RA of D. lehmanii/
subbeticus is relatively stable throughout the Valanginian. The RA of
small Zeugrhabdotus spp. increases during the upper NK3A and CC3b
subzones. The RA of B. ellipticum decreases during the same biozones.
The RA of nannoconids decreases in the upper NK3A to NK3B and upper
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CC3b to CC4a subzones. The proportion of narrow-canal nannoconids
within the nannoconid population is generally lower in the lower NK3A
and CC3a subzones compared with the rest of the succession.

4.4. Calcium carbonate content and carbon isotopes

The CaCO3 (%) contents range between 15 and 93 (avg. 49%) at
Zalidou, 14-88 (avg. 41%) at Ait Hamouch, and 4-92 (avg. 23%) at Hole
416A. At both onshore sections (Figs. 4 and 5), the highest CaCO3
content is recorded in the early Valanginian. At Zalidou, the decrease in
CaCOj3 content is concomitant with a lithological change to more clastic-
rich marlstone-limestone beds. At Hole 416A (Fig. 6), the CaCO3 content
decreases and exhibits fewer fluctuations in the upper NK3A to NK3B
and upper CC3b to CC4a subzones, compared with down-section.

The 613ccarb values range between —2.8 and + 1 (avg. —0.8%o) at
Zalidou, —3.3 and + 0.4 (avg. —1.5%0) at Ait Hamouch, and between
—4.9 and + 1.9 (avg. -1.0%0) at Hole 416A. At Zalidou (Fig. 4), the
§'3Ccar increases from —2.4%o to +1%o between the latest early Val-
anginian (K. inostranzewi StZ, upper NK3A, and upper CC3b subzones)
and the latest Valanginian (upper O. nicklesi StSz, upper NK3B, and
upper CC4a subzones). At Ait Hamouch (Fig. 5), the 613ccarb increases
from ~ —2.5%0 to ~ —0.4%o between the latest early Valanginian
(K. inostranzewi StZ, upper NK3A, and upper CC3b subzones) and the
early late Valanginian (lower N. peregrinus StZ, upper NK3A, and lower
CC4a subzones). Accordingly, the carbon-isotope positive shift is of
magnitude 3.7%o and 2.3%o at Zalidou and Ait Hamouch, respectively.
Then, the 5'3Cearp, smoothly decreases in the rest of the late Valanginian
in both, Zalidou (~ +0.1%0) and Ait Hamouch (~ —1.1%o). At Hole
416A, the 613Ccarb does not show any positive shift (Fig. 6).

5. Interpretation
5.1. Sedimentary paleoenvironment

Except in the lower Valanginian condensed strata of the Obbay
section, we did not observe oolites in the limestone beds. This indicates a
rather low energy depositional environment in the EAB during most of
the Valanginian. As a matter of fact, since trade winds blew to the west,
and because the EAB is located on the western coast of Africa, it was
little affected by intense tropical storms. These storms may have been
generated in the Atlantic Ocean, but were pushed to the west by the
trade winds and to the north by the Coriolis force (see Trabucho Alex-
andre et al., 2011; Pohl et al., 2019; Jaillard et al., 2021). Therefore, the
EAB can be considered to have been a low energy ramp gently sloping
toward the ocean. However, the numerous oolites observed on the
Obbay swell (Fig. 3) indicate that the shallowest part of the water col-
umn was moderately agitated, at least in the early Valanginian. Actually,
in the sandstone and sandy limestone beds of late early and late Val-
anginian age, ripples and scarce trough cross beds indicate a moderate
wave activity, while planar parallel laminations suggest tidal processes.
Also, the occurrence of thin-bedded HCS in shallow marine beds sug-
gests the occurrence of storms of low intensity. During the late early
Valanginian and late Valanginian, the moderate hydrodynamic activity
of the surficial part of the water column also accounted for the occur-
rence of sandstone or sandy limestone beds above the surfaces inter-
preted as sequence boundaries (Fig. 3). This may be due to the erosion
occurring during low sea-level periods, which removed the shale parti-
cles and cleared up quartz grains from the sediments. The quartz grains
were then deposited as sandy beds during the subsequent transgression.

The scarcity of corals and algae, the abundance of agglutinated for-
aminifers, and the presence of bryozoans in the calcareous beds (mainly
early Valanginian) suggest temperate to cold sea water temperatures.
Because of the activity of trade winds, the EAB was probably subjected
to upwellings (Price et al., 1995; Poulsen et al., 1998). Oceanic up-
wellings may explain both the cold to temperate waters, and the com-
mon occurrence of phosphate in shallow deposited beds.
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The abundance of ostreids and plicatulids throughout the section
suggests mesotrophic conditions, while the presence of agglutinated
foraminifers in the early Valanginian suggests, additionally, an oxygen
depletion at that time (e.g., Kuhnt et al., 1996; Reolid et al., 2008;
Kender and Kaminski, 2017). This interpretation is supported by the
abundance of pyrite in the lower Valanginian marlstone of the southern
sections. Oxygen depletion, however, must have been mild or sporadic
since echinoids are common at that time. Mesotrophic conditions were
most likely related to the terrigenous influx of fine-grained clastic par-
ticles, more abundant toward the north and east (Fig. 9). This is sup-
ported by the sporadic occurrence of wood and leaf fragments (Zalidou)
in Valanginian deposits. Actually, a combination of high terrigenous
supply, temperate to cold temperature, and the presence of upwellings
favor the development of heterozoan carbonate systems (Michel et al.,
2018).

5.2. Paleogeography

In the early Valanginian, the northern sections were marked by open
marine, oyster-rich shallow carbonate shelf facies exhibiting several
karstified surfaces. Whereas, the southern ones presented distal facies
marked by thick marlstone intervals, abundant cephalopods, and the
lack of emergence evidence (Fig. 9). During the late Valanginian, the
northern sections recorded the progradation of a clastic sedimentary
system (Fig. 9), which indicates that the clastic supply proceeded from
the Central High Atlas (Ferry et al., 2007). Clastic supply was inter-
rupted by a significant erosion period (D7, Figs. 3 and 9), likely related
to an emergence episode. Furthermore, the uppermost Valanginian de-
posits end up with foreshore deposits and are capped by an emergence
surface to the northeast (Ida w Iddar). Conversely, the coeval sediments
in Zalidou bear cephalopods and plicatulids, and end up with a sub-
marine erosional surface to the southwest (Ait Hamouch). The south-
westward sloping topography is supported by the onlap of the lower
upper Valanginian sequence to the north or northeast (Fig. 3). Although
sandstone prograded in the northern part of the basin during the late
Valanginian, the southernmost section (Ait Hamouch) displays sandy
layers in the late early to earliest late Valanginian (Fig. 9). This suggests
that the course of rivers that supplied quartz grains to the EAB was
changing through time.

In the Obbay section, the lower Valanginian succession is very
condensed (Fig. 3). Two explanations may be proposed. First, the pres-
ence of strong upwelling currents in the early Valanginian (Price et al.,
1995; Poulsen et al., 1998) could have accounted both for the conden-
sation and the abundance of phosphate and glauconite (Follmi, 1996;
Puhfal and Groat, 2017). Second, incipient movements of the Amsittene
diapir (e.g., Tari and Jabour, 2013) or compressional tectonics in Early
Cretaceous times (Bertotti and Gouiza, 2012; Fernandez-Blanco et al.,
2020) may have locally uplifted this area. If so, the area became a
shallow swell reaching the Fair-Weather Wave Base, on which a high
energy regime caused condensation. A combination of both upwelling
and uplift is likely. The fact that condensation disappears during the late
Valanginian sea level rise suggests that either, upwelling currents were
less active, or more probably, their activity was distributed and miti-
gated in the thicker water column.

5.3. Preservation of a calcareous nannofossil primary signal

The relative abundance (RA) of the solution-resistant W. barnesiae/
fossacincta taxa is used as an indication of the preservation state. Roth
and Krumbach (1986) suggested that relative abundances of
W. barnesiae > 40% indicate high degree of diagenesis and dissolution,
while Williams and Bralower (1995) suggested that even higher pro-
portions (> 70%) indicate assemblage alteration. In the studied samples,
the RA of W. barnesiae/fossacincta is on average 41% at Zalidou, 43% at
Ait Hamouch, and 37% at Hole 416A. Additionally, RA ranges of
W. barnesiae/fossacincta in this study are not very different from those
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Fig. 9. Paleogeographic sketch of the Essaouira-Agadir Basin showing the distribution of sandstone and limestone in the (A) lower Valanginian and the (B) upper
Valanginian deposits. Reconstruction based on data from this study (black squares) and from Ferry et al. (2007) (black dots).

recorded in other basins: ~50-90% in the Lombardian and Belluno
Basins-northern Italy (Erba and Tremolada, 2004); 48-78% in the
Vocontian Basin, SE France (Reboulet et al., 2003); 18-77% in DSDP Site
535, Gulf of Mexico (Kessels et al., 2006); and 22-59% in DSDP Hole
603B, northern Atlantic (Bornemann and Mutterlose, 2008). Also,
W. barnesiae/fossacincta dominate the assemblage in the Subbetic
Domain (SE Spain) although no quantification was done (Aguado et al.,
2018). Most of these studies come from sections having experienced low
levels of diagenesis, supporting that the dominance of W. barnesiae/
fossacincta is not a local effect.

The correlation between the RA of W. barnesiae/fossacincta and the
taxa richness was tested in all the studied successions (Fig. 8). Despite
the fact that a negative correlation can be suspected (r = —0.37, puncorr.
= 0.0005, n = 85 in Zalidou; r = —0.45, pyncorr = 0.0006, n = 54 in Ait
Hamouch; and r = —0.41, pyncorr = 0.005, n = 44 in Hole 416A), the
preservation classes show that samples with strong dissolution and
recrystallization do not necessarily correspond to high proportions of
W. barnesiae/fossacinta (Fig. 8). These samples are homogenously
distributed for any given proportion of W. barnesiae/fossacinta. More-
over, some samples with good and moderate preservation present a high
percentage (> 40%) of W. barnesiae/fossacincta, which implies that the
high proportions of W. barnesiae/fossacincta can also be part of the
original calcareous nannofossil assemblage during the Valanginian.

Thereby, based on all aforementioned evidence, we assume that the
nannofossil assemblages of both the Essaouira-Agadir Basin and the
DSDP Hole 416A are slightly affected by diagenetic alteration but still
hold a primary signal that can be used for the paleoceanographic
reconstruction.

5.4. Time succession in calcareous nannofossil assemblages

The nannofossil total accumulation rate (NTAR) and nannofossil
total absolute abundances (NTAA) along with the accumulation rate
(AR), absolute abundance (AA), and relative abundance (RA) of the
major calcareous nannofossil taxa demonstrate variations from the early
to late Valanginian. This, associated with the sedimentology results, will
allow the reconstruction of the paleoceanographic conditions on the
central Moroccan margin and to better constrain the evolution of pale-
oceanographic conditions around the Weissert Event. As the late Ber-
riasian p.p. was only recognized at Zalidou and the early Hauterivian p.p.
was only recognized at Ait Hamouch, the discussion will be focused on
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paleoceanographic conditions during the Valanginian.

For the paleoceanographic reconstruction, the NTAR (and NTAA for
Hole 416A) is used as a proxy to estimate the nannofossil production.
The accumulation rates and abundances (absolute and relative) of the
selected nannofossil taxa are used as a proxy for surface-water fertility
levels. The ecological affinity of calcareous nannofossil taxa used for this
purpose, along with the associated literature, are summarized in Table 1.

5.4.1. The Zalidou section

During the early Valanginian (N. premolicus StSz to upper
B. campylotoxus LSz, NK3A and upper CC3a to lower CC3b calcareous
nannofossil subzones), except for small fluctuations the nannofossil
production did not vary and was relatively high (Fig. 4). During the
N. premolicus StSz and N. subtenuis LSz (lower NK3A and CC3a to lower
CC3b subzones), favorable surface-water conditions allowed the devel-
opment of the nannofossil community as suggested by the highest di-
versity indices. Additionally, local mesotrophic conditions are suggested
by the abundant high-fertility taxa. Afterwards, a decoupling between
NTAR, diversity indices, AR, and RA of the selected taxa is recorded. In
the B. campylotoxus LSz (within the NK3A and CC3b subzones), surface-
water conditions became less favorable, leading to a decrease in the AR
of all nannofossil taxa and in the diversity. Only the eurytopic
W. barnesiae/fossacincta remained high during this time interval, and the
nannofossil production was maintained (Fig. 4).

In the latest early Valanginian (K. inostranzewi StZ, upper NK3A and
upper CC3b subzones), the nannofossil production collapsed as sup-
ported by both, minimal NTAR and minimal AR of all nannofossil taxa
(Fig. 4). Excluding poor preservation, this collapse could be explained by
major paleoenvironmental changes.

Afterwards, in the late Valanginian (S. verrucosum to upper O. nicklesi
StSz, upper NK3A to NK3B and uppermost CC3b to lower CC4a sub-
zones), the nannofossil production gradually increased, supported by
the re-increasing NTAR and AR of all nannofossil taxa (Fig. 4). The end
of this recovery phase was marked by a high nannofossil production and
meso-eutrophic conditions. The meso-eutrophic conditions are inter-
preted from the important increase in the small Zeugrhabdotus spp.
during the late Valanginian (upper N. peregrinus and upper O. nicklesi
StSz, NK3B and CC4a subzones). This time interval was also character-
ized by the recovery of nannoconids (Fig. 4).

Lastly, in the remaining late Valanginian, the nannofossil production
slightly decreased with similar magnitudes as those observed in the early
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Table 1
Main ecological affinity of the calcareous nannofossil taxa used for paleo-
ceanographic reconstruction, following the specified literature.

Taxa Fertility of surface Ecological Paleoceanography
waters strategy
B. constans eutrophic® 18 1% low diversified upwelling® 18 24 25
24, 25, 26, 27, 28, 29, assemblages'® 26, 27, 28
32,33
meso-eutrophic® eurytopic!” shelf surface-
waters®! 2°
B. ellipticum eutrophic® %7 r-selected'® upwelling® 1% 30
meso-eutrophic'®
D. lehmanii eutrophic® 14 20: transgressive
81,33 intervals*
upwelling®?
D. subbeticus eutrophic!* distal
environments'*
nannoconids oligotrophic® %37 r-selected?’ neritic!® 25 27, 28, 29
11, 18
meso- lower photic zone*
oligotrophic®? 7
W. barnesiae oligotrophic® 1% 1 eurytopic!® 1> oceanic setting?”
26, 28, 30, 31, 32 21, 29
mesotrophic?® r-selected!® 2%
eurytrophic'* 30
W. barnesiae/ eurytopic'®
fossacincta
Z. erectus eutrophic> % 1% 11 r.selected® 12 2 upwelling® 2+ 2> 26
24, 25, 26, 27, 28, 29, 27, 28
32,33
more eutrophic low diversified shelf-surface
than B. constans® assemblages!® water!®
Small eutrophic® 32
Zeugrhabdotus
spp.

1. Bersezio et al. (2002); 2. Bornemann et al. (2003); 3. Coccioni et al. (1992); 4.
Crux (1989); 5. Erba (1992); 6. Erba et al. (1992); 7. Erba (1994); 8. Eleson and
Bralower (2005); 9. Giraud et al. (2003); 10. Herrle (2002); 11. Herrle et al.
(2003); 12. Lees (2002); 13. Lees et al. (2005); 14. Mattioli et al. (2014); 15.
Mutterlose (1991); 16. Mutterlose (1992a); 17. Mutterlose (1992b); 18. Mut-
terlose and Kessels (2000); 19. Mutterlose et al. (2003); 20. Mutterlose et al.
(2005); 21. Noé€l et al. (1987); 22. Pauly et al. (2012); 23. Pittet and Mattioli
(2002); 24. Premoli Silva et al. (1989); 25. Roth (1981); 26. Roth (1989); 27.
Roth and Bowdler (1981); 28. Roth and Krumbach (1986); 29. Street and Bown
(2000); 30. Thierstein (1980); 31. Tremolada et al. (2006); 32. Watkins (1989);
33. Williams and Bralower (1995).

B. ellipticum is considered as a morphotype of B. constans (Bornemann and
Mutterlose, 2006).

Valanginian. However, despite a decrease in surface-water fertility, the
fertility remained higher with respect to the early Valanginian as sup-
ported by the higher RA of the small Zeugrhabdotus spp. (Fig. 4).

5.4.2. The Ait Hamouch section

During the early Valanginian (N. premolicus StSz to N. subtenuis LSz,
lower NK3A and CC3a to lowermost CC3b calcareous nannofossil sub-
zones), the nannofossil production was high with values higher
compared to the Zalidou section (Figs. 4 and 5). A decoupling between
NTAR, diversity indices, AR, and RA of the selected nannofossil taxa is
also observed (Fig. 5). During the N. premolicus StSz (lower NK3A and
CC3a subzones), mesotrophic conditions in surface waters and a thick
photic zone allowed a diverse calcareous nannofossil community to
flourish. Also, these conditions allowed the development of benthic
carbonate producers, such as agglutinated foraminifers, ostreids, and
plicatulids (see Section 4.1). Afterwards, during the N. subtenuis LSz, the
surface-water conditions became less favorable for both high-fertility
taxa and nannoconids. As at Zalidou, the eurytopic W. barnesiae/fossa-
cincta remained high during this time interval and nannofossil produc-
tion was maintained (Fig. 5).

During the late early Valanginian (B. campylotoxus LSz to

K. inostranzewi StZ, NK3A and CC3b subzones), the nannofossil
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production gradually declined and collapsed (Fig. 5). Excluding poor
preservation, the trigger of the collapse can be also explained by major
paleoenvironmental changes. Decline in the nannofossil production is
suggested from the drastic decrease in accumulation rate and abundance
of the dominant taxa, W. barnesiae/fossacincta. Nannofossil production
remained low during the early late Valanginian (lower N. peregrinus StZ,
upper NK3A Subzone and CC3a-CC3b subzones transition; Fig. 5).
Decreasing percentages of W. barnesiae/fossacincta within the nanno-
fossil assemblage explain that all other taxa show increasing percentages
(in particular nannoconids) despite decreasing AR.

Afterwards, in the late Valanginian (upper N. peregrinus to
C. furcillata StZ, upper NK3A to NC4A and CC4a subzones), the nanno-
fossil production first recovered before reaching higher magnitudes than
that of the early Valanginian (Fig. 5). This is attested by the increasing
NTAR, and AR of all taxa. In parallel, enhanced surface-water trophic
levels are demonstrated by the increasing abundances of both
D. lehmanii/subbeticus and small Zeugrhabdotus spp.. The nannoconid AR
is maximal, and is associated with decreasing proportion of narrow-
canal forms (Fig. 5). Lastly, in the latest Valanginian (T. callidiscum
StSz, uppermost NC4A and CC4a subzones), the nannofossil production
and trophic levels decreased to magnitudes slightly lower than that of
the early Valanginian.

5.4.3. DSDP Hole 416A

The lower NK3A and CC3a calcareous nannofossil subzones are
characterized by an increase in the nannofossil production, as suggested
by both increasing NTAA and abundances of meso-eutrophic taxa
(Fig. 6). Marine conditions were also favorable for the development of
nannoconids, as their absolute abundance is higher compared with both
onshore sections (Fig. 6, and Figs. Supp. 2-3). In addition, the nanno-
conids were mainly represented by narrow-canal forms with the large
dominance of N. steinmannii (Fig. 6). The assumption that narrow-canal
Nannoconus inhabited the deep photic zone under stratified waters and a
deep nutricline (Erba, 2004, 1994) has been challenged by Mattioli et al.
(2014), who showed that N. steinmannii could have affinity for destra-
tified surface waters. Hole 416A is characterized by turbiditic sequences
and low calcium carbonate contents within the Valanginian sediments.
The repeated input of clastic material would prevent the stratification of
the water column.

Upsection, in the upper NK3A-NK3B and CC3b-CC4a subzones, the
NTAA and AA of all taxa decrease (Fig. 6). Reduced surface-water
fertility during this time interval is shown by the decreasing relative
abundance of high-fertility taxa. Nannoconids decline slightly after the
fertility decreased in the uppermost NK3A and upper CC3b subzones.
These are interpreted as unfavorable surface-water conditions, similar to
those observed in the onshore Essaouira-Agadir Basin.

The onset of the nannofossil production recovery, similar to that of
NTAR observed onshore, seems to occur in the topmost samples (Fig. 6).
However, the recovery phase itself as recorded in the onshore settings
seems to be missing at Hole 416A.

5.5. The carbon isotope record and identifying the Weissert Event

At Zalidou, we identify the Weissert Event from the base of the
carbon-isotope (CI) positive shift (16.25 m) until the climax (32.8 m;
Fig. 10), following the formal definition of Erba et al. (2004). The CI
positive shift is observed from the lower part of the K. inostranzewi StZ to
the upper part of the O. nicklesi StSz (upper NK3A to upper NK3B and
upper CC3b to upper CC4a calcareous nannofossil subzones). The top of
the Weissert Event is recorded just below the LO of the nannofossil
biomarker T. verenae.

At Ait Hamouch, the S. verrucosum StZ and the O. nicklesi StSz are not
recognized (see Section 2.1). Additionally, the N. peregrinus StZ is
reduced (~7 m) compared with Zalidou (~14 m). This can be also
observed from the reduced NK3B calcareous nannofossil Subzone in Ait
Hamouch (1.5 m) compared with Zalidou (12.5 m; Fig. 10). Moreover,
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the smooth increase in §'3Ceayp, within the CI positive shift is suspected to
be missing from Ait Hamouch. This phase is observed during the
O. nicklesi StSz in Zalidou (Fig. 10). Thereby, considering both the
biostratigraphy of ammonites and calcareous nannofossils along with
the chemostratigraphy from carbon-isotope analysis, it is highly possible
that part of the late Valanginian could be missing from Ait Hamouch.
Furthermore, the paleoceanographic reconstruction from calcareous
nannofossils at Zalidou showed a collapse in nannofossil production just
after the onset of the identified Weissert Event interval (K. inostranzewi
StZ; Fig. 10). The collapse was followed by an increase in both nanno-
fossil production and surface-water fertility, and then by slightly
decreasing nannofossil production and fertility during the rest of the
Weissert Event interval. Using all the above-mentioned information, the
Weissert Event interval at Ait Hamouch is cautiously identified from
32.2 to 39.2 m (Fig. 10). This identified Weissert Event interval starts
just before the nannofossil production collapse, and terminates when
both nannofossil production and surface-water fertility recover and
prior to the LO of T. verenae. The LO of T. verenae demonstrates that it is a
reliable event.

At Hole 416A, the measured §'3C .y, values do not show any positive
shift (Fig. 6). Wortmann and Weissert (2000) measured 613C0rg in
samples from Hole 416A and identified a 613C0rg positive excursion from
—1420 to —1300 mbsf, which is not recognized in this study (Fig. 6). In
both onshore sections, the base of the Weissert Event is roughly near to
the FO of H. circumradiatus, although we acknowledge its occurrence is
very sporadic. Therefore, we tentatively consider the interval corre-
sponding to the Weissert Event from —1303 to —1122 mbsf in Hole 416A
(Fig. 10). Its base is after the onset of the decline in nannofossil pro-
duction and surface-water fertility, similar to the observation from the
onshore sections. The explanation for the absence of a CI positive shift at
Hole 416A is unclear. The supposed positive shift might have been
diluted by the highly reworked material and terrigenous supply, or
concealed by the graded turbidite cycles and/or by the high sedimen-
tation rates known for this interval (Lancelot et al., 1980; Schlager,
1980). Indeed, the Valanginian sediments at Hole 416A are more than
400 m thick (Lancelot et al., 1980). Furthermore, the carbonate sedi-
ments in all studied successions, including Hole 416A, generally present
a similar order of magnitude to the 613ccarb values (~ —1.0%o).

In the Essaouira-Agadir Basin (EAB), the calibration of the Weissert
Event with calcareous nannofossils allows the assignment of the CI
positive shift to the upper NK3A-upper NK3B subzones (upper CC3b to
“middle” CC4a). The base of the Event is close to the FO of
H. circumradiatus, whereas its end coincides roughly with the LO of
T. verenae (Fig. 10). The Zalidou section is the most appropriate section
to study the Weissert Event in the EAB. Although sedimentological
discontinuities and related hiatuses are present, it is the most complete
section and well dated by ammonite and nannofossil biostratigraphy
(Fig. 10). The 5'%Cearb clearly shows a carbon-isotope positive shift
similar to that observed elsewhere.

5.6. Basin-wide paleoceanographic reconstruction

In the EAB, a high calcareous nannofossil production and mesotro-
phic surface-water conditions occurred in the early Valanginian before
the Weissert Event interval. This time-interval was also characterized by
a low energy depositional environment and a mild oxygen-depletion
(see Section 5.1), which could infer stratification of the water-column.
However, some differences existed between the different settings due
to their respective paleogeographic location (Fig. 9). The nannofossil
production was higher at Ait Hamouch with respect to Zalidou in the
early Valanginian (Fig. 10). Ait Hamouch was more distal from the
shoreline with respect to Zalidou (see Section 5.2; Fig. 9). Consequently,
the greater depth of deposition at Ait Hamouch and its location farther
from the coastline allowed the development of a large and diverse
nannofossil community in a thicker photic zone. Also, trophic levels in
surface waters were higher at Ait Hamouch than at Zalidou (Fig. 10).
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Nutrient input in the EAB was generally maintained from both, clastic
river input and oceanic upwelling (see Sections 5.1 and 5.2). During the
early Valanginian, the northern part of the EAB (Zalidou section) was
less influenced by clastic river influx with respect to the southern part
(Ait Hamouch; see Fig. 9). Moreover, Ait Hamouch was potentially fed
by nutrients from the nearby upwelling system observed in the Obbay
section. Although, the highest nannofossil production was in Hole 416A,
being offshore with the thickest photic zone (Fig. 6, and Figs. Supp. 2-3).
Fertility levels decreased prior to the Weissert Event interval in the late
early Valanginian in all successions (Fig. 10). Nonetheless, a high nan-
nofossil production was maintained by the eurytopic W. barnesiae/fos-
sacincta. The fertility decrease was probably related to a major sea level
fall recorded on the central Moroccan margin, and culminated with the
expression of the D4 and D5 sedimentary discontinuities (Figs. 3 and
10). The sea level fall first impacted the nannofossil community of the
distal Ait Hamouch section with the possible ocean-ward migration of
the upwelling system away from this site, which should have conse-
quently reduced nutrient input. At the same time, storm deposits and
coarse clastic input are recorded at Ait Hamouch (Section 5.1). Addi-
tionally, more turbid surface-water due to riverine-clastic input must
have favored the proliferation of the eurytopic W. barnesiae/fossacincta.
Afterwards, the entire nannofossil community collapsed at the onset of
the Weissert Event and in its lower part, around the early-late Val-
anginian transition (Fig. 10). Offshore, in Hole 416A, the onset of the
surface-water fertility decline (upper NK3A and CC3b subzones) and the
later collapse of the nannofossil community (NK3B and CC3b-CC4a
subzones) seem to have occurred slightly later than in the EAB
(Fig. 10). We similarly relate these changes to the maximum drop of sea
level expressed by the D4 and D5 discontinuities in the EAB. The
collapse is observed later in the distal Hole 416A possibly due to the
hiatuses related to emergences observed on the platform which are not
recorded in a deep setting. The nannofossil production gradually
recovered during the Weissert Event in the early late Valanginian and
was associated with a rising sea-level (Section 4.1, Fig. 10). Higher
riverine clastic input is recorded in the north (Zalidou) with respect to
the south (Ait Hamouch; see Fig. 9). High input of clastics and associated
nutrients could explain the early recovery at Zalidou in the nannofossil
production and in the abundance of high fertility taxa. At Ait Hamouch,
the recovery occurred later, and can be explained by the nutrient input
that started arriving from the upwelling system. Maximal nannofossil
production along with eutrophic surface-waters are recorded only at
Zalidou during the upper part of the Weissert Event interval in the late
Valanginian (upper N. peregrinus to upper O. nicklesi ammonite StSz,
NK3B and lower CC4a subzones; Fig. 10). Eutrophic surface-waters
occurred during maximal flooding and continuous continental influx
(Section 5.1, Fig. 10). Lastly, a decrease in both the nannofossil pro-
duction and surface-water fertility occurred after the Weissert Event
interval in the rest of the late Valanginian (Fig. 10). Although, trophic
levels were higher compared with the early Valanginian. An abrupt in-
crease in the nannofossil production and surface water fertility is
observed only at Ait Hamouch during the late Valanginian (C. furcillata
StZ, NC4A and upper CC4a subzones) after the Weissert Event. At this
time, the depositional environment in Ait Hamouch corresponded to an
outer shelf (Fig. 9), possibly with a thick photic zone for the nannofossils
to flourish. Whereas, the depositional environment in Zalidou corre-
sponded to a clastic shelf with higher turbidity responsible for a reduced
photic zone.

The nannoconids in the EAB and Hole 416A, mainly represented by
N. steinmannii (narrow-canal form), generally show a distal-to-proximal
gradient with highest abundances in Hole 416A followed by Ait
Hamouch and Zalidou, successively. Also, the nannoconids were
“thriving” during periods of relatively high fertility in surface-waters in
all studied successions (Fig. 10). Initially, this is observed in the early
Valanginian onshore (N. premolicus StSz to lowermost N. subtenuis StSz
in Ait Hamouch and N. subtenuis LSz in Zalidou section, lower NK3A and
CC3a subzones) and in the lower part of the Valanginian interval
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offshore. Then, a nannoconid decline is recorded onshore in the early
Valanginian (N. neocomiensiformis to lower N. peregrinus StZ, NK3A to
lower NK3B subzones, CC3b to lower CC4a subzones), earlier in the
southernmost section Ait Hamouch (Fig. 10). Offshore, in Hole 416A,
the decline occurred slightly later in the uppermost NK3A to lower NK3B
and upper CC3b to lower CC4a subzones. On the central Moroccan
margin, this decline can be explained by the drop of sea-level that
negatively impacted the entire nannofossil community. A fall of sea-
level reduces the size of the photic zone (thickness and geographic
extent), and can thus explain the observed decrease within the nanno-
conid population. DSDP Hole 416A was impacted later due to its distal
setting and thicker photic zone. Afterwards, the nannoconids recovered
in the late Valanginian (upper N. peregrinus StZ, NK3A-NK3B and lower
CC4a subzones) during the Weissert Event interval. The nannoconids
recovery occurred during periods of relatively high surface-water
fertility in all studied successions (Fig. 10). These time-intervals were
characterized by a high sea-level, which allowed the development of a
thicker photic-zone and consequently various habitats to be occupied.
Moreover, during the late early and late Valanginian, the occurrence of
thin-bedded HCS restricted to shallow marine beds suggests the occur-
rence of storms of low intensity (Section 5.1). This could suggest the
absence of stratification in the water-column.

Different positions within the photic zone were proposed for narrow-
and wide-canal Nannoconus (Table 1). At Ait Hamouch, the proportion
of narrow-canal forms (mainly N. steinmannii) within the nannoconid
population reached its highest value during the sea-level fall interval
and coincided with maximum clastic input (Fig. 5). Afterwards,
although the clastic input was reduced, the proportion of narrow-canal
forms within the nannoconid population decreased all along the suc-
cession. Then, as shown for Hole 416A, high abundance of N. steinmannii
was not associated with a stratified water column but occurred during
high clastic input (see Section 5.4.3). This implies a shallow nutricline.
Our results confirm the assumption of Mattioli et al. (2014) suggesting
that N. steinmannii inhabited de-stratified surface waters.

5.7. Integrating the central Moroccan margin in a global
paleoceanographic reconstruction

In order to globally reconstruct the fertility in surface-waters during
the Weissert Event, the paleoceanographic conditions (reconstructed
from calcareous nannofossil data) of the central Moroccan margin are
compared with those of other basins. All of the considered studies used
the following taxa (small Zeugrhabdotus spp., B. ellipticum, D. ignotus, and
D. lehmanii) as indicators of high surface-water fertility.

In the early Valanginian, high surface-water fertility was suggested
in the western Atlantic in DSDP 535 (Gulf of Mexico; Kessels et al.,
2006). In the western and northern Altantic (DSDP 534A/603B), Bor-
nemann and Mutterlose (2008) suggested that surface-water produc-
tivity was already increasing from the Berriasian-Valanginian boundary
prior to the Weissert Event. Whereas, in the Tethys (Vocontian Basin, SE
France), generally oligotrophic conditions were recorded in the earliest
Valanginian (lowermost NK3 Zone). These oligotrophic conditions were
followed by more mesotrophic surface-waters prior to the Weissert
Event in the early Valanginian (lower NK3 Zone; Duchamp-Alphonse
et al., 2007). In the EAB, and in Hole 416A, the nannofossil production
and surface-water fertility were relatively high in the early Valanginian
(N. premolicus StSz to N. subtenuis LSz, lower NK3 and lower CC3
subzones).

At the early-late Valanginian transition and/or during the incipient
Weissert Event, increasing surface-water fertility was observed in
several basins. In the Pacific (Site 1149B) and Tethys oceans (Lombar-
dian Basin, northern Italy), higher fertility and primary productivity was
demonstrated in the upper NK3 Zone to the NC4A Subzone (Erba et al.,
2004; Erba and Tremolada, 2004). In the Vocontian Basin (SE France),
increasing calcareous nannofossil fluxes resulted from an increase in
surface-water fertility during the Weissert Event, with highest values
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recorded within the lower NK3B calcareous nannofossil Subzone (upper
B. Campylotoxus to lower S. verrucosum ammonite zones; Gréselle et al.,
2011; Mattioli et al., 2014). In the western and northern Atlantic (DSDP
534A and 603B), a further increase in surface-water primary produc-
tivity was observed during the NK3A Subzone and just prior to the
carbon-isotope excursion (Bornemann and Mutterlose, 2008). Also, in
the western Atlantic (DSDP 535), Kessels et al. (2006) interpreted higher
surface-water fertility in the early late Valanginian. The central
Moroccan margin complements these previous records, and similarly
demonstrates increasing surface-water fertility and nannofossil pro-
duction during the Weissert Event on the south Tethyan margin.

In the rest of the late Valanginian, during the end or after the
Weissert Event, surface-water fertility was observed to globally
decrease. In the western Atlantic (DSDP 535), trophic conditions
decreased in the late Valanginian (Kessels et al., 2006). In the northern
Tethys, a decrease in surface-water fertility was observed in the
Lombardian Basin (northern Italy), during the NC4A Subzone when
613Cmrb is decreasing (Erba and Tremolada, 2004). In the Vocontian
Basin (SE France), a decrease in both nannofossil fluxes and fertility
indicators was observed from the upper part of the Weissert Event
(N. peregrinus Zone and upper NK3-lower NC4 subzones; Gréselle et al.,
2011; Mattioli et al., 2014). Nonetheless, in the Lower Saxony Basin
(northern Germany) surface-water fertility increased during the latest
Valanginian (Moller et al., 2020). In the EAB, surface-water fertility and
nannofossil production decreased at the top of the Weissert Event and
after it, as seen in the most complete section of Zalidou. Although, the
fertility remained higher than in the early Valanginian. In the Ait
Hamouch section, an abrupt increase in surface-water fertility and
nannofossil production related to a thick photic zone in an outer shelf
setting was observed in the latest Valanginian (upper C. furcillata StZ,
NC4A and upper CC4a subzones).

However, in other studied basins, marine surface-water fertility was
stable during the Valanginian. In the northern-central Atlantic (DSDP
638, NW Spain), high surface-water fertility was observed throughout
the Valanginian (Kessels et al., 2006). Further north in NE Greenland,
which was a gateway between the Arctic Ocean and the northern Tethys,
oligotrophic conditions were observed during the Valanginian (Pauly
et al,, 2012). In the eastern Tethys (south and east Carpathians),
generally oligotrophic surface-waters were observed during the
Berriasian-Valanginian interval, supported by stable nannofossil di-
versity and abundance (Melinte and Mutterlose, 2001). From the
available data, the eastern and northernmost Tethys seem to have been
characterized by unchanging paleoceanographic conditions during the
Valanginian. This might have been linked to the physiographic charac-
teristics of these basins and the associated atmospheric/oceanic circu-
lation currents (see Price et al., 1995; Poulsen et al., 1998).

5.8. The nannoconid decline

The decrease in the nannoconid abundances is known as the “Nan-
noconid decline”, and is globally recorded to start before the Val-
anginian positive CIE and spans the Weissert Event (Channell et al.,
1993; Bersezio et al., 2002; Erba and Tremolada, 2004; Pauly et al.,
2012; Moller et al., 2015). In the western Atlantic, the decrease in the
nannoconid abundances was observed from the NK3A to NC4A calcar-
eous nannofossil subzones (DSDP 534A; Bornemann and Mutterlose,
2008). In the Vocontian Basin (SE France), a more complicated decline
was observed, such that a first decline was recorded from the NK3A to
lower NK3B calcareous nannofossil subzones. This was followed by a
brief recovery, then by another decline from the upper NK3B Subzone to
NC4 Zone (Barbarin et al., 2012). On the central Moroccan margin, the
nannoconid decline similarly started prior to the CI positive-shift. It is
generally recorded from the NK3A to lower NK3B subzones (CC3b to
lower CC4a subzones). Several authors interpreted the decline to be due
to enhanced continental-clastic influx and increased nannofossil pri-
mary productivity, and possibly under higher oceanic pCO; levels (Erba
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and Tremolada, 2004; Barbarin et al., 2012; Duchamp-Alphonse et al.,
2014). Increasing surface-water fertility induces the breakdown of the
water-column stratification, and then the decrease in the nannoconid
population. Various authors proposed that the distribution of narrow-
canal versus intermediate and wide-canal Nannoconus is controlled by
fluctuations in nutricline dynamics. In particular, a nutricline rise from
the lower to the upper photic zone would lead to the decrease in the
narrow-canal forms, these forms are interpreted as deep-dwellers under
stratified waters (Erba, 1994, 2004; Duchamp-Alphonse et al., 2014).
Since different habitats within the photic zone seem plausible for the big
calcifying nannoconids, a deep-dwelling behavior for N. steinmannii can
be challenged in this study (see Section 5.6) confirming the hypothesis
of Mattioli et al. (2014). Furthermore, in the Vocontian Basin, high
proportions of narrow-canal forms (mainly represented by
N. steinmannii) correlate with high coccolith abundance (NK3B to lower
NC4A calcareous nannofossil subzones; Angles section; Duchamp-
Alphonse et al., 2007, 2014). In addition, the highest proportion of
narrow-canal nannoconids are recorded within the Weissert Event in the
composite section of Vergol/La Charce, when the values of nannofossil
fluxes are the highest (Gréselle et al., 2011; Barbarin et al., 2012). On the
central Moroccan margin, the nannoconid decline was probably caused
by a sea-level fall that gave rise to higher turbidity in the surface-waters.
Higher turbidity probably attenuated light penetration, reducing the
photic zone and the development of the total nannoconid population.
However, enhanced clastic input and associated nutrients led to a
shallow nutricline that did not particularly impact N. steinmannii.

Moreover, the nannoconid recovery was observed to coincide with
the high 613Ccarb values in the Tethys (Vocontian Basin, France) and in
the western and northern Atlantic (DSDP 534A and 603B; Erba and
Tremolada, 2004; Bornemann and Mutterlose, 2008; Barbarin et al.,
2012). This agrees with observations in the EAB, since nannoconids
recover during the Weissert Event when the 813Cearp iS high and under
conditions of both, high nannofossil production and surface-water
fertility. This suggests that nannoconids do not particularly disfavor
such surface-water conditions.

6. Conclusions

The quantitative analyses of calcareous nannofossil assemblages
from two onshore sections belonging to the Essaouira-Agadir Basin (SW
Morocco) and one offshore succession (DSDP Hole 416A, east Atlantic
Ocean) allowed to reconstruct the paleoceanographic conditions on a
proximal-distal transect across the Valanginian Weissert Event. This
reconstruction was done in a well-constrained ammonite (for onshore
sections only) and nannofossil biostratigraphic and chemostratigraphic
(carbon-isotopes) framework, along with a detailed sedimentological
characterization.

The Weissert Event interval is identified in the onshore sections from
the Karakaschiceras inostranzewi to upper Neocomites peregrinus Standard
Zone (StZ) or from the upper NK3A to upper NK3B, and upper CC3b to
“middle” CC4a calcareous nannofossil subzones. The Valanginian stage
demonstrated variations in surface-water fertility and nannofossil pro-
duction. A general paleoceanographic scheme is developed: (1) meso-
trophic and favorable surface-water conditions for the nannofossil
community prevailed before the Weissert Event time interval in the
early Valanginian. (2) Surface-water fertility levels decreased prior to
the Weissert Event interval, and a high nannofossil production was
maintained by the eurytopic Watznaueria barnesiae/fossacincta. (3) A
collapse of the nannofossil community during the onset of the Weissert
Event interval at the early-late Valanginian transition was caused by a
major sea-level fall. (4) A recovery followed in the early late Valanginian
linked to the rising sea-level. (5) The recovery was followed by maximal
nannofossil production associated with high surface-water fertility,
recorded in the northern section during the upper part of the Weissert
Event interval in the late Valanginian; or in the southern section after the
Weissert Event interval in the latest Valanginian. Finally, (6) a decrease
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in both surface-water fertility and nannofossil production occurred after
the Weissert Event interval, although they remained high compared
with the early Valanginian. Moreover, the “nannoconid decline”
occurred from the early Valanginian to the early late Valanginian. The
nannoconid recovery occurred during conditions of high sea-level and
high surface-water fertility.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marmicro.2022.102134.
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