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ABSTRACT

The Essaouira-Agadir Basin (EAB) of Morocco contains the most extensive exposure of Aptian to Lower
Albian strata onshore the NW African Atlantic Margin. This paper documents the first high-resolution,
multi-disciplinary stratigraphic approach for the Aptian to Lower Albian on the NW African Atlantic
Margin. Previous biostratigraphic work almost exclusively relied on long-distance correlation of am-
monoids to the Mediterranean — Caucasian Realm. Recent biostratigraphic work has questioned some of
the previous interpretations, highlighting significant faunal endemism and complications with correla-
tion to other key Aptian sections.

This study focuses on 5 key sections: Tiskatine, Id Amran, Assaka, and DSDP 416/370. Distribution of
ammonoids, foraminifera, and calcareous nannofossils are reported from a bed-by-bed collection made
at Tiskatine.

The analysis of foraminiferal and calcareous nannofossil assemblages enable correlation to standard
zonation schemes; but also highlights the urgent need of revision and future work on the integration of
these schemes across disciplines. The study, further, includes 33 Cearby 613C0rg, and total organic carbon
(TOC) data that is compared to reference material from the Vocontian Basin.

The combined litho-, bio-, chemo-, and sequence stratigraphic analysis establishes a robust chro-
nostratigraphic framework for regional and super-regional correlations and a type section is proposed for
the Aptian of NW Africa at Tiskatine.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Roch (1930) and Ambroggi (1963), which was focused on the bio-
and litho-stratigraphy of the Essaouira-Agadir Basin (EAB). Addi-

This multi-disciplinary stratigraphic study for the Aptian of NW
Africa builds on the pioneering work of Kilian and Gentil (1906),
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tional work in the basin was carried out by Rey et al. (1986, 1988)
and Witam (1998), but none of these studies proposed a high-
resolution biostratigraphic framework. Yamina et al. (2002) pro-
vided a preliminary account on the distribution of Aptian plank-
tonic foraminifera in the Western High Atlas in Morocco, although
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this work lacked systematic descriptions or illustration. The work of
Peybernes et al. (2013) has given some insight into ammonoid
biostratigraphic distribution for the Aptian of the EAB, but the au-
thors mainly compared their observations to the Standard Medi-
terranean Ammonite Scale (SMAS) of Reboulet et al. (2011, 2014),
albeit highlighting the need for a local zonation scheme. This was
addressed by Luber et al. (2017), who established a new ammonoid
biostratigraphic framework for the EAB and selected Tiskatine as
the type section for the Aptian in the west-central part of the basin,
as initially suggested by Roch (1930). Two basin-wide hiatus were
recognised spanning (i) the time equivalent of the middle part of
the D. forbesi Zone to lower part of the E. martini Zone (SMAS), and
(ii) the H. jacobi Zone and the lowermost part of the L. tardefurcata
Zone (SMAS).

To support those findings, enable regional and super-regional
correlations, and to build a robust bio-chronostratigraphic frame-
work, this study presents an integrated stratigraphic approach for
the Aptian of NW Africa. Excellent outcrop conditions at Tiskatine
(Fig. 1) allow a bed-by-bed collection for combined ammonoid,
calcareous nannofossil, and foraminiferal analysis, affording
biostratigraphic calibration. This is integrated with chemostrati-
graphic data, including the first Aptian 3'3Cearp, and 813C0rg curves
and total organic carbon (TOC) analysis for the onshore NW African
Atlantic Margin. Two previously undocumented sections (Assaka
and Id Amran) are described and are key in identifying local tec-
tonic control on sequence development. The onshore sections are
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Fig. 1. Overview. Inset: Location map of Morocco and position of the DSDP well 370
offshore. Main: Digital elevation model of the Essaouira-Agadir Basin (EAB) with
sections studied and sub-crop of the geological map showing Lower Cretaceous out-
crops and main anticlines and synclines.

correlated to DSDP borehole 370, and a revised biostratigraphic
analysis of the Upper Barremian to Lower Albian is presented.
This work also addresses correlation to the South Provence and
Vocontian basins, key locations that establish the standard
biostratigraphy of Mediterranean-Caucasian Subrealm sensu
Westermann (2000) via the SMAS (Bergen, 2000; Kennedy et al.,
2000; Moullade et al, 2000; Dauphin, 2002; Herrle and
Mutterlose, 2003; Herrle et al., 2004; Kuhnt and Moullade, 2007;
Baudin et al., 2008; Kennedy et al., 2014; Frau et al., 2015, 2017).

2. Regional setting and stratigraphy

During the Early Cretaceous the EAB was best described by a
broad embayment, the “Atlas Gulf’, above the Berriasian shelf
opening out to the west into the proto-Atlantic (Behrens et al.,
1978). Carbonate platform sedimentation that prevailed through
most of the Jurassic continued into the earliest Cretaceous but was
curtailed through flooding of the basin margin in the early Val-
anginian (Rey et al., 1988; Ettachfini et al., 1998). The EAB is limited
to the north by the Meseta and the Jebilet, to the south by the Souss
Basin, and to the east by the Massif Ancien de Marrakech. The
modern-day exposure of the Mesozoic succession in the EAB occurs
mainly along E-W trending anticlines and synclines linked to the
Late Cretaceous to Cenozoic Atlasic orogeny (Laville et al., 2004)
and combined salt tectonics (Tari and Jabour, 2013).

This work focuses on the Aptian of the west-central EAB. Studied
sections are located within the Tiskatine syncline north of the
prominent Cap Ghir anticline (Fig. 1, additional information in
supplementary data). The lithostratigraphic framework is shown in
Fig. 2 and has been discussed in detail in Luber et al. (2017). During
the Late Barremian to Early Aptian (equivalent to the upper Bou-
zergoun Fm.), the region experienced a significant regressive phase
(Nouidar and Chellai, 2001) (Fig. 2) leading to widespread expo-
sure. Later during the Aptian (uppermost Bouzergoun Fm. to
Tamzergout Fm.), transgression led to the developed of shallow-
marine to open-marine shelfal conditions (Butt, 1982). Early
Aptian (P. dechauxi Zone and potentially older) shoreface to shallow
shelf conditions (upper Bouzergoun to lower Tamzergout Fm.) were
followed by Late Aptian mid- to outer shelf conditions. The Aptian/
Albian boundary is marked by an important regressive phase, fol-
lowed by a return to shelfal conditions (Oued Tidzi Fm.) that per-
sisted throughout the Early Albian (Butt, 1982; Rey et al., 1988).

2.1. Studied sections

2.1.1. Tiskatine (Sample-prefix: MTTK)

Lat.: 30.821463° Long.: —9.702555° (Tiskatine 1) and Lat.:
30.810477° Long.: —9.739966° (Tiskatine 2).

A sedimentary log of the sections with field photographs of key
intervals can be found in Fig. 3.

2.1.2. 1d Amran (Sample-prefix: MTIA)

Lat.: 30.796026° Long.: —9.571094°

A detailed log is presented in Fig. 4 and field photographs are
shown in the supplementary data.

2.1.3. Assaka (Sample-prefix: MTAS)

Lat.: 30.807297° Long.: —9.787837°

A detailed log of the section is shown in Fig. 5 and in the sup-
plementary data.

2.14. DSDP Well 370 and 416
DSDP 370 — Lat.: 32.837500° Long: —10.776000° /| DSDP 416 —
Lat.: 32.836300° Long: —10.801000°
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Fig. 2. Generalised lithostratigraphy of the Upper Barremian to Lower Albian strata in the west-central part of the EAB with broad depositional environments and key age
interpretations.

370 is shown in Fig. 6. For sedimentary descriptions of this interval
see Meyer (1978). DSDP 370 is located about 155 km offshore the
modern Moroccan coastline in a water depth of 4214 m (Fig. 1).
DSDP 416 is located 5 Km west of borehole 370.

To correlate the EAB outcrop stratigraphy offshore, the Upper
Barremian to Lower Albian strata of DSDP boreholes 370 and 416
were sampled for calcareous nannofossils (request number:
049055-10DP and 049614-I0DP). A summary log from borehole
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Fig. 5. Assaka section. Ammonoid distribution and biostratigraphic interpretation.
3. Methods remains. The taxa are identifiable with reference to the extensive

The lithostratigraphy, main depositional environments, and
ammonoid biostratigraphy of the Tiskatine section have been
described comprehensively by Luber et al. (2017). The Tiskatine
section was sampled bed-by-bed for bio- and chemostratigraphic
analysis. Most samples come from the Tamzergout Fm., with a few
samples from the underlying Bouzergoun Fm. and the overlying
Oued Tidzi Fm (Fig. 3). At the Id Amran and Assaka sections, key
intervals were sampled for calcareous nannofossil analysis to sup-
port ammonite findings and extend observations made at Tiskatine.
A list of all species recorded with primary citation information is
presented in the supplementary data. New ammonoid findings, key
foraminifera, and calcareous nannofossil species are fully illus-
trated for future reference.

3.1. Biostratigraphy

3.1.1. Foraminiferal biostratigraphy

Planktonic foraminifera have long been known to have strati-
graphic utility within the later Early Cretaceous (e.g. Moullade,
1966) with a series of evolutionary inceptions and extinctions
forming the basis for a standard planktonic foraminiferal zonation
(e.g. Caron, 1985; Robaszynski and Caron, 1995; Premoli Silva and
Verga, 2004; Ogg and Hinnov, 2012) shown in Fig. 7.

96 samples from the Tiskatine section were prepared using the
standard methodology described by Armstrong and Brasier (2005).
Microfossil recovery was good to very good (typically more than
100 and sometimes over 500 specimens) but variable. Preservation
was generally good. Key specimens are illustrated in Figs. 8 and 9.

The taxa present comprise a diverse assemblage of calcareous
and agglutinating benthonic foraminifera and planktonic forami-
nifera. Planktonic foraminifera often form 50% or more of the total
assemblage. Notwithstanding considerable discussion of the tax-
onomy of Early Cretaceous planktonic foraminifera (BouDagher-
Fadel et al, 1997; Moullade et al., 2002; Bellier and Moullade,
2002; Verga and Premoli Silva, 2003a; b; Premoli Silva and Verga,
2004; Ando et al.,, 2013) and remaining uncertainties regarding
precise stratigraphic range, their fundamental stratigraphic utility

literature on age-equivalent cosmopolitan, Mediterranean and
North-West European material (e.g. Bartenstein and Bettenstaedst,
1962; Damotte and Magniez-Jannin, 1973; Premoli Silva and
Verga, 2004). The identification of key planktonic foraminifera
follows the taxonomy of Verga and Premoli Silva (2003a, b) and
Premoli Silva and Verga (2004). Although the nomenclature of
zonation varies between authors (e.g. use of Hedbergella infracre-
tacea Zone or Pseudoplanomalina cheniourensis Zone instead of
Hedbergella trocoidea Zone), the basic series of defining events is
well understood. Direct calibration to other stratigraphic tools (e.g.
the SMAS and carbon isotope record and hence the chronostrati-
graphic standard) is still at a very preliminary stage and remains a
subject of ongoing research.

3.1.2. Calcareous nannofossil biostratigraphy

44 samples from the Tiskatine section were analysed via stan-
dard techniques described by Bown and Young (1998) and the
picking brush method of Jeremiah (1996). At Id Amran a total of 8
samples where analysed for calibration to ammonite-bearing layers
and as infill where ammonite recovery was poor or absent. Simi-
larly, an infill sample was studied from Assaka. At DSDP boreholes
370 and 416, nineteen and 5 samples were investigated, respec-
tively. Samples were analysed semi-quantitatively, with the first 30
fields of view counted and the remaining slide scanned for rare
specimens. Key specimens are illustrated in Fig. 10.

The nannofossil biostratigraphy is described with reference to
the Lower Cretaceous NC zones of Roth (1978, 1983) and subzones
after Bralower et al. (1993). The standard Aptian nannofossil zo-
nations are, however, in urgent need of revision. The nominate
species utilised in the cosmopolitan NC zonation (Roth, 1978;
Bralower et al., 1993) either show diachronism (FAD Predis-
cosphaera columnata (Stover, 1966), Fig. 10), difficulty of identifi-
cation (differentiation of Hayesites albiensis Manivit, 1971 from
Hayesites irregularis [Thierstein in Roth and Thierstein, 1972)] or a
sporadic Last Appearance Datum (LAD) [Micrantholithus hoschulzii
(Reinhardt, 1966)]. Therefore, the calibration of nannofossil zones
as shown in standard texts (e.g. Ogg and Hinnov, 2012) requires
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revision. Distribution charts for all sections are provided in the
supplementary data.

3.1.3. Ammonite biostratigraphy

Bed-by-bed collections for ammonites were made from the Id
Amran and Assaka section. Key bio-events were compared to the
local biostratigraphic scale and bio-events of the EAB recognised
by Luber et al. (2017). Key specimens are illustrated in Figs. 11
and 12.

3.2. Carbon isotope stratigraphy

75 bulk rock samples were analysed at Tiskatine. The material
is almost exclusively composed of shelfal marls and limestones,
with a few calcareous sandstones. The 3'3C analysis was per-
formed at the Friedrich-Alexander Universitat in Erlangen, Ger-
many, using a Gasbench Il connected to a ThermoFisher Delta V
Plus mass spectrometer for carbonate 3'3C analyses and a Flash EA
2000 elemental analyser connected online to ThermoFinnigan
Delta V Plus mass spectrometer for bulk organic matter 3'>C an-
alyses. All values are reported in per mil relative to V-PDB. Sample
preparation procedure and standards follow Bodin et al. (2017).
Reproducibility for carbonate 8'3C was +0.04, for 880 +0.05, and
for 3'>Corg +0.07%0 (10).

4. Results
4.1. Biostratigraphy of the Essaouira-Agadir Basin

Herein we discuss foraminifera and calcareous nannofossils data
supplementing the biostratigraphic framework of Luber et al.
(2017) at the Tiskatine section and additional data from the Id
Amran and Assaka sections.

4.1.1. Foraminifera biostratigraphy — zonation and key events
(Tiskatine Section)

Fig. 13 shows the relative proportions of the three main types of
foraminifera (agglutinating, calcareous benthic, and planktonic).
Although planktonic foraminifera usually comprise the dominant
component of the assemblages (50% or more of the total numbers),
benthic foraminifera are also abundant and diverse. These include
calcareous rotalid species and agglutinating species. Calcareous
miliolids are very rare.

Globigerinelloides ferreolensis Zone: samples MTTK 164 —
MTIK 186

Definition: This zone was defined by Moullade (1966) as the
interval from the extinction of Leopoldina cabri (Sigal, 1952)
(=Schackoina cabri) to the inception of Globigerinelloides algerianus
Cushman and Ten Dam, 1948.
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Fig. 8. Plate 1: Scanning electron microscope images of selected planktonic foraminifera from the Tiskatine section, Morocco (all scale bars = 0.1 mm): (1—3) Globigerinelloides barri
(Bolli, Loeblich and Tappan, 1957) from MTTK 197; (4—6) Globigerinelloides ferreolensis (Bolli, Loeblich and Tappan, 1957) from MTTK 197; (7—8) G. ferreolensis - G. algerianus
transitional form from MTTK 185a; (9—11) Globigerinelloides algerianus Cushman and Ten Dam, 1948 from MTTK 197; (12—13) Pseudoplanomalina cheniourensis (Sigal, 1952) from
MTTK 217; (14—15) Pseudoplanomalina cheniourensis (Sigal, 1952) from MTTK 237.




T.L. Luber et al. / Cretaceous Research 93 (2019) 292—317

Fig. 9. Plate 2: Scanning electron microscope images of selected planktonic foraminifera from the Tiskatine section, Morocco (all scale bars = 0.1 mm): (1) ?Paraticinella bejaouaensis
(Sigal, 1966) from MTTK 247; (2—4) Hedbergella trocoidea (Gandolfi, 1942) from MTTK 235; (5—6) Tritaxia dividens (Grabert, 1959), smaller morphotype, from MTTK 227; (7-8)
Gavelinella cf. barremiana Bettenstaedt, 1952 from MTTK 221; (9—11) Conorotalites aptiensis (Bettenstaedt, 1952) from MTTK 219; (12) Lenticulina muensteri (Roemer, 1839) from
MTTK 215; (13—15) Valvulineria gracillima Ten Dam, 1947 from MTTK 227.
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Micrantholithus hoschulzii
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DSDP 370: 811.95m

Zebrashapka vanhintei
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Zeugrhabdotus scutula
DSDP370: 873.98m

Zebrashapka vanhintei
Id Amran: MTIA-153

Fig. 10. Calcareous nannofossil photographic plate of key specimen from the Tiskatine and Id Amran onshore sections and DSDP borehole 370. Scale bar in all photos is = 5 pm.

Whilst rare specimens of Globigerinelloides ferreolensis (Moul-
lade, 1961) can be found within the L. cabri Zone (Robaszynski and
Caron, 1995; Verga and Premoli Silva, 2003b; Premoli Silva and
Verga, 2004), extinction of L. cabri and the inception of common
G. ferreolensis can be considered to be synchronous (Aguado et al.,
1999; Moullade et al., 2002, 2005), so that the inception of com-
mon G. ferreolensis is also an effective marker for the base of the
zone. At Tiskatine G. ferreolensis (Fig. 8.4—6) occurs almost at the
base of the Tamzergout Fm. in sample MTTK 164 (Fig. 13). The
uppermost part of the zone contains forms transitional between
G. ferreolensis and G. algerianus (Fig. 8.7—8) as well as specimens of
Globigerinelloides barri (Bolli, Loeblich and Tappan, 1957).

Globigerinelloides algerianus Zone: samples MTTK 187 —
MTTK 208

Definition: This zone was defined by Moullade (1966) as
encompassing the total range of the nominate species (Fig. 8.9—11).

This occurs between beds MTTK 187 and MTTK 203 at Tiska-
tine. The top of the zone can be extended to sample MTTK 208
(Fig. 13) which contains G. barri (Fig. 8.1-3), a species that does
not extend above the G. algerianus Zone. Although a range chart
within Premoli Silva and Verga (2004) shows a minute extension
of G. barri above the G. algerianus Zone, Verga and Premoli Silva
(2003a) stated that “Globigerinelloides barri disappears at the top
of the Globigerinelloides algerianus Zone”. The local inception of
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Hedbergella trocoidea (Gandolfi, 1942) occurs midway within this
zone.

Hedbergella trocoidea — Paraticinella bejaouensis zones un-
differentiated: samples MTTK 210 — MTTK 247

Definition: The Hedbergella trocoidea Zone is, according to Sigal
(1977), the interval from the extinction of G. algerianus to the
inception of Paraticinella bejaouensis (Sigal, 1966). The Paraticinella
bejaouensis Zone is defined (Robaszynski and Caron, 1995) as the
total range of the nominate species.

Since P. bejaouensis (Fig. 9.1) does not definitely occur in our
studied material (a questionable specimen occurs in sample MTTK
247), the interval above the G. algerianus Zone with planktonic
foraminiferal recovery (samples MTTK 210 — MTTK 247) must be
assigned to an undifferentiated H. trocoidea — P. bejaouensis zones
(Figs. 7 and 13). This is supported by the presence of Pseudopla-
nomalina cheniourensis (Sigal, 1952) (Fig. 8.12—15), a species that
ranges no higher than the lower part of the P. bejaouensis Zone
(Moullade et al., 2002; Bellier and Moullade, 2002; Ando et al.,
2013). Additional taxa include G. ferreolensis and H. trocoidea
(Fig. 9.2—4), two species that range throughout the Upper Aptian
(Moullade et al., 2002). The name P. bejaouensis is retained for
reference to the standard literature, although proposals exist to
correct the name of this species and its nominate zone to Para-
ticinella rohri (Ando et al., 2013).

4.1.2. Calcareous nannofossil biostratigraphy — zonation and key
events (Tiskatine Section)

All samples analysed from the Bouzergoun Fm. proved barren of
nannoplankton (MTTK 160 — MTTK 162). The basal 0.5 m (MTTK
163 — MTTK 164) mudstone section of the Tamzergout Fm. yielded
low diversity and abundance assemblages. Diversity and abun-
dance markedly increases from sample MTTK 165b upwards.

NC7A: samples MTTK 163 — MTTK 239

Definition: Interval from FAD of Eprolithus floralis (Stradner,
1962) to LAD of M. hoschulzii (Bralower et al., 1993).

M. hoschulzii, the marker for NC7A is found sporadically
throughout the Tamzergout Formation. MTTK 239 (Fig. 13) is likely
an artificial top due to the sporadic local range. A boreal marker,
Crucibiscutum bosunensis Jeremiah, 2001 is recorded from the Tis-
katine section. Its FO at Tiskatine is recorded from bed MTTK 185b.
The acme of C. bosunensis is at bed MTTK 239. Zebrashapka van-
hintei Covington and Wise, 1987 is found throughout the Upper
Aptian but does not range up into the Lower Albian. Assipetra ter-
ebrodentarius youngii Tremolada and Erba, 2002 is found sporadi-
cally throughout the Tiskatine section.

Holococcoliths are particularly prevalent in the Aptian Tiskatine
section. In the lower beds (MTTK 165b — MTTK 185a) Calculites
dispar Varol in Al-Rifaiy et al., 1990 (Fig. 10) predominates. From bed
MTTK 187 above Orastrum perspicuum Varol in Al-Rifaiy et al., 1990
(Fig. 10) dominates with Owenia partitum (Varol in Al-Rifaiy et al.,
1990) also showing quantitative influxes between beds MTTK 200
and MTTK 218.

NC8A: sample MTTK 249

Definition: Interval from FAD of P. columnata to FAD of
H. albiensis (Bralower et al., 1993).

Sample MTTK 249 yields both the FO of NC8A marker
P. columnata together with Rhagodiscus achlyostaurion (Hill, 1976)
and records a quantitative acme of the predominantly boreal species
Repagulum parvidentatum (Deflandre and Fert, 1954) (Fig. 10). Hol-
ococcoliths and nannoconids are rare compared to the underlying
Upper Aptian, diversity and abundance of the nannofloras reduced.

4.1.3. Ammonite biostratigraphy (Id Amran Section)
Compared to the biostratigraphic framework of Luber et al.
(2017) the following ammonoid bio-events are recognised:

- Bio-event 1: occurrence of Procheloniceras dechauxi (Kilian and
Reboul, 1915) in MTIA 84

- Bio-event 2: peak of diversity dominated by Colombiceras and
Epicheloniceras MTIA 105

- Bio-event 3: first occurrence (FO) of the endemic species “Epi-
cheloniceras” marocanus (Roch, 1930) in MTIA 106

- Bio-event 5: peak of abundance of Pseudoaustraliceras in beds
MTIA 131 and 135

- Bio-event 6: sudden mass occurrence of Elsaisabellia in bed
MTIA 15

Two additional ammonoid faunas are recognized by comparison
to the ammonoid succession at Tiskatine. In bed MTIA 98
the assemblage is dominated by “Procheloniceras” sp. nov.
(Fig. 11.11—17), large ancyloceratids associated with Deshayesites aff.
callidiscus Casey, 1961a (Fig. 11.1-2). Slightly above bed MTIA 100
contains an abundant fauna dominated by Dufrenoyia praedufrenoyi
Casey, 1964 sensu Dutour (2005) (Fig. 11.3—9) and the occurrence of
Toxoceratoides rochi Casey, 1961b (Fig. 11.10) is noteworthy.

4.1.4. Calcareous nannofossil biostratigraphy (Id Amran Section)
NC6B: samples MTIA 89 — MTIA 95

The lowermost Aptian nannofloras (MTIA 89 — 95) investigated
from Id Amran are extremely rich yielding Diazomatolithus lehmanii
Noél, 1965 (Fig. 10), high relative abundances of Cyclagelosphaera
margerelii Noél, 1965 (Fig. 10) and Assipetra terebrodentarius
(Applegate et al. in Covington and Wise, 1987) (Fig. 10), events all
occurring below the FAD of E. floralis. At Id Amran a rich nanno-
conid association also occurs with the wide canal forms Nannoco-
nus circularis Deres and Achéritéguy, 1980 (Fig. 10) and Nannoconus
vocontiensis Deres and Achéritéguy, 1980 predominant. The
assemblage in this interval indicates zone NC6B.

The D. forbesi zone dated deposits at Id Amran between MTIA 89
and MTIA 95 are stratigraphically younger than the deposits
immediately below the basal Albian unconformity at DSDP 370 and
416A (see below). At DSPD 370 the samples also yield Zeugrhab-
dotus scutula (Bergen, 1994) (Fig. 10) a form characteristic of the
lower part of zone NC6B (Fig. 6).

NC7A: samples MTIA 104 — MTIA 151

MTIA 104 yields the FAD of E. floralis together with the LAD of
N. circularis. Additional events include the occurrence of
C. bosunensis and M. hoschulzii recorded from, MTIA 151 and MTIA
153 (E. tiskatinensis Zone). Additionally, MTIA 153 yielded common
C. bosunensis and an incursion of common Z. vanhintei (Fig. 10) (E.
tiskatinensis Zone).

NC8A: sample MTIA 156

P. columnata, R. achlyostaurion and rare C. bosunensis are recor-
ded from MTIA 156, confirming a basal Albian age (NC8A).

4.1.5. Ammonite biostratigraphy (Assaka Section)

The co-occurrence of Epicheloniceras and Colombiceras in MTAS
121 indicates the Lower Upper Aptian C. tobleri Zone and Subzone.
The mass occurrence of Epicheloniceras in MTAS 122 suggests a
similar age, even though the occurrence of elements from the “E.”
marocanus Subzone cannot be excluded. The fauna collected from
MTAS 123 contains reworked Upper Aptian ammonites from the
A. aschiltaensis Zone |[Pseudoaustraliceras gr. ramososeptatum
(Anthula, 1900)], from the E. tiskatinensis Zone [“Epicheloniceras” gr.
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clansayense (Jacob, 1905)] together with Mellegueiceras and
“Hypacanthoplites” of the paucicostatus (Breistroffer in Dubourdieu,
1953) group that are diagnostic of the Lower Albian (Latil, 2011;
Luber et al., 2017). Key ammonoid material is illustrated in Fig. 12.

4.1.6. Calcareous nannofossil biostratigraphy (Assaka Section)
NC8A: sample MTAS 124

An Early Albian age for MTAS 124 is established by the co-
occurrence of P. columnata and a questionable specimen of
R. achlyostaurion.

4.1.7. Nannofossil biostratigraphy DSDP Leg 41 borehole 370
The following key bio-events have been recognised in the
studied section (Fig. 6):

NC6A

e 1. LO of common nannoconids and Micrantholithus obtusus
Stradner, 1963; presence of Flabellites oblongus (Bukry, 1969)
(Fig. 10) at 874.81 m indicating an age no older than latest
Barremian (Zone NC6A).

e 2: LO of Nannoconus steinmannii Kamptner, 1931 (Fig. 10) at
873.98 m

e 3: LO of Conusphaera rothii (Thierstein, 1971) (Fig. 10) at
873.31 m. In this study the LAD of C. rothii is utilised as an
approximation for top Barremian (Zone NC6A).

NC6B

e 4. LO of Z scutula at 840.03 indicating an age no younger than
earliest Aptian (Zone NC6B).

e 5: LO of HRA of C. margerelii with an influx of A. terebrodentarius
and LO of consistent P. furtiva in the absence of E. floralis indi-
cating an age no younger than Early Aptian intra D. forbesi
ammonite Zone equivalent age at 839.87 m (Zone NC6EB).

NC8A

e 6. FO of R achlyostaurion, presence of C. bosunensis and
A. terebrodentarius youngii indicates a basal Albian age at
838.57 m (Zone NC8A).

e 7. FO of P. columnata at 837.90 m (Zone NC8A).

e 8. LO of A. terebrodentarius youngii at 835.95 m (Zone NC8A).
A. terebrodentarius youngii is more extensively recorded from
the oceanic DSDP 370 than at the shallower shelf outcrop at
Tiskatine, a result of this form's preference to deeper waters
(Street and Bown, 2000).

e 9. FO of an influx of R. parvidentatum at 836.80 m.

e 10. LO of C. bosunensis at 830.89 m (Zone NC8A).

e C. bosunensis is found from 830.89 m down to the basal Albian
sample analysed at 838.57 m.

At the DSDP 370 borehole both C bosunensis and
A. terebrodentarius youngii are found to have LO's extending into the
basal Albian.

4.1.8. Nannofossil biostratigraphy DSDP Leg 41 borehole 416
The following key bio-events have been recorded in core 6-4
and 6 core catcher (CC):

e Lowermost Aptian deposits yielding abundant A. tere-
brodentarius, common C. margerelii and common Z. scutula,
again in the absence of nannoconids (core 6 CC); lower part
Zone NC6B.

e Lower Albian deposits yielding an influx of R. parvidentatum,
abundant R. achlyostaurion and the presence of P. columnata
(core 6 CC and 6-4); Zone NC8A.

4.2. Carbon isotope stratigraphy: 6"*Ceary and 6PCorg

The 3'3Cearp, values of the Tiskatine section between MTTK 163
and MTTK 249 (Fig. 14) range between —0.34%0 (MTTK 249) and
1.9%0 (MTTK 229) and can be grouped into 5 major segments.

o Segment 1: Overall increase of 3'3Ceap, values from —0.13%o to
1.83%0 between MTTK 163 to MTTK 172, with wide scatter of
values between MTTK 163 to MTTK 169.

Segment 2: Decreasing trend of 3'>Ceayp, values following MTTK

172 to 0.31%o in MTTK 185b.

Segment 3: Overall plateau of 3'>Ccyyp, values from MTTK 186 to

MTTK 206/208, oscillating between 0.29 (MTTK 197) and 1.32%o

(MTTK 204). A small long-term increasing trend can be observed

within the segment. On top of segment 3, a short-lived negative

excursion (from MTTK 206 to MTTK 213) can be observed.

o Segment 4: Rapid increasing trend in 3'3Cearp, values from MTTK
213 to MTTK 216 followed by an attenuated increase towards a
maximum value in the section of 1.90%. in MTTK 229.

e Segment 5: Pronounced decreasing trend of 3'>Ceyy, values
following MTTK 229 to the minimum value in the section
of —0.34%o in MTTK 249.

The 3'3Corg values of the Tiskatine section between MTTK 160 and
MTTK 249 (Fig. 14) range between —27.27% (MTTK 160) and
—22.49%0 (MTTK 161) and can be grouped into 4 major segments.

e Segment 1: Decreasing trend of 613C0rg values from MTTK 161
(—22.49%o0) to —26.86%0 in MTTK 186.

« Segment 2: Overall plateau of 3'*Cyg values from MTTK 186 to
MTTK 206 (—26.5%o).

e Segment 3: Increasing values until MTTK 226 (—25.21%o).

e Segment 4: Overall plateau until the basal Albian unconformity.

5. Discussion
5.1. Biostratigraphy

5.1.1. Age interpretation foraminifera

All planktonic foraminifera present suggest a Late Aptian age
for the Tamzergout Fm. at Tiskatine (Fig. 7). Early Aptian taxa,
such as the distinctive L. cabri, are absent and the lowest signifi-
cant planktonic foraminifera occurring in the section,
G. ferreolensis, is restricted to the Late Aptian according to some
authors (e.g. Moullade et al., 2002). The occurrence of this species
in the highest part of the Tamzergout Fm. (Fig. 13) indicates a Late
Aptian age (along with the presence of H. trocoidea and, just
below these occurrences, P. cheniourensis) (Premoli Silva and
Verga, 2004). Taxa indicative of an Early Albian age such as
T. primula are absent from the Tamzergout Fm. at Tiskatine.
Ammonoid and calcareous nannofossil occurrences demonstrate
an Albian age for the overlying Oued Tidzi Fm. This interpretation

Fig. 11. Ammonoid photographic plate of the Id Amran section (scale bar = 1 cm): (1—2) Deshayesites aff. callidiscus Casey, 1961a from bed MTIA 98 ((Manch) LL. 16142); (3—9)
Dufrenoyia praedufrenoyi Casey, 1964 from bed MTIA 100 ((Manch) LL. 16144); (10) Toxoceratoides rochi Casey, 1961b from bed MTIA 100 ((Manch) LL. 16145); (11-17) “Proche-

loniceras™ sp. nov. from bed MTIA 98 ((Manch) LL. 16143).
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contrasts with that of Yamina et al. (2002) who described, but did
not illustrate, a variety of Early Aptian planktonic foraminiferas
species from the lower part of the Tamzergout Fm. at localities
north of the Amsittene Anticline. The ammonoid work of Luber
et al. (2017) highlighted that the base of the Tamzergout Fm., as
originally defined by Duffaud et al. (1966) is markedly dia-
chronous being the lower part of the Lower Aptian at some lo-
calities and Lower Upper Aptian at others (Fig. 2). A possibility to
explain the discrepancies in age interpretation, in addition to the
difficulties in applying lithostratigraphy, is that the Tiskatine
section represents deposition in proximity of a local high, such
that the well-established intra-Aptian hiatus (sequence boundary)
(Peybernes et al., 2013; Luber et al., 2017) is most expansive there.

The Late Aptian age interpretation of the Tamzergout Fm. at
Tiskatine provided by the planktonic foraminifera is in broad
agreement with the age interpretations provided here from the
occurrences of ammonoids and calcareous nannofossils (Fig. 13), as
well as the stable carbon isotope record (Fig. 14). It is very likely that
the uppermost Aptian “H”. jacobi Zone is missing in the Tiskatine
section as P. cheniourensis occurs near the top of the formation, a
species with a LAD well below the top of the Aptian or reported
“uppermost Gargasian” (Moullade et al., 2002; Ando et al., 2013).
Ammonoid, calcareous nannofossils, and carbon isotope records
support this interpretation (Figs. 13 and 14).

The calibration of the standard planktonic foraminiferal zona-
tion to the SMAS is still in progress as, regrettably, a limited number
of publications document the co-occurrence of planktonic forami-
nifera alongside ammonoid occurrences in the classic sections. The
data from the Tiskatine section may be very important in this
respect as the local ammonoid zonation of Luber et al. (2017) can be
calibrated to the SMAS and the 3'3C record. Calcareous nannofossils
provide additional constraint.

The oldest ammonites found in the Tamzergout Fm. at Tiska-
tine are assigned to the C. tobleri Zone. This is calibrated to a
position midway within the E. martini Zone of the SMAS (Luber
et al, 2017). The recognition of the G. ferreolensis planktonic
foraminiferal Zone for the same samples is intriguing in that for
some authors the G. ferreolensis Zone is regarded as occurring at
the base of the Upper Aptian, in the lowest part of the E. martini
Zone (Ogg and Hinnov, 2012). Our data would suggest that posi-
tioning the base of G. ferreolensis Zone above the base of the
Upper Aptian, within the E. martini Zone (Figs. 7 and 13) would be
preferable as indicated by Robaszynski and Caron (1995) and
Dauphin (2002). The 3'3C record points to calibration with the
Ap9 segment of the standard 3!3C curve from the Vocontian
Trough. Ap9 is low within the E. martini Zone and calibrates with
the G. ferreolensis Zone.

The local A. aschiltaensis ammonite Zone found in the middle
part of the Tamzergout Fm. at Tiskatine is calibrated (Luber et al.,
2017) to straddling the upper E. martini to P. melchioris zones of
the SMAS. The portion of the Tiskatine section assigned to the
A. aschiltaensis Zone is also assigned to the G. algerianus planktonic
foraminifera Zone and the upper part of the G. ferreolensis Zone.
Although these zones are calibrated by some authors to levels
within the E. martini Zone (e.g. Ogg and Hinnov, 2012) the data from
Tiskatine (Fig. 13) would suggest that placement of the top of the
G. algerianus Zone extends to the P. melchioris Zone as suggested by
Robaszynski and Caron (1995) and Dauphin (2002).

5.1.2. Age interpretation ammonites and biostratigraphic
correlation to the Standard Mediterranean Ammonite Scale (SMAS)

A state of the art of the integrated ammonoid, planktonic fora-
minifera, and calcareous nannofossil distribution in the reference
sections of the South Provence and Vocontian basins are presented
in the supplementary data. These synthetic figures include both
published (Bergen, 2000; Kennedy et al., 2000, 2014; Moullade
et al., 2000, 2005; Dauphin, 2002; Herrle and Mutterlose, 2003;
Dutour, 2005; Kuhnt and Moullade, 2007; Frau et al., 2015) and
unpublished data by two of us (CF and LGB). The bio-events
selected are the ones more reliable to correlate the EAB and the
SMAS successions (Luber et al., 2017). Formal revision of the SMAS
is far beyond the scope of the present contribution. This work is
currently in progress and will be published elsewhere.

As outlined by Luber et al. (2017) the lack of precise definition of
the Aptian and Lower Albian biochronozones and subzones of the
SMAS handicaps the correlation between the EAB and the SMAS.
This point was already addressed by Owen (1996), Dauphin (2002),
Bulot (2010), Bulot et al. (2014), Frau et al. (2015, 2016). Conse-
quently, the high-resolution integrated stratigraphy of the Aptian
stage is at a far more preliminary stage than advocated (see also
discussions in Frau et al., 2018).

Id Amran

By comparison with the ammonoid successions of SE France the
fauna from MTIA 98 indicates the middle part of the D. forbesi Zone
sensu Frau et al. (2015). The assemblage from MTIA 100 is indicative
of the middle part of the D. furcata Zone sensu Dutour (2005).
Therefore, these two Early Aptian ages demonstrate the existence ofa
hiatus that spans the upper part of the D. forbesi Zone, the D. deshayesi
Zone and the lower part of the D. furcata Zone on top of bed MTIA 98.
The hiatus includes the time equivalent of the OAE 1a-related
culmination and succeeding recovery. These ages are further sup-
ported by the occurrence of the calcareous nannofossil association of
E. floralis and N. circularis in MTIA 104 of latest Early Aptian age.

5.1.3. Age interpretation calcareous nannofossils
Tiskatine

NC7A: The LAD of M. hoschulzii has been conventionally cali-
brated (Bralower et al., 1993; Ogg and Hinnov, 2012) to a position
slightly above the base of the Upper Aptian, at a level close to the
base of the E. martini Zone (SMAS). This conventional calibration for
the top NC7A appears depressed to more recent records from
northwestern Europe (Jeremiah, 2000, 2001), the Gulf of Mexico
(Phelps et al., 2015; Supplementary document) and this study at
Tiskatine (EAB). Here at Tiskatine M. hoschulzii ranges up to the
local “Hypacanthoplites” spp. Subzone, correlated to the upper part
of the A. nolani Zone (Fig. 13). It is uncertain whether its LO at MTTK
239 is its true LAD, or a result of truncation at the Aptian/Albian
boundary unconformity above (Fig. 13). Regardless, the range of
M. hoschulzii substantially extends the conventional LAD.

The occurrence of the boreal marker C. bosunensis is noteworthy
at Tiskatine and could help establish a calibration datum between
the Boreal and Tethyan realms. In the boreal North Sea,
C. bosunensis has a short stratigraphic acme range constrained to
the uppermost beds of the E. martinoides and P. nutfieldensis zones
of Early Late Aptian age (Jeremiah, 2000). Its true LAD is more

Fig. 12. Ammonoid photographic plate of the Assaka section (scale bar = 1 cm): (1-2) Epicheloniceras gr. waageni (Anthula, 1900) — tschernyschewi (Sinzow, 1906) from bed MTAS
122 ((Manch) LL. 16147); (3) Pseudoaustraliceras gr. ramososeptatum (Anthula, 1900) from bed MTAS 123 ((Manch) LL. 16149); (4—5) Epicheloniceras gr. gracile Casey, 1961a from bed
MTAS 121 ((Manch) LL. 16146); (6—7) Epicheloniceras gr. subbuxtorfi — paucinodum (Burckhardt, 1925) from bed MTAS 122 ((Manch) LL. 16148); (8) “Hypacanthoplites” cf. pauci-
costatus (Breistroffer in Dubourdieu, 1953) from bed MTAS 123 ((Manch) LL. 16150); (9—10) Mellegueiceras cf. chihaouiae Latil, 2011 from bed MTAS 123 ((Manch) LL. 16151); (11-12)
Pseudoaustraliceras gr. ramososeptatum (Anthula, 1900) from bed MTAS 123 ((Manch) LL. 16152).
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sporadic, with rare occurrences ranging up into the lowermost
Albian of the North Sea (Jeremiah, 2001). Recent studies (Phelps
et al., 2015; supplementary document) have shown a more exten-
sive geographical distribution outside of the North Sea. At Tiskatine
the acme of C. bosunensis is at bed MTTK 239 (Fig. 13). This acme
only 2 m below the Aptian/Albian boundary unconformity suggests
that sedimentary deposits equivalent to the uppermost Aptian
H. jacobi Zone are extremely condensed or eroded. In the North Sea,
C. bosunensis is only recorded rarely from H. jacobi dated strata
(Jeremiah, 2001; Jeremiah et al., 2010).

Further, it is noteworthy that the occurrence of Z vanhintei in
Upper Aptian deposits (Fig. 13) extends the range of this form from
its published LAD in the Lower Aptian (Bown et al., 1998).

NC7B/NC7C: Subzones NC7B and NC7C are not utilised in the
current study. These subzones are based on a differentiation of the
FAD of R. achlyostaurion from that of the FAD of P. columnata. Cur-
rent studies indicate that the base of R. achlyostaurion lies close to
the base of the Albian where it appears together with P. columnata
(Kennedy et al., 2000, 2014) as at Tiskatine (Fig. 13).

NC8A: There is a major nannofloral turnover at the Aptian/
Albian boundary section at Tiskatine. The FO of abundant
R. parvidentatum is a potentially important local correlative event
marking the base of the Albian along the Moroccan Atlantic Margin,
here occurring with the FAD of R. achlyostaurion and P. columnata
(Sample MTTK 249).

Id Amran

NC6B: Here the assemblage of MTIA 89-95 is characteristic of
other Lower D. forbesi Zone ammonite dated assemblages (Ather-
field Clay, UK, Fischschiefer UK North Sea; Jeremiah, 2000;
Jeremiah et al., 2010; Lehmann et al., 2012, 2016).

NC7A: Sample MTIA 104 yields E. floralis and the LAD of Nan-
noconus circularis. The two samples at MTIA 151 and MTIA 153 yield
a Late Aptian assemblage reminiscent of equivalent deposits
investigated at Tiskatine. M. hoschulzii, C. bosunensis (common at
MTIA 153), Z. vanhintei and A. terebrodentarius ssp. youngii are all
recorded.

NC8A: A sample from the base of the Oued Tidzi Formation
(MTIA 156), above the uppermost Aptian — basal Albian unconfor-
mity, yielded P. columnata and R. achlyostaurion together with
C. bosunensis. R. parvidentatum was not recorded in this sample. It
appears that C. bosunensis ranges into basal Albian deposits. The
presence at Id Amran suggests that the lowermost Albian deposits
above the basal Albian unconformity are slightly older here than
those preserved at Tiskatine where the LAD of C. bosunensis is
truncated. A more extensive sequence of events including the Lower
Albian LO (Last Occurrence) of C. bosunensis and A. terebrodentarius
youngii is recorded at DSDP 370 (see discussion below).

DSDP 370/416

NC6A: At DSDP 370 the exact boundary between the Upper
Barremian and Lower Aptian can not be determined based on the
calcareous nannofossil data. It is either located at the erosive base
of the turbidity current in the upper part of core section 34-1
(872.85—873.26 m) above deposits of NC6A, or located within the
core gap above. The base of the turbidite at 873.26 m could
correspond to a regional regressive phase recognized at the Bar-
remian - Aptian transition within the Bouzergoun Fm. onshore the
EAB.

NC6B: The basal part of core 32-4 (840.42—389.87 m) contains
strata of Early Aptian age. These deposits are older than the sedi-
mentary rocks assigned to NC6B from the Id Amran section
onshore. Here at DSDP 370 the occurrence of Z. scutula indicates the
lower part of NC6B.

NC7A: The recorded stratigraphy of NC7A, forming the bulk of
the Tiskatine section, is not recorded at DSDP borehole 370.

NC8A: The contact between the lowermost Aptian (NC6B) and
Lower Albian sequence (NC8A) lies between 838.57 and 839.87 m.
Onshore in the EAB the Aptian/Albian boundary is marked by a
regional erosive unconformity and a distinct colour change from
blue-grey marls of the Tamzergout Formation to green marls of the
Oued Tidzi Formation. This colour change is also observed in the
core section 32-4 (838.57—839.87 m, Fig. 6). Therefore, a hiatus and
the basal Albian unconformity are tentatively placed at the erosive
contact at 839.68 m. It could also fall at the base of the erosive
turbidite at 839.87 m. The boundary is thought to correlate to the
regional sequence boundary recognized onshore (Luber et al., 2017)
and in borehole 370 appears to erode most of the Lower Aptian and
all the Upper Aptian strata.

At the adjacent DSDP Borehole 416A the basal Albian uncon-
formity is also recorded within core 6 (CC). Here again, Lower
Albian (NC8A) deposits rest directly with a marked hiatus upon
lowermost Aptian strata (NC6B).

5.2. Carbon isotope chemostratigraphic correlation

This section provides interpretation of the 3'3C curve in the
Tiskatine section and a correlation to the biostratigraphically well-
constrained Vocontian basin (Fig. 15).

5.2.1. Interpretation of the 6°C trend in the Tiskatine section

To discuss our 8'3C dataset it must be assessed that local water
cycling processes or diagenesis had no significant influence and the
observed 3'3C trends are mainly representative of global change in
the carbon cycle. The here-analysed carbonate samples are made of
bulk micrite deposited in an open shelf setting and open ocean
water masses are expected (Immenhauser et al., 2002). Resetting of
313Cearp, values by late diagenetic processes are unlikely since the
abundance of carbonates act as a strong buffer against significant
isotopic exchange with C-poor fluids (e.g. Marshall, 1992). The
absence of major diagenetic resetting of our 3'>Ceyp, dataset is
confirmed by measured values typical for an Aptian oceanic
signature, as reported from numerous studies (e.g. Herrle et al,,
2004; Bodin et al., 2015). The values of the 613Corg dataset are
similar to McAnena et al. (2013) for DSDP borehole 545.

For the 3'3Ceap values, care must be taken for the lowermost
(MTTK 162 — MTTK 169) and uppermost (MTTK 237 — MTTK 249)
parts of the Tamzergout Formation. Here high amplitude and sharp
fluctuation of 3'3C.,yp, values are observed. Since similar trends and
fluctuations cannot be observed in the 513C0rg dataset, it can be
hypothesized that these high-amplitude and sharp fluctuations of
313Carp, values are linked to early diagenetic resetting. This is most
notably close to the hiatus separating the Tamzergout and Oued
Tidzi Fms. The large negative C-isotope excursion at the top of the
Tamzergout Fm. resembles a negative excursion associated with
subaerial exposure diagenesis due to the adjunction of *C-depleted
carbon derived from soil development (Allan and Matthews, 1982).
There is, however, no physical indication for subaerial exposure
related to the Lower Albian unconformity at the base of the Oued
Tidzi Fm. Oxidation of marine organic matter or local oceano-
graphic conditions related to water masses isolation could thus be a
more likely explanation for these two negative excursions.

5.2.2. Correlation to the South Provence and Vocontian Basin

The chemostratigraphic correlation between the EAB and the SE
France reference sections established in the South Provence and
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Vocontian Basin (Herrle et al., 2004) has to take into account the
two basin-wide hiatus recognized in the Tiskatine section, covering
1) the upper D. forbesi Zone to lower E. martini Zone and 2) the
whole H. jacobi to lowermost L. tardefurcata Zone equivalent of the
SMAS. Furthermore, the sedimentary record in the EAB is far more
condensed than its counterparts in SE France (Fig. 15).

Considering the hiatus in the EAB and stratigraphic gaps, the
overall 3'3Corg curve as well as the 8'3Cearp curve of the EAB (Fig. 14)
matches the established curves of the Vocontian and South Pro-
vence basins. The lowermost and uppermost part of the Tiskatine
313Cearp, record cannot be chemostratigraphically correlated to the
French reference curve, which corroborates the hypothesis of
diagenetic alteration. Eliminating these data allows clear observa-
tion of an initial negative 3'3C trend (minimum amplitude of ca. 1%o
for the 3Ccarp record, and 4% for the '3Corg record) that corre-
spond well to the upper part of the decline in 8'3C values spanning
the Lower — Upper Aptian transition observed in the Vocontian
Basin (in both bulk micrite and belemnite records; Herrle et al.,
2004; Bodin et al., 2015), as well as in the South Provence Basin
(Kuhnt et al., 2011) and elsewhere (e.g. Menegatti et al., 1998; De
Gea et al,, 2003; Godet et al., 2014). This decline is a global envi-
ronmental signal, resulting from a return to pre-OAE 1a positive
excursion values (C8 segment of Menegatti et al., 1998; see also
Bodin et al., 2015). Given that the C7 segment of Menegatti et al.
(1998), i.e. the maximum of the Lower Aptian positive 3'3C
(related to the OAE 1a), is not recorded in Tiskatine, it is difficult to
assess which exact part of the C8 segment of Menegatti et al. (1998)
is represented by the decreasing trend observed in our record. As
the here observed decreasing trend falls within the middle to upper
E. martini Zone equivalent of SMAS, we correlate it to the upper part
of the C8 segment (Menegatti et al., 1998).

The following 5'3C plateau in the Tiskatine section (around 0.7%o
for 313Cearb and around —26.5%o for 3'3Corg) can be correlated to the
Ap10 and Ap11 segments of Herrle et al. (2004 ), spanning most of the
G. algerianus/H. trocoidea foraminifera zone. This agrees with our
biostratigraphic zonation. Lastly, the 3'3C positive excursion span-
ning the upper part of the Tiskatine section (excluding the diage-
netically altered uppermost part of the 3'3Ceap, record) and the
plateau of 613Corg in the uppermost part of the section correlates well
tothe Ap12 and Ap 13 segments of Herrle et al. (2004), supporting the
correlation between the E. tiskatinensis ammonite Zone in Morocco
and the N. nolani ammonite Zone in SE France (Luber et al., 2017).

Finally, it should be noted that the 613C0rg value of —27.27%o for
the MTTK 160 sample at the base of the section is similar to the
313Corg values observed within the lowermost A. aschiltaensis Zone.
This is consistent with its earliest Aptian pre-OAE 1a age attribution
(P. dechauxi Zone, which is the equivalent to the lower part of the
D. forbesi Zone; Luber et al., 2017). Indeed, in SE France, similar 8'3C
values have also been observed for these two intervals (Follmi et al.,
2006; Kuhnt et al., 2011; Bodin et al., 2013, 2015).

The comparison between carbonate and organic matter 3'3C
records of the Tiskatine section (Fig. 14) and the Vocontian Basin
reference section (Fig. 15) further supports the biostratigraphic
scheme established in Morocco. Additionally, the correlation,
additionally, confirms that key stratigraphic intervals, the OAE 1a-
equivalent and the Aptian/Albian boundary section, are not recor-
ded at Tiskatine.

5.3. The evolution of the EAB during the Aptian

5.3.1. Depositional environment and sequence stratigraphic
interpretation

Through palaeontological and field observations, depositional
environments and key sequence stratigraphic surfaces are

described for the Tiskatine section (Fig. 13). Supporting observa-
tions come from the Id Amran and Assaka sections and information
from the DSDP boreholes 370/416 is also discussed.

Three 3rd order stratigraphic sequences have been recognised.
Interpreted sedimentological logs and field photographs are pre-
sented in the supplementary data.

Lower Aptian — Sequence 1

The lower part of the Tiskatine section (MTTK 157 — 161a) is
dominated by wave-influenced shoreface sedimentation overlain
by lower shoreface conditions. The interval is barren in foraminifera
and calcareous nannofossil but yields abundant ammonoids. Be-
tween MTTK 159 to 160b lack in mesopelagic phylloceratids and
lytoceratids, and the abundance of the shallow nekton-benthic
douvilleiceratid Procheloniceras (Westermann, 1990, 1996) suggest
a distal neritic setting (Frau et al., 2017).

A 3rd order sequence boundary around the Lower/Upper
Aptian boundary is recognized between MTTK 160b and 161a, well
constrained by ammonoid biostratigraphy (Luber et al., 2017).

Upper Aptian — Sequence 2

A subsequent initial transgressive surface (ITS) and condensa-
tion are recognised in MTTK 161a. Here the occurrence of phyllo-
ceratids and desmoceratids indicates a brief episode of open-
marine conditions at the top of the Bouzergoun Fm.; albeit the
fauna is still largely dominated by nekton-benthic forms such as
Epicheloniceras. The rich and diverse mix of epipelagic and meso-
pelagic assemblages form a typical Type 2 Horizon of Faunal Uni-
formity (HUF) and is interpreted to be the result of sea level rise and
flooding events (Bulot, 1993).

In MTTK 162 a rapid increase in water depth and the estab-
lishment of shelfal conditions is indicated by first occurrence
planktonic nannoflora and an increase in foraminifera and calcar-
eous nannofossil recovery. A lithological disconformity from
sandstones to marls and increased carbonate content is also rec-
ognised between MTTK 162 and 163.

The establishment of shelfal conditions at Id Amran predates
(P. dechauxi Zone) the establishment at Tiskatine (C. tobleri Zone),
while at Assaka this time interval is marked as erosive surfaces.

The increase in base-level recognized in MTTK 162 can be
observed regionally and is interpreted as a 3rd order transgressive
systems tract (TST) starting with MTTK 161a.

Between MTTK 164 — MTTK 232 the proportion of planktonic
foraminifera seldom falls below 50%, indicating water depths of
50—200 m (Murray, 1991) suggesting middle to outer shelf con-
ditions. High relative abundance (65%—81%) of planktonic fora-
minifera (notably Hedbergella spp.), a prominent increase in
abundance and diversity of calcareous nannofossil from MTTK 162
through to MTTK 165b, and higher carbonate content suggest
good open-marine conditions. Therefore, MTTK 164/165 (“E.”
marocanus Subzone) is interpreted as a Lower Upper Aptian
maximum flooding surface (MFS). Regional flooding within the
C. tobleri Zone is followed by relative continuous deposition in the
Tiskatine and Id Amran sections and is also recorded at Assaka
(MTAS 121).

The interval from MTTK 166—191 is interpreted as multiple
parasequences in a third order high stand systems tract (HST).
Sample MTTK 183b contains common reworked Epistomina derived
from shallow shelf environments. The abundance of ammonites
decreases significantly and fauna is dominated by the endemic “E.”
marocanus. The same is true at Id Amran between MTIA 109 to 130.

Between MTTK 184 to 194, and even up to MTTK 203 the
ammonite fauna is characterised by the abundance of the cosmo-
politan A. aschiltaensis and P. gr. ramososeptatum indicating
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restored open-marine connections between the EAB and the
Mediterranean-Caucasian Tethys. This is also recognised at Id
Amran (MTIA 131 to 142) and elements are further recorded in
Assaka (MTAS 123).

MTTK 192 stands out in the field characterised by an erosive
base, interpreted as a 3rd order sequence boundary. MTTK 192 has
higher siliciclastic content and is barren of foraminifera, but yields
large ammonoids (Pseudoaustraliceras).

The Lower Aptian succession is expanded at Id Amran compared
to Tiskatine. This changes above the regional flooding in the
C. tobleri Zone and the Upper Aptian succession is compressed in Id
Amran compared to Tiskatine and the Id Amran section records a
higher siliciclastic input.

Upper Aptian — Sequence 3

The top of MTTK 194 is interpreted as the ITS. A rich and
diverse ammonite assemblage between MTTK 206 — MTTK 213
and increased recovery of foraminifera and calcareous nanno-
fossils between MTTK 211 — MTTK 215 suggest the presence of an
Upper Aptian MFS between MTTK 206 — MTTK 215 (E. tiskati-
nensis Subzone) with Horizons of Faunal Uniformity. This brackets
a 3rd order transgressive systems tract (TST) between top MTTK
194 and MTTK 215, which is also recognised at Id Amran (MTIA
149 — 150 top). At Assaka elements of the E. tiskatinensis Subzone
are also recorded in poly-phased horizons and polyzonal lenses
(MTAS 123) infilling erosional surfaces.

Overall the upper part of the Tamzergout Fm. at Tiskatine,
particularly MTTK 206 to 231, is marked by the high abundance and
diversity of small-sized epipelagic forms (Elsaisabellia, Protacan-
thoplites and “Hypacanthoplites”) combined with spot occurrences
of mesopelagic desmoceratids, indicating the restoration of fully
open-marine condition.

The interval MTTK 216 to MTTK 247 is overall still rich in
foraminifera, but the interval from MTTK 232 to 247 is barren in
ammonoids and a continuous decline of planktonic foraminifera
(50% to <30%) is noted from MTTK 233 upward. Further, reworking
of shelfal Epistomina is particularly evident in MTTK 223 — MTTK
237. Calcareous nannofossils are still abundant in this interval, with
MTTK 239 yielding the richest nannoflora of the whole section.
Therefore, MTTK 216 — MTTK 247 is interpreted as a HST. This in-
terval is absent at Id Amran.

Clastic progradation is heralded by a marked reduction in di-
versity and abundance of calcareous nannofossils in bed MTTK
247. MTTK 247 further shows a noteworthy increase in abundance
of reworked Epistomina (the highest numbers recorded in any
sample). Obviously transported specimens may be indicative of
episodes of shelf erosion and redeposition. It is uncertain if these
are the results of autocyclic processes affecting the shelf (e.g. se-
vere storms) or of allocyclic processes such as lowering of relative
sea-level. Increase in abundance of Epistomina and diversity
decrease of calcareous nannofossils may indicate of the onset of a
shallowing event which ultimately led to the development of a
sequence boundary at the base of MTTK 248 identified at Tiska-
tine. This sequence boundary is more notably expressed at Id
Amran (base MTIA 154) and DSDP boreholes 370 and 416. At DSDP
370 all the Lower and Upper Aptian succession exposed at Tiska-
tine is eroded and only older Lower Aptian strata is preserved
(NC6B). Boreholes 370/416 are located to the north of the
Essaouira-Agadir Basin in the offshore part of the Doukalla Basin
and, therefore, not necessarily directly tied to the evolution of the
EAB. Nonetheless, the prominently and apparently regionally-
developed uppermost Aptian to Lower Albian sequence bound-
ary is noteworthy. This boundary possibly combines a 3rd and 2nd
order sequence boundary. It is well constrained by ammonoids,

foraminifera and calcareous nannofossils to occur between the
“Hypacanthoplites spp.” Subzone and the M. chihaouiae Zone and
is, therefore, suspected as being close to the Aptian/Albian
boundary. Relating this sequence boundary to published eustatic
sea-level curves is challenging, but it is here tentatively linked to
KAp 7 sensu Haq (2014).

A sample from bed MTTK 249 exhibits a dramatic change in
palaeoenvironmental conditions compared to the underlying
Aptian deposits. Neritic dominated holococcoliths and nannoco-
nids are rarely recorded whilst a cold-water incursion of
R. parvidentatum is recorded. A regional palaeo-oceanographic
change reflected in the nannofossil assemblage appears to have
occurred at the Aptian/Albian boundary.

5.3.2. Palaeogeographic interpretation

Early Aptian

A transect from Id Amran to Assaka (Fig. 16) shows a thinning
succession, interpreted to be controlled by reducing accommoda-
tion toward the crest of a submerged fault block. During the Early
Aptian, the following incremental tectonic movement phases can
be dated by ammonoid biostratigraphic data along this transect:

e P. dechauxi — lower D. forbesi zones: Constrained by erosion of
P. dechauxi — C. tobleri zones time-equivalent deposits in the
distal Assaka section (erosional surface base MTAS 121). These
zones are present in Tiskatine (MTTK 159—160b) and Id Amran
(MTIA 86 — MTIA 98). In Id Amran preservation of the D. forbesi
Zone time-equivalent deposits (MTIA 98) further constraints the
timing of first movement phase.

Lower D. forbesi — D. furcata zones: Constrained by absence of
the upper D. forbesi plus the entire D. deshayesi zones (=OAE 1a-
related time culmination) in Id Amran. D. forbesi and D. furcata
zone age deposits are not recorded in Tiskatine and Assaka and
form part of a composite surface including multiple un-
conformities (hiatus MTTK 160b — MTTK 161a and again
erosional surface base MTAS 121).

e D. furcata — C. tobleri zones: Unconformity constrained by

absence of the upper D. furcata Zone in Id Amran

Early Aptian tectonic movement phases (1) to (3) are expressed
in the sedimentary record as disconformities, generally as surfaces
of non-deposition. In the Assaka section, they are combined into
the basal erosional surface of MTAS 121.

Late Aptian

While the Early Aptian was marked by increased accommoda-
tion and early establishment of shelfal conditions in the Id Amran
area, this changed in the Late Aptian. The compressed Upper Aptian
succession compared to Tiskatine is interpreted as a gradual infill of
accommodation and onlap towards the crest of the submerged fault
block to the west. The absence of the “Hypacanthoplites” spp.
Subzone at Id Amran is linked to stronger erosion than in Tiskatine
at the uppermost Aptian to basal Albian sequence boundary.

Towards the crest of the fault block in Assaka the Upper Aptian
is recorded as a set of horizons marked by poly-phased erosion
and sedimentation (MTAS 122 and 123). Preserved ammonoid
specimens mainly coincide with Late Aptian—earliest Albian
flooding events in the basin suggesting continuous reworking on
the crest of a submerged fault block. It is noteworthy that among
the ammonoid assemblage in lenses of MTAS 123 open-marine
fauna (Hypophylloceras, Eotetragonites and Ephamulina) are well-
represented. This suggests the crest of the submerged fault block
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was located on the outer shelf, below storm wave base, open to
the ocean in the west and that lenses (MTAS 123) formed through
winnowing by wave-action and mixing of faunal elements. The N-
S orientated crest was located in proximity of the modern
coastline.

6. Conclusions

This paper presents combined high-resolution litho-, bio-,
chemo- and sequence stratigraphic data analysis for the Aptian of
the NW African Atlantic margin. A reference section is proposed at
Tiskatine, offering the most complete outcropping section
encountered in the EAB. The results provide new information on
ranges of foraminifera and calcareous nannofossils, which impor-
tantly have been correlated with the local ammonoid zonation
scheme defined for the EAB by Luber et al. (2017). Their wider
correlation against type localities and species (e.g. SMAS) is dis-
cussed. This study also extends the growing global body of 3'3C data
against a high-resolution, biostratigraphically constrained section.

Based on the distribution of foraminifera in the Tiskatine section,
three widely used Upper Aptian zones have been recognized:
G. ferreolensis Zone, G. algerianus Zone, and H. trocoidea — P.
bejaouensis zones. In addition, two standard calcareous nannofossil
zones are recognised at Tiskatine: NC7A and NC8A. The calibration of
these zones against the SMAS and hence standard chronostratig-
raphy, implies crucial revisions to previously reported ranges.

The 53Corg curve, as well as the 5™Cearp, curve, support the
biostratigraphic analysis at Tiskatine and can be correlated with the
established curves of the Vocontian and South Provence Basin in SE
France. The §!3C analysis highlights the absence of the OAE 1a
equivalent time interval and the uppermost Aptian interval, as
indicated by biostratigraphic data.

Foraminifera, calcareous nannofossil, and carbon isotope data
support the presence of a regional hiatus at the Aptian/Albian
boundary in the EAB. Revised age dating using calcareous nanno-
fossils at DSDP boreholes 370 and 416 further indicates the pres-
ence of this hiatus associated with a regional unconformity
offshore.

Based on the integration of biostratigraphic data and sedimen-
tological observations, local tectonics can be discerned during the
Aptian along the Atlantic Margin.

The robust chronostratigraphic framework presented is a
contribution towards regional and super-regional correlations that
will aid future palaeo(bio)geographic interpretations.
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