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Oued Bahloul is a reference section for the Cenomanian–Turonian that was located on the North African
palaeomargin, where Oceanic Anoxic Event 2 (OAE2) is represented by black limestones and grey marls.
Biostratigraphic study allowed the identification of calcareous nannofossil UC3 to UC6 zones. Quantitative anal-
yses of calcareous nannofossil assemblages indicate that high-fertility surface-water conditions predominated
throughout most of the OAE2 interval. The most eutrophic conditions probably developed during deposition of
the lowermost part of theWhiteinella archaeocretacea Zone (UC3 to UC4 zones), where nannofossil-derived fer-
tility indices reach high values and the small Zeugrhabdotus gr. predominates over Biscutum spp. The temperature
index based on calcareous nannofossil assemblages indicates a warming at the beginning of the OAE2, followed
by progressive cooling (the same trend indicated by δ18Obulk values). The significant proportion of holococcoliths
suggests high-stress conditions in surface waters during most of the OAE2 interval. The enrichment in redox-
sensitive elements, together with the abundance of low-oxygen tolerant benthic foraminifera, indicates dysoxic
conditions both in the deep-water column and sea-bottom at the beginning of the OAE2 (W. archaeocretacea
Zone). Geochemical detrital proxies indicate an enhanced rate of terrigenous supply during the OAE2 interval
resulting from increased riverine influx related to a more humid climate. Enhanced fluvial run-off increased nu-
trient input tomarine surfacewaters contributing to eutrophication (recorded by calcareous nannoplankton and
planktic foraminifera). Plankton consumption of surface water nutrients increased organic matter production,
whose decay contributed to the decrease in dissolved oxygen, generating increasingly dysoxic/anoxic conditions
and favoring preservation of organic matter. Although low-latitude nannofossil assemblages such as those of Oued
Bahloul reflect an increase in nutrient availability during theOAE2 interval, assemblages frommid-latitude areas re-
cord a decreased nutrient content.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The latest Cenomanian–earliest Turonian time interval was marked
by palaeoclimatic and palaeoceanographic perturbations, associated
with long-lasting carbon isotope anomalies related to an oceanic anoxic
event (OAE2; Huber et al., 2002;Monteiro et al., 2012; Erba et al., 2013).
Two main hypotheses have been proposed to explain deposition of
organic-rich facies: a) oceanic anoxia prevented the decaying of organic
matter by decreased oxygen supply to the deep ocean due to slowed
oceanic circulation (e.g., Erbacher et al., 2001; Tsandev and Slomp,
2009), andb) enhanced surfacewater productivity either from intensified
upwelling or from increased weathering and run-off and water-column
oxygen depletion through the decay of organic matter (e.g., Sarmiento
et al., 1988; Handoh and Lenton, 2003).
The high number of calcareous nannofossil biohorizons charac-
terizing the Upper Cenomanian-lowermost Turonian offers the op-
portunity to biostratigraphically constrain the OAE2. The nature of
primary producers and changes of temperature in ocean surface wa-
ters during the OAE2 would need to be elucidated in order to better
understand oceanic anoxic events. Calcareous nannoplankton, as a
relevant group of primary producers, is ideal to address these ques-
tions because it is strongly affected by temperature, nutrient avail-
ability, pCO2 and salinity.

The Oued Bahloul section is a classic Cenomanian–Turonian boundary
locality for which previous studies focused on analysis of carbon isotopes
(Amédro et al., 2005; Caron et al., 2006), sequence stratigraphy
(Robaszynski et al., 1993; Accarie et al., 2000; Zagrarni et al.,
2008); planktic foraminifera (Caron et al., 1999, 2006; Reolid et al.,
2015) and organic geochemistry (Farrimond et al., 1990).

The only previous data on nannofossil assemblages from the Oued
Bahloul section come from a stratigraphically-focused study which
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Fig. 1. A, Current geographic location of the Oued Bahloul section in central northern Tunisia. B, Global Mollweide palaeogeographic map showing the distribution of oceans and lands at
the beginning of Late Cretaceous (~90 Ma) after Blakey (2005). C, A focus on the Western Tethys and North Atlantic, showing the position of the Oued Bahloul section in the Central
Tunisian Platform.
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included about 13 samples from this locality, containing poorly preserved
assemblages (Bralower, 1988).

The aims of this research are: 1) to build a precise nannofossil
biostratigraphy and make correlations with available biostratigraphic
schemes based on ammonoids (Caron et al., 1999, 2006; Accarie et al.,
2000; Amédro et al., 2005; Zagrarni et al., 2008) and planktic foraminifera
(Caron et al., 1999, 2006; Reolid et al., 2015); 2) to carry out a quantitative
and statistical analysis of the nannofossil assemblages for the reconstruc-
tion of palaeoecological and palaeoceanographic conditions during the
OAE2; 3) to compare the nannofossil results with geochemical detrital,
redox and productivity proxies and with foraminiferal assemblages.
2. Geological setting

TheOued Bahloul section (Fig. 1A) is located in central Tunisia, about
5 km SSWof the village of Kasra (coordinates 35° 46′ 18″N, 9° 21′ 4″ E).
At the beginning of the Late Cretaceous this section was located within
the Central Tunisian Platform, at a palaeolatitude of about 15–20° N
(Fig. 1B, C). During the Cenomanian–Turonian interval, central Tunisia
was located in the North African continental margin (Fig. 1B) and
was occupied by outer shelf facies rich in planktic foraminifera (Caron
et al., 2006; Zagrarni et al., 2008; Reolid et al., 2015) where several
small islands emerged which acted locally as sources of siliciclastics
(Zagrarni et al., 2008).
Fig. 2. Lithological sketch of the Oued Bahloul section showing the main calcareous nannofoss
(1985) and Burnett (1998). Sequence stratigraphy after Robaszynski et al. (1990, 1993). Amm
(2005) and Zagrarni et al. (2008). Planktic foraminiferal biostratigraphy after Caron et al. (20
et al. (2015). Extra δ13Cbulk and δ18Obulk data after Amédro et al. (2005), Caron et al. (20
nannofossil species richness, absolute abundance (nannofossils/g of sediment), preservation
circles) throughout the section. Preservation classes: P = poor, PM = poor to moderate, M
moderate. Shaded horizontal band corresponds to poorly preserved assemblages (see text for
The Oued Bahloul section is well exposed on the north-western
flank of the Oued Bahloul anticline, the core of which is occupied by
Cenomanian marls of the Fahdène Formation. The interval studied
(47 m thick) includes the uppermost 5 m of the Fahdène Formation,
the Bahloul Formation (29 m thick) and the lowermost 13 m of the
Kef Formation (Fig. 2). The uppermost part of the Fahdène Formation
consists of an alternation of grey-greenishmarls and light-colored lime-
stones. The overlying Bahloul Formation is divided into two members:
the lower Pre-Bahloul Member and the upper Bahloul s. str. Member
(Fig. 2). The Pre-Bahloul Member is 3.4 m thick. Its basal bed (0.5 m
thick) consists of a microconglomeratic sandy limestone body that
contains quartz and phosphatic black pebbleswhich are normally graded.
The base of this body is irregular and incises the underlying marls of the
Fahdène Formation. The overlying level is a bioclastic-rich calcarenite,
while the uppermost part of this member consists of marls. The abrupt
vertical change from the Fahdène Formation to the Pre-Bahloul Member
suggests a clear discontinuity interpreted by Robaszynski et al. (1990,
1993) as a sequence boundary (Ce SB5 sensu Hardenbol et al., 1998).
The whole Pre-Bahloul Member has been interpreted as a shelf margin
wedge (Zagrarni et al., 2008).

Above the Pre-Bahloul Member the lithology is replaced abruptly by
laminated black limestone layers (2–5 cm thick) and grey marls rich in
organic matter that are characteristic of the Bahloul s. str. Member
(hereinafter BahloulMember). The black limestone layers are organized
in couplets about 50 cm thick, which alternate with grey marls
il bioevents found in this study and biozones according to Sissingh (1977), Perch-Nielsen
onite biostratigraphy after Caron et al. (1999, 2006), Accarie et al. (2000), Amédro et al.
06) and Reolid et al. (2015). Carbonate, TOC and δ18Obulk and δ13Cbulk curves after Reolid
06) (diamonds) and Zagrarni et al. (2008) (triangles). Fluctuations of the calcareous
(squares) and diversity indices (Shannon-H: circles, Dominance: squares, and Fisher-α:
P = moderate to poor, M = moderate, MG = moderate to good, and GM = good to

details).
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throughout thismember (25.6mwidth), although rhythmicity tends to
fade towards the top of the interval. In detail, the black limestones are
composed of dark-colored laminae rich in organicmatter containing ra-
diolaria, benthic and planktic foraminifera, and light-colored laminae
that contain mostly planktic foraminifera (Caron et al., 2006). The
grey marls are bioturbated and lamination is not observed. The transi-
tion from black limestones to greymarls is gradual, while the transition
from grey marls to black limestones is abrupt. The top of the Bahloul
Member consists of a centimetric highly-bioturbated bed, rich in ammo-
nite moulds and containing phosphate and glauconite grains, which is
included within limestones rich in filaments (filament event). In terms
of sequence stratigraphy, lithologic change between the Pre-Bahloul
Member and Bahloul Member has been interpreted as a transgressive
surface (Ce TS5 of Hardenbol et al., 1998), the deepening upwards cycles
of the BahloulMember as a transgressive systems tract, and the top of the
Bahloul Member as the maximum flooding surface (Fig. 2; Robaszynski
et al., 1990, 1993; Zagrarni et al., 2008).

The overlaying Annaba Member of the Kef Formation consists of
marl–limestone alternations displaying shallowing upward cycles,
and is interpreted as a highstand systems tract (Zagrarni et al., 2008).

3. Materials and methods

3.1. Sample treatment

Fractions of the same samples used in Reolid et al. (2015) were used
for calcareous nannofossil investigation. In total 25 unevenly spaced
samples were collected throughout the studied interval. Smear slides
of all collected samples were prepared following the decantationmethod
described in Geisen et al. (1999) and examined using a polarizing light
microscope Olympus BHSP at 1200× magnification. Potential carbonate
dissolutionwas checked by examination of simple smear slides of unpro-
cessed samplematerial. At least 450 determinable nannofossil specimens
(average 756)were counted on each slide in order to perform an analysis
of the assemblage composition. In addition, smear-slide investigationwas
extended to complete aminimum of 400 fields of view (1 field of view=
2.37 × 10−2 mm2) along a longitudinal traverse in order to report the
presence of rare taxa. The taxonomic framework used (Figs. 3–4 and
Appendix A, B) is based on Perch-Nielsen (1985), Bown et al. (1998),
Kennedy et al. (2000), Lees (2007), and Aguado (2012). All calcareous
nannofossils with more than half of the specimens preserved were
included in the counts.

Nannofossil preservation for individual samples was evaluated
directly from the observation of smear slides in the polarizingmicroscope
using the visual criteria introduced by Roth and Thierstein (1972). In
addition, percentage abundances of some diagenesis-resistant taxa,
especially Watznaueria (see Section 4.1) were also used to evaluate the
preservation of assemblages in individual samples (Fig. 5).

3.2. Diversity, statistical and palaeoecological analyses

Simple diversity (species richness) was calculated for each sam-
ple. In addition, the Shannon–Wiener Index H (Shannon and
Weaver, 1949); Dominance (Simpson, 1960) and Fisher-α diversity
(Fisher et al., 1943), as implemented in the PAST software v3.11
(Hammer et al., 2001), were calculated from species census counts
in order to further evaluate ecological signals in the assemblages
(Fig. 2).

The absolute (nannofossils per gram of rock; Geisen et al., 1999)
and relative (% of single taxa relative to total assemblage) abun-
dances were calculated from species census counts. For the quantita-
tive analyses of the assemblages, some taxa were grouped at a
generic level, such as Biscutum spp. (B. constans: Fig. 3ab–ad, and
B. gaultensis: Fig. 3ae–ag), Eiffellithus spp. (Fig. 3cp–cs),
Prediscosphaera spp., Retecapsa spp., and Watznaueria spp. Other
groupings include the small Zeugrhabdotus gr. (Z. erectus: Fig. 3o,
Z. howei: Fig. 3p–v, and Z. noeliae: Fig. 3w–aa) and Eprolithus gr.
(E. floralis: Fig. 4g–i, E. moratus: Fig. 4s, E. octopetalus: Fig. 4j, r, and the re-
lated Radiolithus planus: Fig. 4k–m). Theholococcoliths (Bilapilluswadeae:
Fig. 3bn–bz, Calculites percernis: Fig. 3cn, co,Orastrum perspicuum: Fig. 3cl,
cm, Owenia hillii: Fig. 3cb–ck, and O. dispar: Fig. 3ca) were also grouped
together as they represent haptophyte haploid stages that probably de-
veloped in response to environmental stress (Section 5.3; Mutterlose
and Bottini, 2013). After these groupings, only those taxa having a
mean relative abundance higher than 1% were selected as significant
for statistical analysis (Figs. 6, 7). However, the rare taxa Discorhabdus
ignotus (Fig. 3as–av, average 0.72%) and Rhagodiscus asper gr.
(R. asper: Fig. 4a–c, and R. splendens: Fig. 4d–f; average 0.16%) were
also considered because of their presumed palaeoecological signifi-
cance (Roth and Krumbach, 1986; Mutterlose, 1987; Bottini and
Mutterlose, 2012; Aguado et al., 2014a, b). The taxa included in the se-
lected groups account for 87.8% to 95.1% (average 91.9%) of the individ-
uals in the assemblages. The rest of the taxa were all considered
together within the ‘other taxa’ group (Fig. 7).

In order to better constrain the statistical significance of peaks in
nannofossil abundances, confidence intervals for percentages were
calculated (Figs. 6, 7) using approaches proposed for multinomial pro-
portions (Heslop et al., 2011). For an error rate α = 0.05, these limits
define the 95% confidence intervals associated with the percentage of
each taxon in a sample (Pagano, 2013). Calculations were made using
the statistical software available at https://www.marum.de/Software_
and_Programs.html#Section19526.

The relative abundances (percentages) of taxa with special palaeo-
ecological significance were used in the calculation of productivity index
(PI; Gale et al., 2000), nannoplankton index of productivity (NIP; Eshet
and Almogi-Labin, 1996), and temperature index (TI; Bornemann et al.,
2005), which were selected due to its better adaptation to the composi-
tion of the studied assemblages. These indices were implemented as fol-
lows:

PI ¼ %Biscutum spp:þ%small Zeugrhabdotus spp:ð Þ=%Watznaueria spp: ð1Þ

NIP ¼ Log10
�
%Biscutum spp:þ%Zeugrhabdotus spp:ð Þ

��
%Eiffellithus spp:þ%Lithraphidites spp:þ%M:decoratus

þ%Prediscosphaera spp:þ%Staurolithites spp:Þ�

ð2Þ

TI ¼ %T:orionatus=%Rhagodiscus spp: ð3Þ

Low values of PI from 0 to 0.5 characterize low nutrient availability,
whereas values above 1 are typical for high nutrient availability and
thus higher productivity (see also Linnert et al., 2010; Pavlishina and
Wagreich, 2012). NIP values around and above zero characterize high-
productivity settings, whereas values around −2 characterize low-
productivity settings (Eshet and Almogi-Labin, 1996; Pavlishina and
Wagreich, 2012).

3.3. Elemental analyses

Whole-rock analyses of major elements were carried out on all
sampling levels using X-ray fluorescence (XRF; Philips PW 1040/
10 spectrometer). The content of trace elements was determined
using an inductively coupled plasma-mass spectrometer (ICP-MS
Perkin Elmer Sciex-Elan 5000) at the Centro de Instrumentación
Científica (Universidad de Granada). The instrumental error was ±2%
and ±5% for elemental concentrations of 50 ppm and 5 ppm,
respectively.

https://www.marum.de/Software_and_Programs.html#Section19526
https://www.marum.de/Software_and_Programs.html#Section19526
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Some of these geochemical data were used by Reolid et al. (2015) to
estimate palaeoproductivity (Sr/Al, U/Al and P/Ti ratios) and redox
conditions (Co/Al, Cu/Al, Cr/Al, Ni/Al, Th/Al ratios and enrichment
factors and authigenic values of Mo and U). These geochemical proxies
are compared with calcareous nannofossil assemblages. Moreover,
distinct major and trace elements/Al ratios were selected for interpreting
fluvial transport (K/Al; Chester et al., 1977) and aeolian transport (Zr/Al
and Ti/Al; Pye, 1987; Reolid et al., 2012) in the detrital input. In addition,
the elemental ratio D* (Machhour et al., 1994) expressed as Al /
(Al + Fe + Mn) was used as a general detrital proxy.

4. Results

4.1. Calcareous nannofossil preservation

Average preservation of calcareous nannofossil assemblages in
the study section, from visual estimation, is moderate to good (Fig. 2).
However, two of the samples (OB-30 and OB-33 m) are characterized
by poorly preserved assemblages. Absolute abundance drops for these
samples and diversity parameters as species richness, Shannon H and
Fisher-α also show a decrease (Section 4.2), while the dominance
parameter increases and reaches its maximum values, mainly due to
the increase in abundance of dissolution-susceptible taxa such as
Biscutum spp., or small Zeugrhabdotus gr. (Thierstein, 1980). In addi-
tion, the increase in relative abundance of the dissolution-resistant
Watznaueria spp. (Roth and Bowdler, 1981; Roth and Krumbach,
1986) in samples OB-30 and OB-33 m does not correlate with an
increase in its absolute abundance (Fig. 6). This suggests that this
increase in relative abundance of Watznaueria spp. is an artifact conse-
quence of the closed sum effect induced by poor preservation.

High proportions ofWatznaueria spp. in poorly preserved calcareous
nannofossil assemblages correlate inversely with total abundance and
diversity. The correlation coefficients of percentage abundances of this
taxon with respect to both simple diversity and total nannofossil abun-
dances are low for the studied interval (Fig. 5a, b). However, we can see
that samples OB-30 and OB-33 m are the only outliers due to their
higher percentage abundance in Watznaueria spp. The degree of corre-
lation between bulk rock carbon and oxygen isotopes (δ13Cbulk and
δ18Obulk), which has been used (Corfield, 1995; Duchamp-Alphonse
et al., 2007; Aguado et al., 2008) as an indicator of the extent of diage-
netic alteration in carbonate rocks, is low throughout Oued Bahloul sec-
tion (Fig. 5c).

All the above indicates that the calcareous nannofossil assemblages of
the study material were not significantly altered by diagenetic processes
and, with the exception of those from samples OB-30 and OB-33 m,
they represent the original biocenosis and preserve palaeoenvironmental
signals.

4.2. Diversity of calcareous nannofossil assemblages

A total of 89 taxa (Appendix B)were identified in the studied interval,
where all samples examined contained calcareous nannofossils. Average
species richness is higher throughout the lower part (Cenomanian) than
throughout the upper (Turonian) part of the section (Fig. 2). A drastic
drop in species richness (~36 taxa) is found in the uppermost part of
the Bahloul Member (samples OB-30 and OB-33 m, just below the
Helvetoglobotruncana helvetica Zone). The curve of Fisher-α diversity is
consistent with that of the species richness (Fig. 2).

No great fluctuations of Shannon Index are recorded throughout
the studied interval, with the exception of a drop at the top (samples
OB-30 and OB-33 m) of the Bahloul Member (Fig. 2). This drop is a
consequence of poorer preservation (Section 4.1) which, in turn, re-
sults in a decrease in absolute abundance of calcareous nannofossils
and an increase in relative (but not in absolute) abundance of
Watznaueria spp. (Fig. 6). This drop is related to the increase in the
dominance that is recorded for the same levels and is the most
prominent feature of the Dominance (D) curve (Fig. 2). There is no ap-
parent correlation between diversity indices and carbonate content or
TOC values.

4.3. Biostratigraphy

The 13 calcareous nannofossil bioevents identified (Fig. 2) allowed
the application of multiple zonations to the studied section. The zones
CC10a and CC10b of Sissingh (1977), NC11 and NC12 of Perch-Nielsen
(1985), and UC3 (subzones c/d and e), UC4, UC5 (subzones a, b,
and c) and UC6 (subzones a and b) of Burnett (1998) were identified.
The last occurrence (LO) of Lithraphidites acutus (Fig. 4n–p) in sample
OB-22 m was used to place the limit between the NC11 and NC12
zones, according to the zonation of Perch-Nielsen (1985). The
boundary between CC10a and CC10b zones of Sissingh (1977) has to
be placed coinciding with the LO of Helenea chiastia (Fig. 3cy–cz). As a
consequence of the sampling interval, this bioevent was recorded in sam-
ple OB-28 m together with the first occurrences (FOs) of Eprolithus
octopetalus (Fig. 4j, r) and Quadrum intermedium (Fig. 4t). However, it is
known (e.g., Burnett, 1998; Tantawy, 2008) that the LO of H. chiastia is
younger than the FOs of E. octopetalus and Q. intermedium. As H. chiastia
was not found in sample OB-30 m, the boundary between CC10a and
CC10b zones was tentatively placed slightly above 29 m (Fig. 2), about
40 cm over the FO of Watinoceras sp. (see Burnett, 1998). Isolated and
poorly preserved specimens of H. chiastia were found in samples at 38
and 40m, within the AnnabaMember (Kef Formation), but were consid-
ered as reworked.

The LO of Corollithion kennedyi (Fig. 3bb–bf) in sample OB-8 m was
used to place the boundary between UC3d and UC3e subzones accord-
ing to Burnett (1998). The stratigraphic interval below sample OB-8 m
has to be assigned to the subzones UC3c/d undifferentiated due to the
presence of Lithraphidites acutus and the absence of Staurolithites
gausorhethium and Gartnerago nanum. The FO of Rotelapillus biarcus
(Fig. 3bg–bm) in sample OB-10 m was used to place the boundary
between zones UC3 and UC4. Subzones UC4a and UC4b could not be
differentiated in Oued Bahloul because of the presence of the last record
of Cretarhabdus striatus (Fig. 3da) in sample OB-7 m. The LO of
Axopodorhabdus albianus (Fig. 3ct–cx) in sample OB-24 m marks
the boundary between subzones UC5a and UC5b. The lower limit of
the subzone UC5c was placed in sample OB-28 m, coinciding with
the FO of Quadrum intermedium. The boundary between zones UC5
andUC6 ismarked by the LO ofH. chiastia. This boundarywas tentatively
placed slightly above OB-29 m. Finally, the FO of Eprolithus moratus
(Fig. 4s) at sample OB-40 m allowed the identification of UC6a and
UC6b subzones.

Some other FOs and LOs were identified in addition to the
bioevents used as index species in the applied zonations. The LO of
Eiffellithus hancockii (Fig. 3cp) was recorded in sample OB-7 m and
the FO of Corollithion exiguum (Fig. 3aw–ba) in sample OB-10 m.
These are followed by the LOs of Gartnerago aenigma (Fig. 3a–f)
and Biscutum gaultensis (Fig. 3ae–ag) in sample OB-24 m and the
FO of Eprolithus octopetalus in sample OB-28 m. The FO of Quadrum
gartneri was not observed in the studied interval of Oued Bahloul
section. The vertical distribution of biostratigraphic index taxa and
major bioevents together with the zones identified is summarized
in Fig. 2. In this figure, the nannofossil zones are correlated with re-
spect to planktic foraminifera (Caron et al., 2006; Reolid et al.,
2015) and ammonite (Caron et al., 1999, 2006; Accarie et al., 2000;
Amédro et al., 2005) biostratigraphies.

4.4. Absolute and relative abundances

The average absolute abundance is clearly higher throughout
the Bahloul Formation than in the Fahdène and the Kef formations
(Fig. 2). Fluctuations in absolute abundance throughout the section do
not seem to be linked to calcium carbonate or TOC content (Fig. 2).



294 R. Aguado et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 459 (2016) 289–305
With average absolute abundance of 8.70 × 107 n/g, the small
Zeugrhabdotus gr. constitutes the most common taxon in Oued Bahloul
section. The mean absolute abundances of other common taxa are
Biscutum spp.: 5.41 × 107, Watznaueria spp.: 4.86 × 107, Eiffellithus
spp.: 1.82 × 107, and Prediscosphaera spp.: 1.60 × 107 n/g. The absolute
abundances of most common taxa are represented in Figs. 6 and 7.

Only three of the most common taxa, small Zeugrhabdotus gr.
(29.0%), Watznaueria spp., (18.3%) and Biscutum spp., (17.4%) exceed
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10% of average percentage abundance in the assemblages. Two taxa,
Eiffellithus spp. (5.77%) and Prediscosphaera spp. (5.61%), have mean
abundances greater than 5%. The species Discorhabdus hannibalis
(Fig. 3ah–ar, 3.48%) and Retecapsa spp. (2.89%) have average abun-
dances greater than 2%. The additional taxa used in palaeoecological
analyses (Tranolithus minimus: Fig. 3g–j, 1.84%; Eprolithus gr.: 1.82%;
Lithraphidites carniolensis: Fig. 4q, 1.82%; holococcoliths = 1.39%, and
Tranolithus orionatus: Fig. 3k–n, 1.33%; Figs. 6, 7) havemean abundances
greater than 1% with the exception of Discorhabdus ignotus (average
0.72%) and Rhagodiscus asper gr. (average 0.16%) which were also
considered because of their presumed palaeoecological significance.
Figs. 6 and 7 summarize the results showing the fluctuations in relative
abundance of these taxa.
5. Discussion

5.1. Calcareous nannofossils and palaeofertility

The OAE2 has been suggested as an episode with high surface
productivity (Sarmiento et al., 1988; Farrimond et al., 1990;
Handoh and Lenton, 2003; Reolid et al., 2015, 2016). Analyses of bio-
markers carried out by Farrimond et al. (1990) reported abundant
algal-derived organic matter across the Cenomanian–Turonian tran-
sition at Oued Bahloul, indicating high surface productivity. Calcare-
ous nannoplankton, as part of marine phytoplankton, are affected by
changes in fertility of surface waters (Rost and Riebesell, 2004), and
calcareous nannofossil assemblages are a useful tool to assess
palaeoproductivity and fertilization (Roth and Bowdler, 1981; Roth
and Krumbach, 1986; Herrle, 2003; Kessels et al., 2003; Aguado
et al., 2008, 2014a, b).

The most prominent feature of calcareous nannofossil assemblages
from the Oued Bahloul section is the high abundance of the small
Zeugrhabdotus gr. and Biscutum spp. throughout most of the OAE2-
interval (W. archaeocretacea Zone, Fig. 6). In contrast, the abundance
of Watznaueria spp. is low with the exception of two poorly preserved
samples (OB-30 and OB-33 m), that were excluded from palaeo-
environmental analysis (see Sections 4.1 and 4.2). The small
Zeugrhabdotus gr. and Biscutum spp. are seen as moderate to high-
fertility indicators, and are more abundant in meso-eutrophic surface
waters (Roth and Bowdler, 1981; Herrle, 2003; Lees et al., 2005; Bottini
and Mutterlose, 2012; Aguado et al., 2014a,b). Assemblages rich in
small Zeugrhabdotus gr. and Biscutum spp. are typical for continental
margins with intense upwelling of nutrient-rich waters (Roth and
Bowdler, 1981) or shallow epicontinental seas with high continental
nutrient run-off and/or storm mixing (Street and Bown, 2000; Herrle,
2003; Kessels et al., 2003). The maximum values of these taxa in Oued
Bahloul (Fig. 6) suggest that eutrophic surface waters developed during
deposition of the uppermost part of Fahdène Formation, lower part of
Fig. 3. Cross-polarized light micrographs of selected calcareous nannofossils from Oued Bahlou
followed by the angle of orientation with respect to crossed nicols if applicable. Simple polarize
a–f,Gartnerago aenigma com. nov.; a, f, (OB-4), 30°; b, (OB-17), 30°; c–e, (OB-24); c, d are same
15°, h=GP; i, (OB-4), 0°; j, (OB-44), 10°. k–n, Tranolithus orionatus; k, (OB-10), 0°; l, m, (OB-20
(OB-20), same specimen at 0° and 45°; r, (OB-24), 45°; s, (OB-4.5), 45°; t, u, (OB-46), specimen
(OB-46), same specimen at 0° and 45°; aa, (OB-4.5), 35°. ab–ad, Biscutum constans; ab, ac, (OB-
same specimen at 35° and 40°. ah–ar, Discorhabdus hannibalis; ah, ai, (OB-3.5), holotype, same
paratype side view, same specimen, am = GP; an, ao, (OB-3.5), same specimen, ao = GP; a
(OB-4), side view with GP. aw–ba, Corollithion exiguum; aw, (OB-10), ax, (OB-13), ay–ba, (OB-
(OB-3.5), 15°; bd, be, (OB-4.5), same specimen at 0° and 40°; bf, (OB-8), 15°. bg–bm, Rotela
bl = P; bm, (OB-40). bn–bz, Bilapillus wadeae; bn, bo, bz, (OB-37), same specimen, 45°, GP,
respectively; bt–bw, (OB-37), same specimen 0°, GP, 40° and GP, respectively; bx, by, (OB-37)
hillii; cb, cc, (OB-10), 35° and 10° respectively; cd, (OB-20), 45°; ce, (OB-28), 30°; cf., cg, (
(OB-33), side views at 15° and 45°. cl, cm, Orastrum perspicuum; cl, (OB-20), 35°; cm, (OB-2
hancockii, (OB-4), 25°. cq–cs, Eiffellithus casulus; cq, (OB-10), 40°; cr, cs, (OB-8), 15° and 25° re
cv, cw, (OB-13), same specimen at 30° and 55°; cx, (OB-15), 15°. cy, cz, Helenea chiastia; cy, (O
Pre-Bahloul Member, and most of the lower and middle part of Bahloul
Member (Fig. 6).

Owing to its inverse correlationwith percentages ofmeso-eutrophic
taxa, Watznaueria spp. is usually associated with oligotrophic surface
waters linked to low-productivity settings (Roth and Krumbach, 1986;
Herrle, 2003; Bottini andMutterlose, 2012). However, this negative cor-
relation may, in some instances, be the result of a closed sum artifact
(Lees et al., 2005). This is the case for samples OB-30 and OB-33 m,
where the percentages of Watznaueria spp. increase simply because
those of other abundant taxa (small Zeugrhabdotus gr. and especially
Biscutum spp.) decrease. Watznaueria spp. is here regarded as a robust
eurytopic taxon, able to adapt to fluctuating environmental conditions
more efficiently than some other species (Mutterlose, 1991; Street
and Bown, 2000; Aguado et al., 2014b). As a result, the percentage
abundance ofWatznaueria spp. may be used as ameasure of the success
of other species rather than as a direct response to an environmental
signal.

In order to quantify surface water fertility throughout Oued
Bahloul section, the PI (Gale et al., 2000) and NIP (Eshet and
Almogi-Labin, 1996) were selected due to better adaption to the
composition of nannofossil assemblages, and calculated for each
sample (Section 3.2). Fig. 9 summarizes the fluctuations of PI and
NIP throughout the study section. Both indices display high values
(see Section 3.2) throughout the studied interval, indicating general-
ized meso-eutrophic surface waters. As each index relies on different
taxa, they display some differences but there are also intervals
(marked and numbered 1 to 4 in Fig. 8) in which they show agree-
ment, both taking especially high values. The first short interval
with high values of the PI and NIP (1 in Fig. 8) is located immediately
below the main excursion in δ13Cbulk curve, indicating the onset of
the OAE2 interval. It correlates with a short excursion of the
δ13Cbulk values recorded near the top of the Fahdène Formation and
is interpreted as a short pulse predating the more extreme
palaeoenvironmental conditions developed during the OAE2. This
short pulse may be related to the pulse in P mobilization and burial
described by Mort et al. (2007a) at the onset of OAE2. However, the
most prominent maxima indicating high productivity of surface wa-
ters, especially as displayed by PI, are those within the Bahloul Mem-
ber. The first one (2 in Fig. 8) is located near the base of the Bahloul
Member (around UC3 and UC4 zones boundary), while the second
one (3 in Fig. 8) falls around its middle part (close to UC4 and UC5
zones boundary). Finally, a new short interval with high values of
the productivity indices (4 in Fig. 8) is recorded within the lower-
most part of the Annaba Member. The distribution of maxima and
minima in these indices (especially in PI) broadly agrees and correlates
with the fluctuations in δ13Cbulk curves, which provides additional sup-
port for their significance.

In detail, the peaks in the percentages of the small Zeugrhabdotus gr.
and those of Biscutum spp. throughout the study section do not match
l section. For each specimen, numbers in parentheses correspond to the sample, which are
d light (P) or gypsum plate (GP) inserted (fast ray oriented NW-SE) specifically indicated.
specimen at 45° and 25°, e, 25°. g–j, Tranolithusminimus; g, h, are same specimen, (OB-37),
), 0°; n, (OB-44), 0°. o, Zeugrhabdotus erectus, (OB-4.5), 35°. p–v, Zeugrhabdotus howei; p, q,
at 0° and 45°; u, (OB-44), 45°. w–aa, Zeugrhabdotus noeliae; w, x, (OB-20), 5° and 0°; y, z,
10), 15° and 30°; ad, (OB-3.5), 25°. ae–ag, Biscutum gaultensis; ae, (OB-10); af, ag, (OB-7),
specimen, ai = GP; aj, ak, (OB-13), paratype, same specimen, ak = GP; al, am, (OB-3.5),
p, aq, (OB-3); ar, (OB-4). as–av., Discorhabdus ignotus; as, (OB-4.5); at, au, (OB-3); av.,
46), az and ba are same specimen, ba, P. bb–bf, Corollithion kennedyi; bb, (OB-8), 15°; bc,
pillus biarcus; bg, bh, (OB-13); bi, (OB-20); bj–bl, (OB-35.5), same specimen, bk = GP,
and 0°; bp, (OB-22), 40°; bq, (OB-35.5), 45°; br, bs, (OB-37), same specimen 0° and GP
, same specimen, 0° and 45° respectively. ca, Owenia dispar, (OB-44), 35°; cb–ck, Owenia
OB-28), 40°, and GP respectively; ch, (OB-35.5), 45°; ci, (OB-30), side view 10°; cj, ck,
4), 35°. cn, co, Calculites percernis (OB-22), same specimen at 45° and 0°. cp, Eiffellithus
spectively. ct–cx, Axopodorhabdus albianus; ct, cu, (OB-7), same specimen at 15° and 45°;
B-20), 20°; cz, (OB-4.5), 40°. da, Cretarhabdus striatus, (OB-4), 0°.



Fig. 4. Cross-polarized light micrographs of selected calcareous nannofossils from Oued Bahloul section. For each specimen, numbers in parentheses correspond to the sample, which are
followed by the angle of orientationwith respect to crossed nicols if applicable. a–c,Rhagodiscus asper; a, (OB-13), 0°; b, (OB-28), 45°; c, (OB-8), 30°. d–f, Rhagodiscus splendens; d, (OB-28),
30°; e, (OB-37), 30°; f, (OB-4.5), 30°. g–i, Eprolithus floralis; g, (OB-13); h, (OB-35.5); i, (OB-10), side view. j, r, Eprolithus octopetalus, (OB-38). k–m, Radiolithus planus; k, l, (OB-10);m, (OB-
20). n–p, Lithraphidites acutus; n, (OB-20), 45°; o, (OB-13), 30°; p, (OB-4.5), 45°. q, Lithraphidites carniolensis, (OB-20), 35°. s, Eprolithusmoratus, (OB-40). t,Quadrum intermedium, (OB-28).
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(Figs. 6 and 8). Although both taxa are associatedwith elevated nutrient
levels, the ecological preferences of the two species are thought to have
differed slightly (Erba, 1992; Kessels et al., 2003; Lees et al., 2005). Erba
(1992) suggested higher preference of nutrients of small Zeugrhabdotus
gr. thanBiscutum spp. On theother hand, Kessels et al. (2003) concluded
that the small Zeugrhabdotus gr. may reflect elevated but somewhat
lower fertility conditions than Biscutum spp. Möller and Mutterlose
(2014) observed a predominance of Z. erectus (included here in the
small Zeugrhabdotus gr.) over Biscutum spp. in more coastal environ-
ments with assumed high nutrient levels in the Hauterivian sediments
of the Lower Saxony Basin. Conversely, high abundances of Biscutum
spp. predominated over Z. erectus in more pelagic environments with
lower nutrient supply. If this applies to what we have observed in
Oued Bahloul section, it could suggest that the more eutrophic
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curve, probably developed throughout deposition of the lowermost
part of the Bahloul Member.

Discorhabdus ignotus is usually interpreted as a moderate to high
fertility indicator, and is more abundant in meso-eutrophic surface
waters (Herrle, 2003; Bornemann et al., 2005; Bottini and
Mutterlose, 2012; Aguado et al., 2014b). This species is rare in
Oued Bahloul, (Fig. 7) and its abundance seems to decrease even fur-
ther from the base of the Pre-Bahloul Member to the top of the sec-
tion. A somewhat similar behavior was observed for D. hannibalis
(Aguado, 2012), which drastically decreases in abundance through-
out the end of the Fahdène Formation and Pre-Bahloul Member
(Fig. 6). The abundances of both Discorhabdus species appear to dis-
play inverse correlation with those of Biscutum spp. and the small
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abundances (line and error bars) are represented in the top x-axes. Lithology and biostratigraphy are as in Fig. 2. Shaded horizontal band corresponds to poorly preserved assemblages (see text for details). Breaks in D. hannibalis and D. ignotus
represent intervals in which the taxa were not recorded.

297
R.A

guado
etal./Palaeogeography,Palaeoclim

atology,Palaeoecology
459

(2016)
289–305



S
ca

le
 (

m
)

5

10

15

20

25

30

35

40

45

P
la

nk
. f

or
am

. z
on

e

C. nannofossil
zone

B
ur

ne
tt 

(1
99

8)

S
is

si
ng

h 
(1

97
7)

P.
-N

ie
ls

en
 (

19
85

)

W
hi

te
in

el
la

 a
rc

ha
eo

cr
et

ac
ea

H
el

ve
to

gl
ob

ot
ru

nc
an

a 
he

lv
et

ic
a

R
. c

us
hm

an
i

U
C

3
U

C
4

U
C

5
U

C
6

C
C

10
b

C
C

10
a

N
C

11
N

C
12

c/
d

e
b

c
a

a
b

M
em

be
r/

F
or

m
at

io
n

A
nn

ab
a 

(K
ef

 F
m

)
B

ah
lo

ul
 s

. s
tr .

P
re

-B
ah

.
F

ah
dè

ne
 F

m

S
ta

ge
C

en
om

an
ia

n
Tu

ro
ni

an

Eprolithus gr.
 (%)

Eprolithus gr.
 (n/g)

R. asper gr.
(%)

R. asper gr.
(n/g)

T. minimus
 (%)

T. minimus
 (n/g)

T. orionatus
 (%)

T. orionatus
 (n/g)

Prediscosphaera
 spp. (%)

Prediscosphaera
 spp. (n/g)

L. carniolensis
 (%)

L. carniolensis
 (n/g)

Other taxa
(%)

Other taxa
(n/g)

10 10 1076 6 6 6 6 6 6 65 5 5 5 5 5 5 5
108 109

Nannofossils per gram
of sediment (n/g)

30 40 50 60 70
Species richness

10 10 107 108

0 10 20 30 40

10 10 107 108

0 5 10 15 20

10 10 107 108

0 10 20 30 40

10 10 107 108

0 5 10 15 20

10 10 107 108

0 10 20 30 40

10 10 107 108

0 10 20 30 40

10 10 107 108

0 10 20 30 40

Fig. 7. Fluctuations of selected calcareous nannoplankton taxa throughout the Oued Bahloul section. Absolute abundances (as individuals per gram of sediment) are represented (shaded graphs) in the bottom x-axes, while relative percentage
abundances (line and error bars) are represented in the top x-axes. Lithology and biostratigraphy are as in Fig. 2. Shaded horizontal band corresponds to poorly preserved assemblages (see text for details).

298
R.A

guado
etal./Palaeogeography,Palaeoclim

atology,Palaeoecology
459

(2016)
289–305



299R. Aguado et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 459 (2016) 289–305
Zeugrhabdotus gr. This suggests thatDiscorhabdus probably did not have a
preference for nutrients as high as the small Zeugrhabdotus gr. and
Biscutum spp. Alternatively, Discorhabdus species may have been more
sensitive than other taxa to additional environmental changes (tempera-
ture, salinity, pH, redox) that probably set in at the onset and during the
OAE2 interval.

5.2. Calcareous nannofossils and palaeotemperature

Rhagodiscus asper and the related R. splendens (both included here in
R. asper gr.) have usually been interpreted as warm-water species
whereas the Eprolithus gr. (mainly E. floralis), is thought to have preferred
cool surfacewaters (Roth andKrumbach, 1986;Mutterlose, 1987; Linnert
et al., 2010; Bottini and Mutterlose, 2012; Aguado et al., 2014b). R. asper
gr. is rare throughout the studied section (Fig. 7), which could be the
result of it being a declining taxon (it went extinct in the Turonian), and
apparently it does not show clear trends in abundance. Eprolithus gr. is
also rare, but shows a distinctive peak in abundance in sample OB-
17 m, within the lower part of the Bahloul Member (mid-part of
theW. archaeocretacea Zone, uppermost part of the UC4 Zone). Latest
Cenomanian and early Turonian peaks of E. floralis and related
Polycyclolithaceae have been described from various Atlantic and Tethy-
an sections (Bralower, 1988; Nederbragt and Fiorentino, 1999; Hardas
and Mutterlose, 2007; Melinte-Dobrinescu and Bojar, 2009; Tantawy,
2008; Linnert et al., 2010, 2011). Assuming a cool-water preference of
Polycyclolithaceae, Eprolithus gr. should not have increasedwithin sample
OB-17m in Oued Bahloul, as δ18Obulk values remain low (Fig. 2). Further-
more, high abundance values of Eprolithus gr. occur in Tethys (85% in
Morocco, Tantawy, 2008; 65% in Romania, Melinte-Dobrinescu and
Bojar, 2009) whereas North Atlantic values remain low (e.g., 8.5%,
Germany: Linnert et al., 2010; 7.8%, England: Linnert et al., 2011). A
southward increase of Eprolithus gr. frequencies apparently rules out a
cool-water preference. Low-nutrient affinity (Linnert et al., 2010) or
lower photic zone habitat (Hardas and Mutterlose, 2007) has been
instead considered for this taxon. The nutricline is usually located
near the base of the seasonal pycnocline (Molfino and McIntyre,
1990; Bolton et al., 2010), within the lower part of the photic zone
(MacLaughlin and Carmack, 2010). However, the high proportions
of meso- to eutrophic taxa (surface water dwellers) and the evidence
of a humid climate (Section 5.5; Soua et al., 2008) during OAE2 in
Oued Bahloul suggest that nutricline was displaced to the upper
part of the photic zone. These facts apparently contradict a lower
photic zone preference for Eprolithus gr. As a consequence, the true
ecological affinity of the Polycyclolithacea, and the significance of
its peaks throughout the late Cenomanian OAE2, are enigmatic and
still a matter of debate.

The absence of true cold-water taxa such as Seribiscutum and
Repagulum (Mutterlose and Kessels, 2000; Street and Bown, 2000)
and very low abundance/absence of some cool-water taxa as
Ahmuellerella octoradiata and Gartnerago segmentatum (Linnert
et al., 2011) indicate a generalized warm surface water environ-
ment in Oued Bahloul. Tranolithus orionatus, often considered a cool-
water species (Bornemann et al., 2005; Hardas and Mutterlose, 2007) is
present in a significant (but low) proportion. Its abundance clearly in-
creases throughout the upper part of the Bahloul and Annaba members
(Fig. 7), which could be interpreted as the result of progressive cooling.
This is also indicated by a progressive increase in the δ18Obulk values
(Fig. 2). A similar, although not identical trend, is observed for the abun-
dance of Tranolithus minimus (Fig. 7), suggesting affinity of this taxon
for cool waters.

In order to better assess fluctuations in temperature of surface
waters, the temperature index (TI) of Bornemann et al. (2005) was
adopted and modified by simply not taking into consideration those
(cool) taxa thatwere absent in Oued Bahloul. The results should be con-
sideredwith caution, due to the very low abundance of thewarm-water
indicators (Rhagodiscus spp.) and the absence/low abundance of cold/
cool water taxa. For this reason, smoothing was performed on the
obtained values. The fluctuations of TI very broadly mimic the trends
observed in the δ18Obulk curve (Fig. 8). The lower part of the TI curve
indicates progressive warming (the same trend indicated by δ18Obulk

values), while progressive cooling may be suggested for the upper
part of the TI curve. A distinctive peak in sample OB-35.5 m, indicating
a cooling, coincides with a sudden step in the oxygen-isotope curve.
Owing to the low-latitude location of the Oued Bahloul (Section 2)
and the global greenhouse climate conditions depicted for the OAE2
(Jenkyns, 1999; Voigt et al., 2004; Forster et al., 2007), the fluctuations
shown by the adopted TI proxy should rather be considered the result
of the change between warmer and less warm (temperate) surface
water conditions.

5.3. Other calcareous nannofossil signals

A prominent feature of calcareous nannofossil assemblages of Oued
Bahloul section is the presence of significant proportions of holococcoliths
(Figs. 3bn–cm, 6), which are especially abundant throughout the Bahloul
and basal part of the Annaba members. Holococcoliths are produced
during the haploid stages of the heteromorphic haplo-diplontic life cycle
common in haptophytes (Billard and Inouye, 2004). Although the factors
inducing their secretion are not well established, environmental stress
(rapid change in surface water temperature, nutrients, salinity, light) is
thought to stimulate heterococcolith-bearing cells to undergo meiosis
and release free motile holococcolith-bearing cells (Noël et al., 2004;
Mutterlose and Bottini, 2013). The interval enriched in holococcoliths
may thus represent further evidence of a marked change in environmen-
tal conditions. Enrichments in holococcoliths have been reported from
other Cretaceous sediments corresponding to episodes of presumed envi-
ronmental stress as early AptianOceanic Anoxic Event 1a (Mutterlose and
Bottini, 2013; Aguado et al., 2014b, c). Retecapsa spp. has been ascribed as
an euryecious, stress-tolerant taxon (Linnert et al., 2010, 2011), usually
related with mesotrophic to eutrophic surface waters (Hardas and
Mutterlose, 2007; Linnert and Mutterlose, 2009). Although this taxon is
not very common in the studied interval in Oued Bahloul, it shows higher
abundances throughout the Pre-Bahloul and Bahloul members, coincid-
ing with the OAE2 interval (Fig. 6).

Both holococcoliths and Retecapsa spp. abundances point to high
palaeoenvironmental stress conditions in surfacewaters during deposi-
tion of most of the studied interval. These conditions started and were
especially intense during deposition of Bahloul Member, although
apparently they also prevailed during the sedimentation of the lower-
most part of Annaba Member (earliest Turonian).

5.4. Comparison with geochemical proxies

Previous data of geochemical proxies for redox conditions and
palaeoproductivity from Oued Bahloul section have been published by
Reolid et al. (2015). These authors recorded increasing values of
palaeoproductivity proxies, mainly P/Ti, in the Pre-Bahloul Member
that were interpreted as relating to enhanced productivity. However,
the different productivity indices of fossil nannoplankton (PI and NIP)
do not indicate fertilization in the Pre-Bahloul Member. The whole
Pre-Bahloul Member was interpreted as a shelf margin wedge by
Zagrarni et al. (2008)with record of abundant phosphatic black pebbles,
probably related to reworking from other areas that would explain
the high P/Ti ratio. Mort et al. (2007a, b) suggested an increase in
P-accumulation rates coinciding with the OAE2 and related to increasing
surface-water productivity. The enrichment of redox-sensitive elements
reported by Reolid et al. (2015) such as Cr, Cu, Mo, Th and U, points to
depleted oxygen conditions during deposition of the Pre-Bahloul Mem-
ber. High values of the U enrichment factor (UEF = 8.08) and TOC
(2.80 wt.%) point to depleted oxygen conditions in the lower part of the
water column at the R. cushmani/W. archaeocretacea zone boundary,
close to the top of the Pre-BahloulMember. These unfavorable conditions
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caused the disappearance of deep-dweller specialists such as Rotalipora.
This boundary is related to a transgressive surface (Zagrarni et al., 2008).

The lower part of the Bahloul Member (UC4 Zone) presents an
increase in Mo enrichment factor (MoEF), reaching 12.5, authigenic
Mo (Moaut), Cu/Al, Cr/Al and Ni/Al, with maximum values in sample
OB-17 m (Reolid et al., 2015). According to Tribovillard et al. (2012)
and Zhou et al. (2012) high MoEF and Moaut require the presence of
H2S (euxinic conditions). TOC keeps values around 1.5 wt.% during the
δ13C high values. This is congruent with the benthic barren interval
and very low diversity of planktic foraminifera in sample OB-17 m
(Reolid et al., 2015) and the presence of euxinic conditions through
the OAE2 from other basins (Wang et al., 2001; Scopelliti et al., 2004;
Reolid et al., 2016). These results point to poor oxygenation at the sea
floor extending upward in the water column during deposition of the
lower part of the Bahloul Member, and combined with relatively high
TOC and δ13C values, suggest a major climatic and palaeoceanographic
perturbation in a transgressive context (Zagrarni et al., 2008). The abun-
dance of low-oxygen tolerant genera of benthic foraminifera at the base
of W. archaeocretacea Zone is compatible with the increasing values of
TOC (Reolid et al., 2015). The W. archaeocretacea/H. helvetica zone
boundary is characterized by increasing values of redox proxies (Cr/Al,
Co/Al, Cu/Al, Ni/Al and MoEF) coeval with a new peak in opportunists
such as benthic foraminifera Praebulimina, and planktic foraminifera
Guembelitria (Reolid et al., 2015). An increase in palaeoproductivity
proxies (Sr/Al and P/Ti) occurs in sample OB-35 m (beginning of
H. helvetica Zone) which, nevertheless, precedes that of calcareous
nannoplankton indices of productivity PI and NIP (Fig. 8) at sample
OB-37 m.

With regard to detrital proxies, those indicative of eolian input (Ti/Al
and Zr/Al) show a uniform stratigraphic distribution (Fig. 8) whereas
fluvial detrital proxies such as K/Al present a general increase from
the top of the Fahdène Formation to the top of the section. D* ratio
shows generally high values (mean ~0.71) compared with typical
terrigenous shales (Wedepohl, 1971). The lowest value of D* is recorded
in the W. archaeocretacea/H. helvetica zone boundary, coinciding
with the maximum flooding surface (Robaszynski et al., 1990, 1993;
Zagrarni et al., 2008), although it increases again at the base of the Kef
Formation. The stratigraphic distribution of detrital proxies indicates
that the aeolian contribution to the detritic phase remained nearly
constant while fluvial input increased during the OAE2.

5.5. Palaeoceanographic implications

Calcareous nannofossil assemblages indicate that moderate to high-
fertility surfacewater conditions predominated during the deposition of
the studied interval in the Oued Bahloul section. Reolid et al. (2015)
recorded decreasing values of diversity both in planktic and benthic fo-
raminiferal assemblages across the Rotalipora cushmani/Whiteinella
archaeocretacea zone boundary. Some genera of planktic foraminifera
disappear, including intermediate to deep-dweller specialists such
as Rotalipora and Thalmanninella, and intermediate-dwellers such as
Praeglobotruncana. At the same time Muricohedbergella delrioensis, a
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deep-dweller opportunist adapted to eutrophic conditions (Ando et al.,
2010; Reolid et al., 2016) and benthic forms such as buliminids (mainly
Neobulimina), indicative of oxygen-poor eutrophic conditions prolifer-
ated (Koutsoukos et al., 1990; Gebhardt et al., 2004; Sprong et al.,
2013). These changes indicate progressively more eutrophic conditions
at the beginning of the Bahloul Member.

The highest fertility conditions apparently developed throughout
the carbon isotope excursion (CIE), which is the expression of
OAE2. These results give support to a productivity-induced instead
of a preservation-induced OAE in Oued Bahloul. Data from calcareous
nannofossils are compatible with those obtained by Farrimond et al.
(1990), based on the analysis of biomarkers from Oued Bahloul section.
The proliferation of radiolarians and diatoms reported by Caron et al.
(1999) and Soua et al. (2011) in the lower part of the Whiteinella
archaeocretacea Zone from Oued Bahloul coinciding with the increase
of Planoheterohelix in dark laminated limestones also points to high
productivity during OAE2.

In Oued Bahloul, geochemical proxies give some clues about the
probable causes of the eutrophication of the surface waters. The
values of the D* geochemical relationship (Machhour et al., 1994)
begin to increase throughout the uppermost part of the Fahdène For-
mation. Increased D* in the organic-rich interval (mean ~0.71
against ~0.55 for typical terrigenous shales; Wedepohl, 1971) indi-
cates an enhanced rate of terrigenous supply during Bahloul Member
deposition (Fig. 8). The uniform stratigraphic distribution of K/Al and
Ti/Al (Fig. 8), suggests a rather homogeneous nature for the detrital
supply. In addition, Ti/Al and Zr/Al ratios, which are regarded as
markers for airborne or aeolian detrital supply (Pye, 1987;
Scopelliti et al., 2004), do not show significant variations throughout
the study interval (Fig. 8). This suggests that aeolian contribution to
the detritic phase remained nearly constant. Similar results for geo-
chemical detrital proxies (aeolian and fluvial) have been previously
obtained for Oued Bahloul section and adjacent areas (Soua et al.,
2008; Soua, 2011). As there are no significant variations in the wind-
blown detrital supply, the enhanced detritic contribution (as sug-
gested by D* and K/Al) recorded throughout the Bahloul Formation
should be exclusively interpreted as resulting from increased river-
ine influx (Soua et al., 2008). A more humid climate could have
raised the rate of continental precipitation in the hinterlands adja-
cent to Oued Bahloul area, increasing fluvial run-off and enhancing
detritic contribution to the sediments (Soua et al., 2008). Climatic
warming and an enhanced hydrological cycle have been suggested
among the triggering factors of the OAE2 episode (Jenkyns, 1999;
Voigt et al., 2004; Forster et al., 2007).

As a consequence of enhanced fluvial run-off, increased nutrient
input to marine surface waters contributed to eutrophication. This is
recorded in calcareous nannofossil assemblages by the increase in
abundance of the small Zeugrhabdotus gr., Biscutum spp., and calcareous
nannofossil-derived productivity indices (Fig. 8), and in planktic
foraminifera by the disappearance of intermediate and deep-dweller
specialists together with proliferation of eutrophic and opportunistic
taxa (Reolid et al., 2015). These surface waters, rich in nutrients, were
probably less saline that bottomwaters, contributing to the development
of a freshwater lid and a halocline (e.g., Föllmi, 2012). Plankton con-
sumption of surface-water nutrients increased productivity and organic
matter production. As the organic remains sunk towards the bottom
waters, their decay contributed to consumption of the dissolved
oxygen, generating increasingly dysoxic/anoxic conditions and favoring
preservation and accumulation of organic matter. Oxygenation of the
bottomwaters was probably hindered by the presence of the halocline,
which in turn contributed to the development of sluggish circulation
and the expansion of anoxia. The expansion of anoxic/dysoxic conditions
through the bottom waters was responsible for the minimum diversity
values of foraminifera, the local disappearance of benthic forms, the
decrease in abundance of deep-dweller opportunist Muricohedbergella
(Reolid et al., 2015) during the negative CIE (lower part of the
W. archaeocretacea Zone), while the nutrient-rich surface waters
favored intermediate to surface-dweller opportunist Planoheterohelix
(Caron et al., 2006; Reolid et al., 2015). These changes indicate adverse
conditions in deep-water column and bottom waters for foraminifera
due to a progressively shallower pycnocline/nutricline and a well-
developed oxygen minimum zone close to surface waters.

The burial of large amounts of organic matter throughout the
Bahloul Member (and similar organic-rich deposits) was an effective
method of carbon sequestration that progressively reduced pCO2, as
suggested by the subsequent relative cooling recorded by calcareous
nannofossil assemblages and oxygen isotopes (Fig. 8).

Alternatively, coastal upwelling of deep and denser water masses
rich in nutrients or an increased input of windblown dust may also
cause surface-water eutrophication (Martin, 1990; Maher et al.,
2010). However, both mechanisms need strong and constant winds
related to a well-developed planetary windbelt and some climatic
models (Hay, 2008; Kiddler and Worsley, 2010) suggest weakened
winds during the Cretaceous, and especially throughout the OAE2 in-
terval. This is congruent with our data from aeolian detrital proxies.
The only constant winds would have been the easterly (‘trade’)
winds that forced the steady ocean currents of the equatorial system
(Pucéat et al., 2005; Hay, 2008; Misumi and Yamanaka, 2008). The
dominant direction of the trade winds along the North African conti-
nental margin would be from the sea towards the continent, reduc-
ing the possibilities of windblown dust fertilization of surface
waters in Oued Bahloul area. Furthermore, geochemical proxies in
Oued Bahloul section (Ti/Al and Zr/Al) and adjacent areas (Soua,
2011) do not suggest an increase in windblown detrital particles
throughout the organic-rich interval. However, intermittent in-
creases of surface-water productivity along the Central Tunisian
Platform, induced by some type of coastal upwelling (Soua, 2005)
by Ekman transport, related to trade winds and the global ocean cir-
culation pattern (Fig. 9), could not be completely ruled out.

In warmer climate conditions, such as proposed for OAE2, thermo-
clines are weaker and the position and intensity of pycnocline and
ocean circulation is probably controlled by halothermal conditions
(Kidder and Worsley, 2010). Moreover, the pycnocline could also be
influenced by riverine discharge. According to Reolid et al. (2015)
environmental conditions were unfavorable during the negative CIE
for the development of deep-dweller planktic foraminifera, probably
related to a shallow halocline, surface water fertility and shoaling of
the oxygen minimum zone in the water column (lower part of the
W. archaeochetacea Zone).

High temperatures, slowdown of oceanic circulation and changes in
nutrient supply are among the causes for the perturbation of the carbon
cycle linked to OAE2 (Jenkyns, 1999; Voigt et al., 2004; Forster et al.,
2007; Kiddler and Worsley, 2010). This warming entailed low mixing
of surface and deep waters (poor ocean ventilation) and enhanced pri-
mary productivity by increasing continental weathering and nutrient
input to the ocean. These palaeoenvironmental changes had a signifi-
cant influence on the composition of foraminiferal (Caron et al., 2006;
Reolid et al., 2015) and calcareous nannofossil assemblages. However,
nannofossil assemblages from different localities and latitudes were
not equally affected. Those from low-latitude localities, such as Oued
Bahloul, seem to reflect an increase in nutrient availability, whereas it
seems that for assemblages from mid-latitude areas the nutrient con-
tent of the surface waters decreased (Fig. 9). The most pronounced
OAE2 conditions (high nutrient entry, photic zone euxinia, deposition
of organic matter) were limited to the tropical belt (Hardas and
Mutterlose, 2007; Tantawy, 2008), whereas the mid-latitudes (Linnert
et al., 2010, 2011; Westermann et al., 2010; Linnert and Mutterlose,
2012; Corbett and Watkins, 2013) were less affected (black shales
with lower TOC contents, and no euxinia). Increased nutrient availability
was apparently limited to the tropical belt and/or mid-southern latitudes
(Fig. 9). It is possible that a high consumption of nutrients by tropical
phytoplankton, the low recycling of organic matter (accumulation of
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black shales) and sluggish andweakened oceanic circulation have caused
the low nutrient availability in mid-latitudes. This general decrease in
nutrient availability in mid-latitudes (Fig. 9), contradicts the view of
OAE2 as an exclusively productivity-induced oceanic anoxic event
suggesting a more complex scenario where alternative models could
also be accommodated (e.g., Mort et al., 2007b).

6. Conclusions

The sequence of calcareous nannofossil bioevents recorded in the
moderately to well preserved Cenomanian–Turonian assemblages of
Oued Bahloul is consistent with most previous studies. The zonations
of Sissingh (1977), Perch-Nielsen (1985), and Burnett (1998) were suc-
cessfully applied and correlated to previously established ammonites
and planktic foraminifera zonal scales.

Calcareous nannofossil and foraminiferal assemblages indicate that
high-fertility surface-water conditions predominated in Oued Bahloul
throughoutmost of the OAE2 interval. Quantitative analyses of calcareous
nannofossil assemblages revealed four episodes of intensified fertility
throughout the section, which broadly correlate with maxima in the
δ13Cbulk curve. The results of the nannofossil-derived temperature index
suggest a warming at the beginning of OAE2 followed by progressive
cooling (always within a range of warm temperatures), broadly showing
the same trend indicated by δ18Obulk values. The presence of significant
proportions of holococcoliths suggests that high palaeoenvironmental
stress conditions prevailed in surface waters through the OAE2 interval
and even persisted beyond it.

The enrichment in redox-sensitive elements and low-oxygen toler-
ant benthic foraminifera indicates that dysoxic conditions both in the
deep-water column and at the sea floor were established at the onset
of OAE2. Euxinic conditions in deep waters were occasionally reached
within the OAE2 interval, as suggested by the disappearance of benthic
foraminifera and the record of the highest values of MoEF and Moaut.
Geochemical detrital proxies (D* and K/Al versus Ti/Al and Zr/Al
ratios) suggest that, in Oued Bahloul, the enhanced detritic contribution
through OAE2 should be exclusively interpreted as resulting from
increased riverine influx related to a more humid climate. An enhanced
fluvial run-off increased nutrient input to marine surface waters
contributing to eutrophication. Plankton consumption of surface-
water nutrients increased organic matter production, whose decay
contributed to the decrease of dissolved oxygen in bottom waters,
generating increasingly dysoxic/anoxic conditions and favoring ac-
cumulation and preservation of organic matter.

Although calcareous nannoplankton assemblages from low-latitude
locations, such as those of Oued Bahloul, reflect an increase in nutrient
availability through OAE2, the nutrient content of the surface waters
decreased in those from mid-latitude areas.
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Appendix A. Taxonomic appendix

Family Kamptneriaceae Bown and Hampton, 1997 in Bown and Young,
1997.
Genus Gartnerago Bukry, 1969.
Gartnerago aenigma (Burnett, 1997) comb. nov.
Basyonim: Staurolithites? aenigma Burnett, 1997, p. 139, pl. 1, Fig. 1a–b.
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(1a–1b=holotype). Burnett, J.A., 1997. New species and new combina-
tions of Cretaceous nannofossils and a note on the origin of Petrarhabdus
(Deflandre) Wind and Wise. J. Nannoplankton Res. 19, 133–146.
Remarks: the complex rim (dark outer cycle, bright median cycle and
dark inner cycle) and central area structures of this species resemble
those of Gartnerago more than those of Staurolithites. A very similar
taxon is Gartnerago margaritatus Blair and Watkins, 2009, from the
uppermost Coniacian to Lower Santonian of the Western Interior Basin
in the USA.

Appendix B. Supplementary data

Table with the results of the quantitative study and alphabetical list of
calcareous nannofossil taxa identified. Supplementary data associated
with this article can be found in the online version, at http://dx.doi.org/
10.1016/j.palaeo.2016.07.016.
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