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One of the most prominent events during the Creta-
us was the opening of the South Atlantic Ocean. Recent
dies have focused on the palaeoceanographic and
aeoclimatic consequences of the establishment of a
nection between the Central and South Atlantic (e.g.,
drich and Erbacher, 2006). However, the precise timing
he evolution of the South Atlantic Ocean is still debated
., Murphy and Thomas, 2013; Uenzelmann-Neben
l., 2016). Improving chronological constraints on the

imentary record in marginal basins bordering the South

Atlantic is essential to resolving this debate, as well as
deciphering the complex palaeoceanographic and palaeo-
climatic evolution of the region.

The Ocean Drilling Program (ODP) Leg 159 drilled the
Côte d’Ivoire–Ghana continental margin with the goal of
further understanding the early evolution of the South
Atlantic (Mascle et al., 1996). Moullade et al. (1998)
proposed an integrated biostratigraphic scheme for the
Mesozoic combining results from various paleontological
studies. As the paleomagnetic signal of the studied interval
is too homogeneous to allow a precise time calibration
(Allerton, 1998), biostratigraphy remains the best tool for
solving the chronostratigraphic evolution of this region
(Moullade et al., 1998).

In the present study, we re-analysed a subset of samples
previously examined by Masure et al. (1998); the data
from that work and from Oboh-Ikuenobe et al. (1998)
constituted the dinoflagellate cyst data-source used by
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A B S T R A C T

A new biostratigraphic correlation for Late Cretaceous and Palaeocene strata of the Côte

d’Ivoire–Ghana continental margin has been developed from the identification of

significant dinoflagellate cyst events in ODP Hole 959D. The Late Cretaceous stage

boundaries are mostly consistent with previous studies. However, the Maastrichtian/

Danian boundary is placed much lower than previously recognized on the basis of the first

occurrences of Carpatella cornuta and Damassadinium californicum. The base of the

Selandian is recognized from the last occurrence of Cerodinium diebelii and the first

occurrence of Adnatosphaeridium multispinosum. The base of the Thanetian is recognized

from the first occurrence of Areoligera gippingensis. The rarity of the age-marker taxa is the

main reason for different age determinations among studies of the same section.
�C 2016 Académie des sciences. Published by Elsevier Masson SAS. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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Moullade et al. (1998) in their biostratigraphic synthesis.
Based on the new analyses, but considering all available
data, a new biostratigraphic interpretation is herein
proposed for the Late Cretaceous and the Paleocene. The
new observations also test how differences in sampling
strategy, sampling resolution, and frequency of age-
marker taxa may alter age assignments.

2. Geographical and geological settings

The present study involves an examination of 23 sam-
ples from the interval from 1045.37 to 828.7 mbsf (metres
below sea floor, Cores 67R to 44R) of ODP Hole 959D. The
ODP Hole 959D is located at a water depth of 2090.7 m on a
small plateau that extends just north of the top of the Côte
d’Ivoire–Ghana Marginal Ridge (CIGMR, Fig. 1) on the
southern flank of the Deep Ivorian Basin (DIB) (38 37.6560N,
28 44.1490W, Shipboard Scientific Party, 1996). During the
Upper Cretaceous and the Paleocene, the studied area was
ca. 78S (Besse and Courtillot, 2002; van Hinsbergen et al.,
2015). Both CIGMR and DIB were generated as a
consequence of the Early Cretaceous rifting of the northern
South Atlantic. The Côte d’Ivoire–Ghana transform margin
represents a continuation of the Romanche Fracture Zone,
which is the southern boundary of the area of final break-
up between South America and Africa (Basile et al., 1998).

The lowest sample studied corresponds to the upper-
most part of the lithologic subunit IVa, and the remaining
22 samples are from lithologic Unit III (Shipboard Scientific
Party, 1996). The top of lithologic subunit IVa consists of
beds of sandy dolostone, sandy limestone, and calcareous
sandstone. The poorly sorted sandy limestone (67R-2)
contains abundant foraminifers, nannofossils and scatte-
red bivalve shell fragments in quartz sand. Lithological
Unit III is composed of non-calcareous, black, massive
claystone, which alternates with massive to faintly
laminated lighter-grey claystone. Darker colours are
associated with high content of organic matter and pyrite.
In the lowermost part of lithologic Unit III (66R-CC to 66R-
7, 1043.3 to 1033.7 mbsf), phosphatic hardgrounds and
nodules float in a nannofossil–clayey matrix; these levels
were avoided during sampling. From 1033.7 to 995.4 mbsf
(Cores 65R to 61R), some slightly coarser-grained beds
contain shell fragments, and plant debris occur in some
laminated layers. In the uppermost part of the studied
series (Core 44R, above 831 mbsf), lighter greenish-grey
claystone alternates with black claystones. Bioturbated
levels are present throughout the entire interval, but are
more common above 990 mbsf (Shipboard Scientific Party,
1996).

3. Material and methods

All samples were processed following standard paly-
nological preparation techniques, based on routine series
of HCl–HF (70%)–HCl attacks followed by light oxidation
with HNO3 50% (Masure et al., 1998). The sampled volume
was 20 ml for all samples. The organic residue was filtered
through a 20-mm nylon mesh to eliminate amorphous
organic matter. At least two slides were mounted in

slides examined were previously analysed in Masure et al.
(1998). As glycerine jelly dehydrates with time, some
slides had to be restored before analysis. Because cover
slips become brittle with age, restoration was not possible
for 33 of the samples used in the original study.

The complete list of analysed samples is shown in Table
1. All counts and scans were performed under a transmit-
ted-light microscope (Leica DM750), the slides scanned
along non-overlapping traverses using a 63x objective lens.
Taxonomic identification of dinoflagellate cysts was
performed using a 100x objective lens. Wherever possible,
a minimum of 250 dinoflagellate cysts was counted for
each level, relative abundances of taxa were calculated,

Fig. 1. Map showing the location of ODP Hole 959D in the Côte d’Ivoire–

Ghana Transform Margin area. The main physiographical features in the

region are indicated.

Modified from Mascle et al., 1998.

Table 1

List of samples analysed for dinoflagellate cyst assemblage composition

from ODP Hole 959D.

Core Section cm Depth (mbsf)

44R 6 060–062 828.7

45R 1 034–039 831.94

46R 2 018–023 842.48

47R 1 035–037 851.25

48R 3 065–068 864.25

49R 4 133–137 876.03

50R 5 098–101 886.88

51R 4 008–011 893.78

52R 3 010–013 901.91

53R 6 018–020 914.97

54R 2 097–099 920.57

55R 3 083–085 930.39

56R 4 060–062 942.5

57R 4 114–117 952.74

58R 3 093–096 960.3

59R 5 039–044 972.89

60R 1 056–059 976.66

60R 4 058–061 981.18

62R 1 076–080 996.16

63R 5 091–093 1011.91

64R 1 092–095 1015.62

66R 3 040–043 1037.1
67R 2 057–061 1045.37

glycerine jelly from the residue of each sample. All the
Please cite this article in press as: Sánchez-Pellicer R, et al. A new biostratigraphic correlation for Late Cretaceous–
Paleocene strata of the Gulf of Guinea: Evidence from dinoflagellate cysts. C. R. Geoscience (2017), http://dx.doi.org/
10.1016/j.crte.2016.11.001
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 all available slides were then scanned for additional
oflagellate cyst taxa. The taxonomy is based on
some et al. (2008). Transmitted-light photomicro-
phs (Plate 1) were taken with a Leica ICC50 digital
era using Leica Application Suite software. All slides

taining illustrated specimens are stored in the micro-
aeontological collection of the ‘‘Muséum national
istoire naturelle’’ (MNHN), Paris, France. England Finder
) coordinates of figured specimens are given in the
re captions.

4. Results

4.1. Biostratigraphy according to new dinoflagellate cyst data

From the study of the 23 samples, 125 dinoflagellate
cyst taxa were identified. Fig. 3 illustrates the stratigraphic
distribution of biostratigraphic markers and the most
abundant dinoflagellate cyst taxa.

The biostratigraphic interpretations presented are
based on new observations of First Occurrence (FO) and

e 1. Photomicrographs of biostratigraphic marker taxa identified in ODP Hole 959D. All images are at the same scale; scale bar = 50 m. 1: Xenascus

tii, sample 67R02 (57–61 cm); 1045.4 mbsf, slide 1. External dorsal view. 2: Unipontidinium grande, sample 64R01 (92–95 cm); 1015.62 mbsf, slide

orsal view. 3: Areoligera sp., sample 62R01 (76–80 cm); 996.16 mbsf, slide 2. Apical view. 4: Palaeocystodinium lidiae, sample 56R04 (60–62 cm);

.5 mbsf, slide 3. External dorsal view. 5: Trichodinium castanea, sample 58R03 (93–96 cm); 960.30 mbsf, slide 1, EF: 43P. External right lateral view. 6:

odinium magnificum, sample 60R04 (58–61 cm); 981.18 mbsf, slide 2, EF: 40 J. Middle focus. 7: Andalusiella ivoirensis. Sample 57R04 (114–117 cm);

.74 mbsf, slide 2, EF: 28W2. External left lateral view. 8: Cerodinium diebelii, sample 47R01 (35–37 cm); 851.25 mbsf, slide 1, EF: 46F3. External dorsal

. 9, 11: Carpatella cornuta, sample 52R03 (10–13 cm); 901.91 mbsf, slide 1. 9: External dorsal view. 11: Same specimen internal ventral view. 10:

assadinium californicum, sample 51R04 (08–11 cm); 893.78 mbsf, slide 1. Middle focus. 12, 13: Impagidinium celineae. Sample 48R03 (65–68 cm);

.25, slide 1. 12: 33W4, external left dorso-lateral view. Note that the operculum (Type P, 30) is within the body cyst. 13: EF: EF: 38P4. External right

ral view. 14: Adnatosphaeridium multispinosum operculum. Sample 44R06 (60–62 cm); 828.7 mbsf, slide 2, EF: 34R2. Middle focus.
ease cite this article in press as: Sánchez-Pellicer R, et al. A new biostratigraphic correlation for Late Cretaceous–
leocene strata of the Gulf of Guinea: Evidence from dinoflagellate cysts. C. R. Geoscience (2017), http://dx.doi.org/

0.1016/j.crte.2016.11.001
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Last Occurrence (LO) data of the dinoflagellate cyst
identified. Age determinations in this study are based on
comparison with dinoflagellate cyst assemblages de-
scribed from various Turonian to Thanetian sections
around the world and on the various paleontological
contributions dealing with Cretaceous sediments included
in Mascle et al. (1998). The following paragraphs provide
an overview of the criteria for recognizing each stage.

Coniacian: the lowest occurrence of dinoflagellate cysts
in the sample subset is in the uppermost sample of the
lithologic Subunit IVa at 1045.37 mbsf (Fig. 2). In this
sample, dinoflagellate cysts are scarce and long-ranging
taxa dominate the assemblage. The only occurrence of
Cyclonephelium vannophorum is observed at 1037.1 mbsf
(Fig. 2). Since, the LO of C. vannophorum occurs in Coniacian
strata (Williams and Bujak, 1985, p. 900, fig. 19), the

interval from 1045.37 to 1037.1 mbsf is here considered as
Coniacian or older in age (Fig. 2).

Santonian: no dinoflagellate cyst markers of the
Santonian stage were identified during the present study.

Campanian: the base of the Campanian is suggested at
1011.91 mbsf on the basis of the FO of Unipontidinium

grande (Fig. 2; Plate 1, Fig. 2) (Guédé et al., 2014). The FO of
Areoligera at 996.16 mbsf confirms this age (Fig. 2; Plate 1,
Fig. 3). On global charts, the FO of the Areoligera is
considered to appear during the Campanian (Powell,
1992), and is known from the Campanian type sections
(Masure, 1985), as well as from the Campanian of Gabon
(Boltenhagen, 1977). The dinoflagellate cyst assemblage at
981.18 mbsf is also characteristic of the Campanian, with
the presence of Andalusiella, Trichodinium castanea subsp.
bifurcatum and Palaeocystodinium lidiae (Plate 1, Fig. 4); it

Fig. 2. Stratigraphical distribution of selected dinoflagellate cyst taxa in ODP Hole 959D. Biostratigraphy based on dinoflagellate cyst events identified in the

present study. CONI: Coniacian; MAASTR: Maastrichtian; SEL: Selandian; THA: Thanetian.
Please cite this article in press as: Sánchez-Pellicer R, et al. A new biostratigraphic correlation for Late Cretaceous–
Paleocene strata of the Gulf of Guinea: Evidence from dinoflagellate cysts. C. R. Geoscience (2017), http://dx.doi.org/
10.1016/j.crte.2016.11.001
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 contains the only occurrence of Phelodinium magni-

m (Fig. 2; Plate 1, Fig. 6). Andalusiella is known to appear
ing the Campanian (Williams et al., 1993); it is also
wn from the Campanian of Gabon (as the ‘‘Svalbardella

up’’ in Boltenhagen, 1977) and Egypt (Schrank, 1987)
ere T. castanea subsp. bifurcatum is also present. The
t appearance datum (FAD) of P. magnificum is Campa-
n in the globally based range charts of Williams and
ak (1985, p. 901, fig. 19).
Maastrichtian: the first Maastrichtian marker, Andalu-

la ivoirensis (Plate 1, Fig. 7), is observed at 952.74 mbsf.
s taxon was first described from the Maastrichtian of
 Côte d’Ivoire (Masure et al., 1996). The FO of
odinium diebelii (Plate 1, Fig. 8), and the LO of the
astanea subspp. (Plate 1, Fig. 5), were also identified at
.74 mbsf (Fig. 3). The range charts of Williams and
ak (1985) indicate a Campanian age for FO of
odinium diebelii (p. 901, fig. 19, as Ceratiopsis diebelii).

ever, the precise age of the FO of Cerodinium diebelii

ies slightly depending on latitude (Williams et al., 2004
 references herein). The range charts of Williams and

Bujak (1985) indicate a late Campanian age for the LO of
T. castanea. The co-occurrence of Campanian and Maas-
trichtian marker dinoflagellate cysts at this level suggests
mixing in a condensed horizon or a hiatus between the
Campanian and the Maastrichtian.

Danian: the first occurrence of Danian dinoflagellate
cyst markers occurs at 901.91 mbsf, with the only
occurrence of Carpatella cornuta (Fig. 2, Plate 1, Fig. 9–
11). At 893.78 mbsf, we observed the only occurrence of
Damassadinium californicum (Plate 1, Fig. 10). The FO of
C. cornuta is considered a worldwide marker of the base of
the Paleocene. This taxon has its FO at the base of the
Danian in both the Northern Hemisphere (Brinkhuis and
Leereveld, 1988; Brinkhuis and Zachariasse, 1988; Brink-
huis et al., 1998; Habib et al., 1996; Hansen, 1977, 1979a;
Hultberg, 1986; Vellekoop et al., 2015; Williams et al.,
1993) and the Southern Hemisphere (Willumsen, 2006,
2004, 2000). D. californicum is also used as a marker for the
base of the Danian worldwide (Haq et al., 1987; Williams
and Bujak, 1985; Williams et al., 2004). It occurs in the
basal Danian in Europe (Hansen,1977, 1979a, b), Morocco

3. Main dinoflagellate cyst events in ODP Hole 959D samples. SO: Single occurrence; CO: Common Occurrence; FCO: First Common Occurrence; up-

ws: First occurrence (FO); down-arrows: Last Occurrence (LO). Stars present in each column indicate sample positions. L. TURO./E. CONI.: Late Turonian/

y Coniacian.
ease cite this article in press as: Sánchez-Pellicer R, et al. A new biostratigraphic correlation for Late Cretaceous–
leocene strata of the Gulf of Guinea: Evidence from dinoflagellate cysts. C. R. Geoscience (2017), http://dx.doi.org/
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(Slimani et al., 2010), Tunisia (Brinkhuis and Zachariasse,
1988) and Alabama (Habib et al., 1992). Impagidinium

celineae (Plate 1, Figs. 12–13), which appears at
864.25 mbsf (Fig. 2), was described from the Danian of
Nigeria (Jan du Chêne, 1988; Jan du Chêne and Adediran,
1985) and Morocco (Slimani et al., 2010).

Selandian: the LO of Cerodinium diebelii was observed at
851.25 mbsf. This event is considered to occur at the base
of the Selandian at low latitudes (Williams et al., 2004). The
FO of Adnatosphaeridium multispinosum was observed at
842.48 mbsf (Fig. 2; Plate 1, Fig. 14). On global charts,
A. multispinosum is considered to be restricted to the
Eocene (Powell, 1992; Williams and Bujak, 1985). Howev-
er, A. multispinosum has been identified in the late
Paleocene of Nigeria (Jan du Chêne and Adediran, 1985)
and of Tunisia (Kocsis et al., 2014), and its FO is considered
by some authors as indicative of a Selandian age (Ogg et al.,
2016).

Thanetian: the FO of Areoligera gippingensis at
828.7 mbsf points to a Thanetian age (Jolley, 1992;
Williams et al., 2004).

4.2. New biostratigraphy

A new multidisciplinary biostratigraphy and an age-
depth plot are proposed (Fig. 4). They combine the
dinoflagellate cyst events recorded in this study with

the biostratigraphic data published by Moullade et al.
(1998 and references herein); the age associated with the
biostratigraphic events is revised considering Ogg et al.
(2016).

Cretaceous: the recognition of the nannofossil zone
CC13 between 1050 and 1042.9 mbsf (Watkins et al., 1998)
indicates a late Turonian age. Xenascus gochtii is observed
at 1045.37 mbsf (Fig. 2; Plate 1, Fig. 1). This taxon is known
to first occur during the Coniacian to the Campanian
(Corradini, 1973)–more precisely Coniacian–Santonian
times according to Kirsch (1991). The occurrence of
X. gochtii within the nannofossil zone CC13 constitutes
the first observation of this taxon within Turonian strata
(Figs. 3 and 4). The recognition of the nannofossil zones
CC14 and CC15 between 1042.8 and 1029.3 mbsf indicates
a Coniacian age for this interval. The age-depth plot
suggests a condensed interval for the lower Coniacian and
an increase in the sedimentation rate for the upper
Coniacian (Fig. 4). The identification of the nannofossil
zone CC16 (Watkins et al., 1998) at 1028.5 mbsf indicates
an uppermost Coniacian to Santonian age. The low slope of
the age-depth plot at these levels suggests a condensed
interval (Fig. 4). The first Campanian marker appears at
1025.87 mbsf (Figs. 3 and 4) on the basis of the FO of
U. grande (Masure et al., 1998). The co-occurrence of
Campanian and Maastrichtian dinoflagellate cyst events at
952.74 mbsf observed in the present study and recorded in

Fig. 4. Biostratigraphic age-depth plot of the ODP Hole 959D. Depth is indicated along the y-axis. Geologic eras are indicated along the x-axis.

Biostratigraphical data used for the curve construction 1: Base of the nannofossil zone CC13. 3: Top of the nannofossil zone CC13. 4: Base of the nannofossil

zone CC14. 5: Top of the nannofossil zone CC14. 6: Base of the nannofossil zone CC15. 7: Top of the nannofossil zone CC15. 8: Base of the nannofossil zone

CC16. 9: Unipontidinium grande FO. 10: Cerodinium diebelii FO the symbol horizontal elongation indicates the diachronism of this event between northern

and southern hemisphere mid-latitudes (Williams et al., 2004). 11. Cerodinium leptodermum FO. 12: Alterbidinium varium FO. 13: Trichodinium castanea LO.

14: Cordosphaeridium fibrospinosum FO. 15: Carpatella cornuta FO. 16: Damassadinium californicum FO. 21: Cerodinium diebelii LO at equatorial low latitudes

(Williams et al., 2004). 22: Adanatosphaeridium multispinosum FO. Other data. 2: Xenascus gochtii FO. Evidence of reworking within the identified events 17.

Odontochitina operculata LO. 18: Phelodinium gaditanum LO. 19: Dinogymnium undulosum LO. 20: Caudammina gigantea LO (agglutinated foraminifera).
Turon.–Turonian, Santo.–Santonian, Selan.–Selandian, Thane.–Thanetian.

Please cite this article in press as: Sánchez-Pellicer R, et al. A new biostratigraphic correlation for Late Cretaceous–
Paleocene strata of the Gulf of Guinea: Evidence from dinoflagellate cysts. C. R. Geoscience (2017), http://dx.doi.org/
10.1016/j.crte.2016.11.001
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sure et al. (1998) suggests a condensed horizon or
tus. The age-depth plot confirms this idea (Fig. 4). Above

 sample dinoflagellate cysts and agglutinated benthic
minifers confirm a Maastrichtian age.

Paleocene: the occurrence of C. cornuta, this study, and
californicum (Masure et al., 1998) at 901.91mbsf
gests a Danian age for this sample. Moullade et al.
98) placed the Maastrichtian/Danian boundary at
.69 mbsf (Fig. 3) on the basis of the LOs of Dinogymnium

ulosum and Pierceites pentagonus, as well as an acme in
 abundance of Manumiella seelandica (10%), which has
single occurrence at this level (Oboh-Ikuenobe et al.,
8). The acme of M. seelandica is used as a worldwide

rker for the Maastrichtian–Danian boundary (Hultberg,
6; Slimani et al., 2010; Soncini, 1990), but because it

y occurs at this level, there is no way of knowing
ether this occurrence represents its acme. The presence
two Paleocene dinoflagellate cyst markers below
.69 mbsf suggests that the Maastrichtian dinoflagellate

ts used as markers (D. undulosum and P. pentagonus)
y be reworked. The reworking that may have occurred
these levels is supported by the presence of pebbly
dstone beds and the highly mature nature of the
tained organic matter (Wagner and Pletsch, 1999). The
-depth plot also suggests that some of the identified
stratigraphic events may be associated with reworking
. 4). The base of the Selandian is placed at 851.25 mbsf
ed on the LO of Cerodinium diebelii. The base of the
netian is placed at 828.7 mbsf, based on the presence of
ippingensis.

5. Discussion

Biostratigraphy is the key to establishing chronostrati-
graphic units and correlations. However, the appearance,
temporal range and disappearance of taxa are not
exclusively time-controlled. A number of palaeoecological,
taphonomic, diagenetic and stratigraphic factors influence
the geological record of the evolutionary dynamics of fossil
taxa (e.g., Gradstein, 1985; Holland, 2000). The comparison
of our results with those obtained by Masure et al. (1998)
and Oboh-Ikuenobe et al. (1998) allows us to evaluate the
main biases influencing age interpretations.

5.1. Density of sampling and biostratigraphic resolution

Intuitively, the sample density is expected to impact the
placement of stage boundaries and the number and range
of intervals without stage assignment (Fig. 3, Table 2). The
lesser stratigraphic density of our samples prevents the
identification of some stages, for example the Santonian.
Masure et al. (1998) suggested a Santonian age for the FO
of Isabelidinium acuminatum at 1025.37 mbsf (Fig. 3).
Oboh-Ikuenobe et al. (1998) placed the base of the
Santonian at 1031.7 mbsf based on the identification of
FO of D. undulosum. Data revision leads us to place the
Santonian boundary 2.63 m below the position suggested
by Masure et al. (1998) and 3.20 m above the position
suggested by Oboh-Ikuenobe et al. (1998) (Table 2). In the
present study, the dinoflagellate cyst assemblage at
1025.37 mbsf was not studied; I. acuminatum was not

le 2

parison of sampling density (mean distance between consecutive samples), position of stage boundaries (measured in metres below sea floor), ‘‘gaps’’

s with no objective dating) and ‘‘errors’’ (distance between stage bases in the new biostratigraphic scheme and those stablished from the dinoflagellate

 biostratigraphy in Masure et al. (1998), in the present study, and in Oboh-Ikuenobe et al. (1998)).

Masure et al. (1998) This study Oboh-Ikuenobe et al. (1998)

mber of studied

samples

49 23 26

udied interval

(mbsf)

1045.37–828.7 1045.37–828.7 1053.16–841.37

ean distance

between

samples (m)

4.52 9.85 8.47

Interval

(mbsf)

Gap

(m)

Error

(m)

Interval

(mbsf)

Gap

(m)

Error

(m)

Interval

(mbsf)

Gap

(m)

Error

(m)

cognized stages

Thanetian

(828.7)

828.93–828.7 2.78

7.88 0

14.98

2.81

�0.23 828.7 3.24

13

13.06

0

25.19

0 8.72

9.41

14.07

11.7

Selandian

(851.25–828.7)

851.25–842.48 0

Danian

(901.91–851.25)

901.91–831.71 0 901.91–864.25 0 866.97–841.37 34.94

Maastrichtian

(952.74–901.91)

960.03–910.97 �7.29 952.74–914.97 0 947.41–875.69 5.33

Campanian

(1025.87–952.74)

981.18–960.03 44.69 1011.91–952.74 13.96 981.54–956.82 44.33

Santonian

(1028.5–1025.87)

1025.87–996.16 2.63 1031.7–995.61 �3.20

Coniacian

(1042.9–1028.5)

1045.37–1028.68 �2.81 1045.37–1037.1 �2.81 1053.16–1043.4 �10.26

Turonian

(1050–1042.9)

mulative 28.45 54.49 43.90
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observed in any of the samples and the FO of D. undulosum

was identified at 972.89 mbsf, within the interval dated as
Campanian. The non-observation of these events in lower
samples implies that we cannot define the Santonian stage
from our dinoflagellate cyst dataset. The implied error for
the lower Santonian boundary would reach 25.19 m in the
present study (Table 2). Oboh-Ikuenobe et al. (1998)
placed the top of the Coniacian at 1043.24 mbsf (Fig. 3),
with the only occurrence of C. vannophorum, interpreted as
the LO of C. vannophorum. In our study, the presence of
C. vannophorum at 1037.10 mbsf leads us to suggest the
upper boundary of the Coniacian at 1037.1 mbsf (Table 2).
From the new multidisciplinary biostratigraphy herein
proposed, the upper boundary of the Coniacian is placed at
1028.5 mbsf, thus the error on the position of the upper
boundary of the Coniacian is greater in Oboh-Ikuenobe
et al. (1998) than in our estimation (Table 2), despite their
greater sampling density.

5.2. Rarity effect and the recognition of age-markers

Our re-analysis of the sample subset from the material
studied by Masure et al. (1998) reveals that almost all
dinoflagellate cyst events identified by those authors were
also recorded in the present study, albeit commonly at a
different stratigraphic level (Fig. 3). As would be expected,
the analyses of Masure et al. (1998) also identified some
dinoflagellate cyst events that were not recognized in the
present study. For example, the FOs of Glaphyrocysta spp.
and Alterbidinium varium at 952.74 mbsf. Several dinofla-
gellate cyst events that we identified were not recognized
by Masure et al. (1998): the FO of P. lidiae at 981.18 mbsf,
the FO of C. cornuta at 901.9 mbsf and the occurrence of
A. gippingensis at 828.7 mbsf. When comparing the two
studies, differences in the identification and placement of
dinoflagellate cyst events result in the non-identification
of the Selandian in Masure et al. (1998).

Among the dinoflagellate cyst events used in the three
ODP Hole 959D biostratigraphic studies (Fig. 3), taxa
recorded through a single occurrence are very common
(e.g., C. vannophorum, C. cornuta, I. celineae, M. seelandica,
Fig. 3). Combined with the high frequency of dinoflagellate
cyst events established from species represented by three
or fewer specimens (very rare = 2–3 specimens;
present = 1 specimen), this suggests that the most useful
marker taxa are also the less common (Table 3).

Chance is such a non-trivial parameter in taxon
recovery and identification and in the reliability of the

biostratigraphic interpretations. Within the interval com-
mon to all the studies, the most notable difference between
the biostratigraphy as interpreted by us and by Moullade
et al. (1998) is the displacement of the Maastrichtian–
Danian boundary to a much lower level, at 901.91 mbsf, in
our study (Fig. 3). The low frequency of dinoflagellate cyst
markers near the boundary suggests that the controversy
may simply be a result of chance in the recovery and
identification of stratigraphically useful taxa.

5.3. Influence of paleoenvironmental factors on the

dinoflagellate cyst stratigraphic record

Previous studies on the sedimentological and structural
evolution of the Côte d’Ivoire–Ghana transform margin
from Site 959D suggest an initial marked phase of
deepening from the late Coniacian to the early Campanian
(ca. 1035 to 1015 mbsf) (Basile et al., 1998; Pletsch et al.,
2001; Saint-Marc and N’Da, 1997; Wagner and Pletsch,
1999). The high contribution of marine, fluorescent organic
matter in samples from this interval has been interpreted
as representing shallow-water conditions (Oboh-Ikuenobe
et al., 1998; Pletsch et al., 2001). The composition of
benthic foraminifer assemblages suggests an extended
oxygen minimum zone in the water column during the
Coniacian and an increase in water depth during the
Santonian (Holbourn and Kuhnt, 1998; Pletsch et al., 2001).
The deepening rate was lower and almost constant during
most of the Campanian–Maastrichtian interval. From the
early Campanian on, the sea floor had subsided sufficiently
to allow the initiation of deep-water circulation (Friedrich
and Erbacher, 2006; Pletsch et al., 2001; Saint-Marc and
N’Da, 1997). During this last interval, sediments were
enriched in mixed marine/continental and oxidized
organic matter, a condition consistent with deep envi-
ronments (Pletsch et al., 2001; Wagner and Pletsch, 1999).
From the analysis of sedimentological, mineralogical,
micropalaeontological and organic geochemical data,
Pletsch et al. (2001) proposed that depth remained stable
for the entire Paleogene (from ca. 890 mbsf to the top of the
studied interval). Paleoenvironmental control on the
relative frequency of dinoflagellate cyst taxa may impact
the stratigraphic interpretation. Environmental changes
have been proposed to explain variations in dinoflagellate
cyst distribution in sedimentary sequences. Sea-surface
temperature variations have been proposed as triggers of
variations in dinoflagellate cyst frequency across the
Cretaceous/Paleogene boundary in different regions. For
example, Brinkhuis et al. (1998) and Vellekoop et al. (2015)
found that some biostratigraphic markers (such as
Palynodinium grallator, P. pentagonus, P. magnificum and
Senegalinium bicavatum) are influenced by SST variations.
Improving our understanding of how paleoenvironmental
variation controls dinoflagellate cyst distribution is
fundamental to realizing the full potential of dinoflagellate
cyst as biostratigraphic markers.

6. Conclusions

The new analysis of the dinoflagellate cyst from the
Upper Cretaceous to Paleocene interval in ODP Hole 959D

Table 3

Frequency distribution of dinoflagellate cyst biostratigraphic markers in

Oboh-Ikuenobe et al. (1998) and in the present study. The data from

Masure et al. (1998) are not considered for this comparison because their

publication contains exclusively presence/absence data.

Frequency dinoflagellate cyst Total 41

Present (1 cyst) 16

Very Rare (2–3 cyst) 12

Rare (4–9 cyst) 8

Common (10–24 cyst) 4

Abundant (25–49 cyst) 1

Very Abundant (55–99 cyst) O

Dominant (> 100 cyst) O
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the Côte d’Ivoire–Ghana continental margin leads us to
pose a new comprehensive biostratigraphy. The
itions of the boundaries between Cretaceous stages
stly coincide with those recognized by Moullade et al.
98). The age of biostratigraphic events is revised. The
ntification of new dinoflagellate cyst events has allowed
o place the Maastrichtian/Danian boundary lower than

Moullade et al. (1998) and to recognize the Danian/
ndian, at 901.91 mbsf, and Selandian/Thanetian
ndaries respectively at 851.25 mbsf and 828.7 mbsf.

 results offer a new biostratigraphic correlation for the
taceous and Palaeocene of the Gulf of Guinea that
imizes the risk of error in the placing of stage
ndaries and affirms the value of multidisciplinary
roaches.

The comparison of our data with those published by
sure et al. (1998) and Oboh-Ikuenobe et al. (1998) from

 same interval allows some discussion on the basis of
stratigraphy. We consider low sampling resolution and

 rarity of markers to be the main factors determining
 significant differences in boundaries placement.
The relative abundance distribution of dinoflagellate
ts suggests that environmental conditions may influ-
e their stratigraphic range. However, because of the
plexity of paleoenvironmental signal registered by the
il record, further work is necessary to assess the

ential of fossil dinoflagellate cysts as paleoenviron-
ntal proxies.

nowledgements

R.S.P. thanks Daniel Michoux for his helps on dinofla-
late cyst systematic and taxonomy. and Jean Dejax for
ring his knowledge on restoring palynological slides.
ding for this research was provided by TOTAL. The
ples were provided by the Ocean Drilling Program
P), an organization sponsored by the U.S. National
nce Foundation (NSF) and participating countries
er management of Joint Oceanographic Institutions

I), Inc. We would like to thank Robert Fensome and
er Bijl for their useful and constructive comments on

 manuscript.

erences

rton, S., 1998. Paleomagnetic results from Holes 959D and 960A, Côte
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Cahiers de paléontologie. Centre national de la recherche scientifique,
Paris.
khuis, H., Leereveld, H., 1988. Dinoflagellate cysts from the Creta-

Palaeobot. Palynol. 56, 5–19, http://dx.doi.org/10.1016/0034-
6667(88)90071-1.

Brinkhuis, H., Zachariasse, W.J., 1988. Dinoflagellate cysts, sea level
changes and planktonic foraminifers across the Cretaceous-Tertiary
boundary at El Haria, northwest Tunisia. Mar. Micropaleontol. 13,
153–191, http://dx.doi.org/10.1016/0377-8398(88)90002-3.

Brinkhuis, H., Bujak, J., Smit, J., Versteegh, G.J., Visscher, H., 1998. Dino-
flagellate-based sea surface temperatura reconstructions across the
Cretaceous_Tertiary boundary. Paleogeogr. Paleoclimatol. Paleoecol.
141, 67–83, http://dx.doi.org/10.1016/S0031-0182(98)00004-2.

Corradini, D., 1973. Non-calcareous microplankton from the Upper
Cretaceous of the northern Apennines. Boll. Della Soc. Paleontol. Ital.
11, 119–197.

Fensome, R.A., MacRae, G.L., Williams, G.L., 2008. DINOFLAJ2, Version 1.
Am. Assoc. Stratigr. Palynol. Data Ser. 1 .

Friedrich, O., Erbacher, J., 2006. Benthic foraminiferal assemblages from
Demerara Rise (ODP Leg 207, western tropical Atlantic): possible
evidence for a progressive opening of the Equatorial Atlantic Gate-
way. Cretaceous Res. 27, 377–397, http://dx.doi.org/10.1016/j.cre-
tres.2005.07.006.

Gradstein, F.M., 1985. Stratigraphy and the fossil record. In: Gradstein,
F.M., Agterberg, F.P., Brower, J.C., Schwarzacher, W.S. (Eds.), Quanti-
tative Stratigraphy. UNESCO, Paris, pp. 17–39.
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Pasteur, Strasbourg, France.

Uenzelmann-Neben, G., Weber, T., Grützner, J., Thomas, M., 2016. Transi-
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