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Abstract

The paleoenvironment and paleoclimate of the Ise Formation remain poorly understood, despite its
importance for the Late Cretaceous paleoenvironment and geology of the Dahomey Basin and Africa in
general. This is due to the paucity of outcrops and drilled samples of the formation. This study
investigates the paleoenvironmental and paleoclimatic setting of the Ise Formation through
sedimentological and palynological analyses of fifty sediment samples. The sediments were recovered
from four exposed sections of the formation, three of which are recently exposed, in the Eastern Dahomey
Basin, SW Nigeria. The examined sediments are largely coarse-grained, poorly sorted, gravelly-sand to
sandy-gravels, and are dominated by spores and pollens. The Laevigatosporites sp. and the Sapotaceae
sp. are the most abundant spores and pollens in the sediments while minor occurrences of Monocolpites
sp., Cyathidites minor, Retitricolporites sp., and Spinizonocolpites sp. were recovered. Concentricytes sp.
was the only algae recovered, while microforaminiferal wall lining was the only foraminifera recovered.
Textural properties of the sediments indicate textural immaturity and proximity to the source area. The
occurrence of Monocolite sp., Foveotriletes margaritae, Echitriporites trianguliforms, Cyathidites, and
Longapertites sp. indicate a Maastrichtian to Early Paleocene age for the Ise Formation. The vegetation
cover was mainly mangrove with palms, shrubs, and forests, while the environment of deposition was
swamp to marginal nearshore. A dominant mild to warm tropical climate during the deposition of the
formation was inferred based on the recovery of Retitricolporites sp., Monocolpites marginatus,
Sapotaceae sp., and Spinozonocolpites sp. from the samples. These conclusions support the hypothesis
of a regional shallow environment setting during the Maastrichtian and a warm regional climate in Africa
during the Early Paleocene.

1. Introduction

The Ise Formation represents the oldest sedimentary sequence in the Dahomey Basin "2, yet its
depositional settings and evolution remain poorly understood. Despite the fact that the basin has been
widely studied, most previous studies on its eastern stretch i.e. Eastern Dahomey Basin in Nigeria, were
focused on the geophysical properties #©. Many also focused on partial biostratigraphic dating and
sedimentologic descriptions of its sequences /. In particular, the overburden units comprising the Afowo
and Ewekoro formations have received more attention mainly because of their significance for
commercial exploration of oil sands, minerals, and limestone 22810,

1.2 structural

Current knowledge of the Ise Formation is limited to its sedimentologic characteristics
framework 313 and few biostratigraphic dating °. Till date, there is a general lack of understanding on the
depositional settings, paleogeography, and climate of the formation. This is due mainly to the scarcity of
outcrops and limited drilling in both onshore and offshore areas of the basin. Other causes include lack
of detailed basin analysis studies and scanty dating of sediments within the basin. Like most Cretaceous
rocks on the African continent, only a few outcrops of the Abeokuta Group, consisting of the Ise, Afowo,

and Araromi Formations, are known '#1°. Moreover, previous efforts to date the Ise Formation using
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spores and pollen from an offshore exploration well failed because of the damaged nature of the
recovered part of the formation (Kaki et al., 2012). Only the work of 2 based on one outcrop and samples
analyzed from Onikintigbi, SW Nigeria show that the Ise Formation was deposited under an interplay of
wet and dry climates. ® also assigned an Early Cretaceous (Neocomian) age to the Ise Formation by
counting sporomorphs, including Cicatricosisporites sp. Flora, recovered from the Ise-2 well drilled in the
Nigerian section of the basin. Hence, it is imperative to investigate the paleoclimate and
paleoenvironment of the formation.

In this work, a high-resolution sedimentological and palynological analyses of sediment samples
recovered from four outcrops of the Ise Formation within the Eastern Dahomey Basin is performed. The
outcrops include Onikintighi-OK 2° and three others - Ojodu Berger (OB), liebu ljesha (1J), and Eregun (ER)
that were only recently discovered due to excavation for road and building construction (Figure 1 and 2).
To understand the environment and climate prevalent during the deposition of the Ise Formation, we
carried out a detailed lithological description of the four rock exposures. We also analyzed 50 samples
recovered across different lithologic facies on the exposures, for their provenance and palynomorph
content. The sampled rocks were subjected to paleoenvironmental and paleoclimate analyses by relying
on the abundance of palynomorphs. Palynomorphs are environmentally sensitive and proven markers of
past environmental variables that controlled their distribution 117 Thus, the methods and analyses
presented in this work allowed the age, climate, vegetation, and environment of the Ise Formation to be
reconstructed. The new knowledge presented in this work has wider implications for future research and
for reappraising extant theories on the evolution of the Ise Formation and other regional Cretaceous
sequences in Africa.

2. Geologic Setting And Lithostratigraphy Of The Abeokuta Group

The Dahomey Basin developed as a marginal pull-apart basin following the separation of the African and
South American plates in the Mesozoic ®'8. Tectonic evolution of the basin in the Late Jurassic to Early
Cretaceous was characterized by both block and transform faulting when the African, North American,
and South American paleocontinents separated >'°. The Dahomey Basin (Figure 1b and 3) consists of
offshore, coastal, and inland parts, stretching from the southeastern part of Ghana in the west, through

Togo and the Republic of Benin to the southwestern part of Nigeria in the east 1820, The portion of the
basin that extends into Nigeria is popularly referred to as the Eastern Dahomey Basin. In this part, the
Dahomey Basin is separated from one of the world’s most prolific hydrocarbon province, the Niger Delta,

by the Okitipupa Ridge, which is a faulted basement high 2122,

Based on analysis of seismic and borehole data in offshore areas of the basin 3, the tectono-sedimentary
evolution of the entire Dahomey Basin can be grouped into four stages. These are the pre-rift (up to Late
Jurassic), syn-rift (Neocomian to Lower Cretaceous), transitional (Cenomanian to Santonian) and post-
rift (Maastrichtian to Holocene) stages. These stages are also referred to as intracratonic, rift, transitional
and drift stages; respectively 23725, In terms of basin infill, the oldest group of sediments in the Eastern
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Dahomey Basin include the Cretaceous siliciclastics of the Abeokuta Group that lie unconformably on the
crystalline basement rocks of Nigeria (Figures 3 and 4). The Abeokuta Group is further sub-divided based
on lithologic heterogeneity and origin into the Ise, the Afowo, and the Araromi Formations from the oldest
to the youngest >2%. Some of the formations, especially the Afowo, have been studied in few rock
exposures in the southwestern part of Nigeria /2927 The Ise, Afowo, and Araromi Formations make up
the Dahomey basin's thickest strata, reaching up to 2.5 km in the eastern part of the basin. In this part, the
Abeokuta Group is overlain by Paleogene and Neogene strata of the Ewekoro, Akinbo, Oshosun, llaro and
Benin formations 1918

The Ise Formation consists of imbricated basal conglomerates that are overlain by coarse to medium-
grained sandstone with interbeds of kaolinite. Limestones are also known to occur within the formation
at some locations 28. Based on paleontological assemblages, a Neocomian-Albian is assigned to the Ise
Formation 2. Overlying the Ise Formation is the Afowo Formation, which consists of coarse- to medium-
grained sandstones, thick interbedded shale, siltstone, and claystone. The sandstones are tar-bearing *2°
while the shale is rich in organic matter 2°. A Turonian age is assigned to the lower part of the Afowo
Formation, while the upper part is dated Maastrichtian 2°. The youngest formation in the Abeokuta Group
is the Araromi Formation that is composed of fine- to medium-grained sandstones at the base. The
sandstones are in turn overlain by shales, siltstone with interbedded limestone, marl, and lignite. Based

on fauna content, the Araromi Formation is dated Maastrichtian to Paleocene °.

3. Materials And Methods

The approach used in this work includes (a) detailed geological field mapping (b) laboratory analyses
consisting of granulometric/grain size and palynological analyses.

Field mapping and sampling

Detailed geological mapping was done at four rock exposures of the Ise Formation in Southwestern
Nigerian (Figure 2). The field locations include OB in Lagos State, Nigeria, IJ, ER and OK (in the Omo
Forest Reserve), all within Ogun State, also in southwestern Nigeria. At the outcrop locations, emphasis
was given to (a) lithological logging of the outcrop (b) sample collection (c) overall description of the
outcrops including topography, structures, and vegetation. Lithological logs were made at a high-
resolution horizontal scale of 1: 200 cm and vertical scale of 1:250 cm. Three points were logged at each
outcrop, including OB1, 0B2, and OB3 at OB, 1J1, IJ2, and IJ3 at IJ, ER1, ER2 and ER3 at ER, and OK1, OK2
and OK3 at OK. The logs were described based on colour, lithology, grain size, roundness, and
sedimentary structures. Variations in outcrop properties were logged individually at all outcrop locations
and correlated across the four case study areas. Overall, 50 sediment samples were collected
systematically at intervals of 0.25 m at OK and ER, and at intervals of 1 m at IJ and OB. Following field
mapping and sample collection, the samples were air-dried at room temperature of 22°C for 7 days
before being packed into transparent sample bags in preparation for laboratory analyses.
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Granulometric analysis

The grain size distribution for the samples was determined using 11 sieve meshes of different sizes (2
mm, 1.4 mm, T mm, 0.5 mm, 0.35 mm, 0.25 mm, 0.18 mm, 0.125 mm, 0.09 mm, 0.075 mm, and 0.063
mm) and a mechanical sieve shaker. The samples were pulverized and poured into the largest sieve (2
mm), then sieved mechanically for 15 minutes. During agitation, each sieve retains sediments that are
larger than the mesh size. The sieves are then weighed to determine the amount of sediment retained. To
understand the transportation and depositional history of the analyzed sediments, the grain size
distribution for each sample and locations were analysed in Gradistat 8.0 3 for the mean grain size,
skewness, standard deviation (sorting), and kurtosis 3'. Each parameter was calculated using equations
1-4 below and were then classified based on the scheme of 3.

The graphical mean () is the average size of grains within a sample 3233, The mean of sediments can
be used to determine the energy conditions of transportation, as well as the distance travelled from the
source area. For example, grain size decreases away from the source area, with the energy of
transportation also decreasing away from the source area, and vice-versa 34. Standard deviation (¢) is
the measure of sorting or the spread of grain size distribution based on density 3234, Sorting indicates the
deposition mechanism and energy conditions of the transporting medium. The sediments deposited
quickly or under fluctuating transporting energy, tend to generally be poorly sorted. Sediments transported
over a longer time, or with constant energy of transport, such as reworked sediments, beach and aeolian
deposits generally have better sorting 34. Skewness is the measure of symmetry of the grain size
distribution 34. The distribution can be fine or positively skewed, when there is an excess of fine particles.
It can also be coarse or negatively skewed when the distribution is in excess of coarse-grained materials.
For symmetrical grain size distribution, the skewness is zero 31733, Skewness reflects the deposition
process. For instance, beach sediments tend to be negative or coarse skewed because of fine sediments
being removed during continuous-wave actions. River sediments are positive or fine skewed because the
finer particles are retained during transport and deposition 34. Kurtosis reflects the degree of grain size
distribution, where sharp peak curves (very leptokurtic and leptokurtic) reflect better sorting in the central
portion of the distribution. Flat peak curves (platykurtic and very platykurtic) are suggestive of poor

sorting 31733,
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where M = mean, SK = skewness, SD= standard deviation, and K = kurtosis

Further analysis involved creating bivariate plots of the textural parameters listed above to establish
empirical relationships between them. Correlation between these parameters have been shown to exist
and reflect differences in sediment transportation and deposition patterns 3°. Bivariate analysis was
performed for sediments from outcrops ER, IJ, OB, and OK to understand their depositional setting and
transportation history. Accordingly, bivariate analysis was performed for skewness versus mean size,
standard deviation versus mean, skewness versus standard deviation, kurtosis versus skewness, and
kurtosis versus mean size.

Palynological analysis

The procedure for the palynological analysis includes initial sample preparation and subsequent studies
under the microscope. Samples were macerated with dilute Hydrochloric acid to remove any
carbonaceous material (usually calcite) present in them. Rocks containing calcium carbonate generally
effervesce in the presence of HCl acid. To digest the treated samples and remove siliceous matter, 60%
Hydrofluoric acid (HF) was added to them as a supernatant liquid. As a result, the samples were soaked
overnight and stirred intermittently with a plastic rod to achieve maximum digestion. Afterwards, the HF
was decanted gently, and the remaining substrates were rinsed with distilled water. The samples were
then sieved through the 5-10p sieve to remove their clay and silt contents. Drops of nitric acid (HNO3)
were put in the residues to bleach them and further remove any remaining silt and clay. Potassium
Hydroxide (KOH) was added to stop any oxidation reaction with HNO5. To achieve heavy liquid
separation, Zinc chloride (ZnCl,) was added to different test tubes containing the residues. The residues
were measured to the same level in the set and later placed in the centrifuge.

To ensure good separation of the samples, the centrifuge was operated at a revolution of 2000 per
minute for 15 minutes. This allowed organic matter with specific gravity of less than 2.2 gcc” (i.e,,

palynomorphs) to float while those heavier than 2.2 gcc™ settled to the bottom of the tube. The floated
materials were carefully decanted into a clean tube and later rinsed with distilled water. In a final stage of
treatment, the residues were rinsed with ethanol before being mounted on the slides. This was done to
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achieve permanent slide preparation as the ethanol will remove any water trapped within the organic
residue. The final slides were prepared by placing the residues rinsed with the ethanol on a covered slip
that was in turn placed on a hot plate. Here, the residues are spread out and allowed to dry up. On the
glass slide, drops of mountant liquid were added and spread instantly to cover the slip. The final slides
were dried for ca. 2days and were studied under the microscope to identify pollen, spores, dinoflagellates,
and freshwater algae.

4. Results

4.1 Lithologic description from outcrop observations.

The four (4) outcrops investigated were logged stratigraphically at 3 points each and described in terms
of their lithology types, grain size, colour, fossil content, and sedimentary structures. Outcrops ER, IJ, and
OB are road cut exposures while OK is a low-lying outcrop surrounded by dense vegetation (Figures 3 and
4).

Outcrop OB (Figure 4a)

Outcrop OB is covered by sparse vegetation and has an altitude of 53 m above sea level. It is a road cut
section with a vertical extent of ca. 8.2 m, length of ca. 30 m and strike in the SW-NE direction. Heights of
points OB1, OB2, and OB3 at the outcrop location are 8.2 m, 7.8 m, and 4.8 m (Figures 4a and 6). The
basal unit at OB1 is characterized by brownish-yellow sandstone (Figure 5d) and with clasts that are
generally rounded and medium- to coarse- grained (Figure 4a, 5a and 6). The clasts become finer
upwards as well as the clay content up till about 3.7 m where angular to subangular clasts are observed
(Figure 5b). At the top of the section, the color of the sandstone changes to brown grey. The uppermost
unit of the outcrop at this point is lateritic (Figure 6). Clayey-sandstone is observed as the basal unit at
point OB2, albeit the sandstones are light brown-whitish grey, and with rounded, fine- to medium- grained
clasts. The middle/intermediate units are quite like those of OB1 (Figure 6) while the uppermost unit is
also reddish-brown laterite (Figure 6). Clayey sandstones with sub-angular clasts were also identified at
the base of OB3 (Figure 5c¢). Here, the clasts are medium- to coarse- grained, white to light brown in color
(Figure 5e), and their shape changes from rounded in the middle of the section (Figure 6) to sub-rounded
towards the top (Figure 6).

Outcrop IJ (Figure 4c and d)

The outcrop has an altitude of 85 m above sea level and length of ca. 60 m. Heights of the log points IJ1,
1J2,1J3 are 7.8 m, 6.4 m, and 5.3 m respectively (Figure 4 c, d and 6). The surface of the outcrop is heavily
scrapped due to sand quarrying in the area. At point IJ1, the outcrop grades from medium- to coarse-
grained, reddish-brown sandstone with sub-angular clasts at the base to coarse to very coarse-grained,
greyish-brown sandstone in the middle (Figures 4c and d). At the top of the outcrop at point IJ1, reddish-
brown to grey, medium-grained sandstone with sub-rounded clasts are present (Figure 5i). The reddish
color is attributed to increasing laterite content from base to top (Figure 5f). The stratigraphy at points 1J2
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and IJ3 are quite like those at I1J1 in terms of color and texture. The base of the exposure at IJ2 is
characterized by greyish-brown sandstone of medium- to very coarse texture and sub-angular clasts
(Figure 6). The sandstone becomes a little clayey at a depth of 1.7 to 4.1 m, while the upper sections
show brown, yellow to red-purple color (Figure 6). The sand clasts are very coarse-grained and with
inclusion of well-rounded pebbles (Figure 6). The base of the section at IJ3 is made up of coarse-grained
sandstone with angular clasts, while the top is characterized by brownish grey, coarse-grained sandstone,
with sub-angular clasts and laterite (Figure 5g).

Outcrop ER (Figures 4b)

Outcrop ER has a length of ca. 30 m and a vertical extent of 1.93 m, 1.21 m, and 1.07 m at points ERT,
ER2, and ER3, respectively (Figure 7). Additionally, a thin layer comprising cobbles with diameters of 64
mm to 210 mm is observed. This is a paraconformity that is inclined at about 2° to the south (Figure 4b).
From base to top, point ER1 consists of grey to yellowish-brown, medium to very coarse-grained
sandstones with sub-angular to well-rounded clasts (Figures 5h and 7). They become coarser upward
until about 1.5m where the cobble-paraconformity is present. The cobbles are generally ferruginous in
nature as indicated by their reddish-brown color. At the uppermost section, the sandstone becomes
yellowish-brown and grey but with more sub-angular clasts (Figure 5h). The same stratigraphy is
observed at the other two logging points: ER2 and ER3.

Outcrop OK (Figure 4e and f)

Outcrop OK is a low-lying outcrop that extends laterally for ca. 15 m. Heights at log points OK1, OK2 and
OK3 are 1.4 m, 1.23 m, 1.55 m, respectively. The strata at the base of the outcrop non-conformably overlie
the weathered basement rock. Tabular crossbedding was also observed within the outcrop (Figures 4e, 4f
and 7). The basal unit across OK1-0K3 is a weathered basement rock composed of kaolinite (Figure 4e
and 4f). Clasts within the weathered unit are weathered feldspathic minerals that are suggestive of a
granitic protolith. Above the basement lies grey to red, medium to coarse-grained sandstone with sub-
rounded clasts (Figures 4e and 4f). The overlying sandstone is slightly muddy and light brown in colour
and with clasts of white pebbles. At about 0.84 m to 1.16 m in the upper part of the section, the
sandstone becomes conglomeratic although the texture remains the same as that of the older underlying
sandstones (Figure 4e and 4f). The uppermost sandstone unit is brownish to white and coarse-grained
with quartz pebble clasts ranging from 15 to 20 mm in diameter. Similar observations were made at
points OK2 and OK3, except that the size of the quartz granules at about 0.3 to 0.7 m at OK2 ranges from
2.0 mm to 3.5 mm (Figure 7).

4.2 Sediment characterization and grain size parameters

The grain size ternary plot for the sediments from outcrops IJ, OB, OK, and ER is presented in Figure 8.
Sediment samples from ER are classified as sandy gravel, those from OB plotted as slightly gravelly,

gravelly sand to sandy gravel, while sediments from outcrops OK and IJ are sandy gravel and gravelly
sand. Importantly, the calculated graphical Mean (Mz) ranges from -0.42 to 0.43 for 1J, 0.08 to 1.17 for
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OB, -0.86 to -0.27 for ER, and 0.22 to 0.84 for OK (Figure 9). Hence, the average grain size is 0.05 for IJ
and 0.66 for OB, signifying the predominance of coarse-grained sediments. The average grain sizes of
sediments from ER and OK are -0.66 and -0.17 reflecting the predominance of very coarse-grained
sediments. Similarly, the standard deviation for outcrops IJ, OB, ER, OK (Figure 10a) ranges from 1.07 to
1.37,1.27 t0 1.52,0.69 to 1.21, and 0.65 to 1.22 while graphic skewness (Sk) ranges from 0.60 to 0.79 for
ER, 0.08 to 0.36 for OB, 0.13 to 0.65 for IJ, and -0.02 to 0.60 for OK (Figure 10b). Most of the samples
from OK fall predominantly within the very fine skewed class, with only 4 samples having a nearly
symmetrical skewness. The samples from ER are very finely skewed, while those from IJ have fine to
very-fine skewness. Samples from OB predominantly fall within the finely skewed class, with 5 samples
being nearly symmetrical (Figure 10b). Kurtosis for IJ, OB, ER and OK sediments are from 0.73 to 1.03,
0.731t00.99,0.83 t0 2.30, and 0.79 to 1.16, respectively. These values indicate predominantly platykurtic-
mesokurtic, predominantly platykurtic—mesokurtic, mesokurtic-very leptokurtic), and predominantly
platykurtic distribution, respectively (Figure 10c). Based on the kurtosis, sediments from outcrops OK, 1J,
and OB are characterized as being poorly sorted those of outcrop ER are moderately sorted.

In addition to the calculation of the statistical parameters, bivariate plots are shown in Figures 9 to 11b.
The plot of skewness versus mean size shows that the Ise Formation samples are symmetrical to very
fine skewed, albeit the samples are predominantly very fine skewed (Figure 9). Grain size ranges from
medium to very coarse, with the coarse to very coarse sediments dominating the distribution. The
environment of deposition corresponding to various classes of correlation of skewness against mean
size are plotted in reference to various authors 3°737. Accordingly, the samples plotted in the field of river
processes and are classified as massive sandstones (Figure 9). The plots of standard deviation against
mean size, and skewness against standard deviation reveal samples from the study area are moderately
well sorted to poorly sorted, with the poorly sorted samples dominating the distribution. In terms of
depositional setting, these bivariate plots (Figure 10a) show the influence of a riverine environment 35,
The sediments are also observed to be dominantly poorly sorted and show a fine to very skewed
distribution (Figure 10b). Furthermore, the plots of kurtosis versus skewness, and kurtosis versus mean
size show the samples are platykurtic to very leptokurtic but are mainly platykurtic and are symmetrical to
very fine skewed. The very finely skewed class dominate the distribution (Figures 10c and 11b). A
predominant riverine depositional setting is associated with virtually all the sediments from OK, OB, IJ
and a few sediments from ER, while a beach setting is attributed to majority of the sediments from
outcrop ER (Figure 10c).

4.3 Provenance of sediments based of grain size analysis

The statistical parameters presented above have different interpretations in relation to provenance or
sediment source area. Sorting reflects the distance the sediments have travelled from the source 34. The

32,34

mean of sediments can indicate the depositional setting , While skewness and kurtosis can point to

the difference in kinetic energy of the transporting medium 3134 Based on the average mean grain sizes
of 0.05 ¢ for 1J, 0.66 ¢ for OB (coarse grained), -0.66 ¢ for ER, and -0.17 for OK (very coarse grained), and
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the predominately fine and very fine skewness, the analyzed sediments have been transported and
deposited under a fluvial depositional setting, with fluctuating energy 3334. Poorly sorted sediments at
outcrops OK, IJ and OB, indicate deposition of the sediments near their source areas 3234. The dominance
of moderately sorted sands, as well as very leptokurtic kurtosis of sediments at outcrop ER, suggests that
the ER sediments achieved their sorting in a different high energy environment 3.

5. Occurrence And Distribution Of Palynomorphs In Sediments
Across The Study Area

The occurrence and distribution of palynomorphs in sediments recovered from the study area is
presented in Figures 12a and b, and Table 1. Laevigatosporites sp. (Figures 13 a and b) is the most
abundant spores (n=8) in the study area, with the most recovery made at ER (n=4) followed by OK (n=2).
Fungal spores are the second most abundant (n=6) and were observed at OB (n=3), OK (n=2), and IJ (1),
respectively. Cyathidites sp. (n=5) (Figure 13h) was also found in three of the locations i.e., OB (n=1), ER
(n=2), and IJ (n=2). Other identified spores include Cyathidites minor (Figure 13g); Foveotriletes
margaritae (Figure 13c); Verrucatosporites sp. (Figure 13n); Trilete spore (Figure 13m); Acrostichum
aureum (Figure 13f) and Spore indeterminate. As for the pollens, Sapotaceae sp. (Figure 13l) is the most
abundant pollen (n=3) and was recovered at OK (n=2) and IJ (n=1). Monocolpites sp. was observed at
both OB and IJ (Figure 14, Table 1), while Echitriporites trianguliforms (Figure 130) was found at ER and
IJ. Monocolpites marginatus (Figure 13i) was found at only ER and IJ (Figure 13). Other pollens
recovered from the samples in the study area are Psilatricolporites sp. (Figure 13k), Longapertites sp.
(Figure 13e), Retitricolporites sp. (Figure 13q), Spinizonocolpites sp. (Figure 13r). Concentricytes sp. is the
only algae recovered from the samples and it was observed in OB (Figure 13p). Microforaminiferal wall
lining (Figure 13d) was the only foraminifera recovered in the samples, precisely at ER. In summary,
spores were relatively abundant in OB (73%) than the other palynomorphs, pollen (18%) and algae (9%)
(Figure 14). They were also more abundant at ER (67%) than the pollen (25%) and foraminifera (5%).

5.1 Interpretation of age and Paleoenvironment from palynomorphs assemblages
OB1,2and 3

Palynomorphs recovered from OB samples include Monocolpites sp. and Cyathidites (Figures 13, 14 and
Table 1). The presence of Monocolpite sp. (Figure 14), indicate an age of Upper Maastrichtian to Early

Paleocene 38, while Cyathidites signify an open freshwater swamp environment of deposition 3°. Fungal
spores are observed in all the three logs at OB, and their presence also signifies that the sediments were

deposited under swampy conditions 4°. Importantly, Concentricytes sp., which are freshwater alga 4! were
identified at OB2 (Table 1), while Acrostichum aureum and Laevigatosporites were observed for OB1
samples. The occurrence of Acrostichum aureum and Laevigatosporites, which are land-derived species,

in the samples indicates brackish conditions of sedimentation #2. Laevigatosporites could also be linked
to a swampy fresh water or brackish water environment #2.
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ER1,2and 3

Palynomorph species recovered from the samples for ER 1, 2, and 3 include Monocolpite marginatus,
Foveotriletes margaritae, Cyathidites sp., Echitriporites trianguliforms, Psilatricolporites sp.,
Verrucatosporite sp., and Laevigatosporite sp. (Figures 13, 14, and Table 1). The recovery of
Monocolpites marginatus is indicative of wet mangrove to marsh vegetation with a predominantly warm
and humid climate #3#4. Monocolpites marginatus could also suggest deposition in a fluviatile
environment #°. The occurrence of Cyathidites sp in the samples indicates an open freshwater swamp
environment of deposition #¢. Laevigatosporite sp. and Verrucatosporite sp. are indicative of swampy
fresh or brackish water environment #2. Verrucatosporites are traditionally associated with deposition in
brackish water environment during a sea-level rise 4’. Microforaminiferal test lining was observed from
ER sediments (Table 1). Their occurrence indicates proximity to marginal marine setting, notably a
nearshore environment 8. Other palynomorphs recovered from the ER samples are Foveotriletes
margaritae and Echitriporites trianguliforms, which are suggestive of a Maastrichtian to Paleocene age
4950 The occurrence of Echitriporites trianguliforms also indicate that the sediments were deposited in
near shore settings.

IJ1,2and 3

Pollen and spores recorded from IJ samples include Fungal spore, Trilete spore, Monocolpite marginatus,
Cyathidites minor, Cyathidites sp., Foveotriletes margaritae at IJ1 (Figure 13, 14 and Table 1).
Echitriporites trianguliforms and Monocolpites sp. at IJ 2 and Acrostichum aureum, Longapertites sp.,
Sapotaceae and Cyathidites sp. at IJE 3 (Figures 13, 14 and Table 1). The occurrence of Cyathidites sp.
here supports open freshwater swamp environment of deposition 2°. The sediments contain a single
record of Microforaminiferal wall lining, but without the occurrence or evidence of dinoflagellate cysts.

Hence, the samples were interpreted to be deposited in near shore settings °'. The presence of
Longapertites sp. in the samples suggests wet mangrove to marsh vegetation under a warm and humid

climate and an Early Maastrichtian age °2°3. Cyathidites minor indicates upper Paleocene boundary °4.

The occurrence of Sapotaceae could be used to infer a freshwater swamp rainforest environment °°
,while the presence of Retitricolporites sp. suggest mild to warm and temperate to subtropical climatein a

lowland setting °°.
OK1,2and 3

At OK, Spinizonocolpites sp., Longapertites sp., Sapotaceae, Verrucatosporites sp., Laevigatosporite sp.,
Cyathidites minor, and fungal spore were recovered (Figures 13, 14 and Table 1). Spinizonocolpites sp. in
the sample suggests a warm, humid, or tropical environment of deposition ®/. Additionally, fungal spore
was recorded in OK 1 and OK 3. Sapotaceae, which is a land-derived specie 8 occurs within the study
area. In the samples at OK 3, both the Laevigatosporite sp. and Verrucatosporite are observed, pointing to
a swampy fresh water or brackish water environment #2. There was no record of dinoflagellate cysts or
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Microforaminiferal wall lining at OK 1-3. Hence, the sediments at OK1-3 are interpreted to have been
deposited in a coastal deltaic environment. The age of the outcrop is dated Upper Maastrichtian to Early

Paleocene age based on the occurrence of Longapertites sp. °°.

6. Late Cretaceous Climate, Vegetation, And Environment Of
Deposition In The Study Area.

The climate, vegetation, and environment prevalent during the deposition of the Ise Formation are barely
documented. Like other Cretaceous strata in Africa, extreme scarcity of exposed rocks has hindered
research on the Cretaceous climate record of the Ise Formation and those of other similar formations on
the continent of Africa relative to their surrounding landmasses '*. Based on the analyses of
palynomorphs from four rock exposures in the Eastern Dahomey, we show that the dominant climate
during the deposition of the Ise Formation was mild to warm tropical climate. The vegetation cover was
mainly mangrove with palms, shrubs, and forests, while the environment of deposition was swamp to
marginal nearshore setting. Importantly, an average precipitation of at least 60 mm ©9 is inferred, with
modest seasonal variation in temperature and precipitation regimes ' during the deposition of the Ise
Formation.

Paleoclimatic indicators of tropical conditions in the study area are Retitricolporites sp. and Monocolpites
marginatus at ER, Sapotaceae sp. at IJ, and Spinizonocolpites sp. at OK (Figures 13 and 14). Sapotaceae
sp. at IJ significantly indicate swamp and tropical rainforest conditions °°, while Spinizonocolpites sp. at
OK reflects warm and humid tropical environment ®’. Retitricolporites sp. and Monocolpites marginatus
are palm pollen that are commonly found in contemporaneous West African coastal basins 46:62764,
Sapotaceae is one of the latex-yielding families, known to produce Gutta percha, chicle (chewing) gum,
timber, edible flowers, fruits, and oil seeds 8. The plants of Sapotaceae are trees or shrubs, and the fruit
is an indehiscent, one- to eight-seeded berry (sometimes a drupe). The seeds consists of crustaceous,

shining testas, and are oily and ex-albuminous with large, fleshy cotyledons, or albuminous with flat
cotyledons °8. Spinizonocolpites sp. represents the earliest palm pollen known and are globally
acknowledged as ancestral to the modern genus Nypa ©°. Spinizonocolpites sp. can include S.

echinatus and S. baculatus %7, originally recovered from the Late Cretaceous of Sarawak 8. The spiny

zonasulcate pollen (Figure 13) is usually found as one half of the original spheroidal grain, due to

breakdown of the aperture membrane during fossilization ©°.

Paleo-vegetation fingerprints recovered from the samples include Monocolpites marginatus,
Spinizonocolpites sp. and Longapertites sp. These are palynomorphs produced by plants adapted to the
mangrove biome to marsh vegetation 43444969 Monocolpites marginatus are common in coastal
lowland forests or mangroves #° where salt-tolerant trees (halophytes) grow in coastal saline or brackish
water of tropical to subtropical climates /9. Acrostichum aureum and Laevigatosporites at both OB and
OK, and Verrucatosporite sp. at ER markedly indicate brackish water condition (Figure 13 and 14).
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Acrostichum aureum is a large evergreen fern with fronds up to 3 meters long, and the plant is often
harvested from the wild for local use as a food, material for thatching, and as an ornamental plant in
gardens /. Acrostichum aureum are principal ferns currently growing within mangrove vegetation and
are adapted to coastal areas associated with mangrove vegetation, areas inundated with saline waters,
open salt marshes, coastal swamps, and areas along estuarine rivers /. Laevigatosporites on the other
hand are monolete pteridophyte spores of ferns found in humid climate 7273, Therefore, the prevalent
vegetation type in the Late Cretaceous of the study area was tropical mangrove.

Consequently, based on paleo-environmental markers such as Cyathidites, Concentricytes sp.,
microforaminiferal test lining, Echitriporites trianguliforms, Monocolpites marginatus, Spinizonocolpites
sp., and Longapertites sp., a conceptual diagram showing the dominant environment of deposition in the
study area is provided in Figure 15a. Cyathidites and Concentricytes sp., recovered at OB and IJ suggests
an open freshwater environment of deposition, while fungal spores at the same location favors
deposition under swampy conditions 41”3, Deposition under nearshore environment is indicated by the
presence of microforaminiferal test lining #8 and Echitriporites trianguliforms at ER, while marginal
marine condition under the influence of rivers is indicated by Monocolpites marginatus *° also at ER
(Figure 14). Cyathidites are pteridophyte spores from evergreen and broadleaf trees found in humid
climates /2. Echitriporites trianguliforms are proteaceae i.e., family of shrubs and trees, while
Concentricytes sp. are indicative of dominant fluvial system or shallow environment proximal to
shorelines 4173, Palynomorphs such as Spinizonocolpites sp. and Longapertites sp. also support a
continental environment of deposition °2°3.

The conceptual model shows that the study area was in an open marine environment in the Late
Cretaceous. Sediments were transported from the continent or land areas by rivers and channels, and
deposited in a delta at OK, while sediment deposition at OB, ER, and IJ were under swampy conditions.
Based on this interpretation, sandstones in OK are interpreted to include mainly deltaic sands. Moreover,
the recovery of Acrostichum aureum, Laevigatosporites and Sapotaceae in some of the sediments
indicates land-derived species #2. This is also corroborated by the grain size analyses result, which shows
the sediments these outcrop locations are very coarse grained, poorly sorted, gravelly sand to sandy
gravels (Figures 8 and 9), signifying their relative short transport distance, textural immaturity, and
proximity to their source areas.

6.1 Age of the Ise strata.

Apart from the challenge of finding rock exposures of the Ise Formation in the Dahomey Basin, the few
studies that described the stratigraphy of the basin have been quite limited in terms of data coverage.

Despite being the oldest (pre-ift) strata of the Dahomey Basin 257475 most previous descriptions of the
Ise Formation were largely done from few boreholes and seismic reflection data. For example, the age of

the Ise Formation was roughly put at Neocomian, probably Valanginian-Barremian by °. These authors
based their dating on the recovery of sporomorphs such as Cicatricosisporites sp., pilosisporites,
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trichopapillosus from the Ise-2 borehole. The biostratigrahic dating provided by ° has been used for most
referenced work on the age of the Ise Formation '2%. Moreover, in offshore areas, the age of the Ise

Formation has been put at Neocomian 24, implying that the strata were pre-rift or deposited prior to the
opening of the Equatorial Atlantic.

In the Eastern Dahomey Basin in Nigeria, the thickness, age, and nature of the Ise Formation is also barely
known. For example, 7¢ schematically show that the Upper Cretaceous and Cenozoic rocks comprising
the Ise Formation and younger rocks are barely exposed in the Eastern Dahomey Basin and are probably
thinnest to the north or in onshore areas (Figure 1b). This thickness variation probably reflects (a) the
tilted nature of the basin to the south (b) high preservation of the Ise strata in offshore areas, with
thickness reaching up to 3 km in the Togo-Benin margin (Figure 1b), and (c) the presence of tilted
basement blocks, grabens, and half grabens in offshore areas 2*. Regardless of these discrepancies in
age, our study show that the Ise Formation is diachronous in onshore areas. Our estimated age is from
the Upper Maastrichtian to the Paleocene (Figure 14). The presence of Monocolpite sp. at OB indicate an
age of Upper Maastrichtian to Early Paleocene 38, Foveotriletes margaritae and Echitriporites
trianguliforms at ER suggest Maastrichtian to Paleocene age #°°0. Cyathidites at IJ delimit the upper
Paleocene boundary, while Longapertites sp. at OK and IJ indicates Upper Maastrichtian-Early Paleocene
age %°.

6.2 Evolution of the study area in the context of Albian breakup.

Based on the age markers presented in this work, we unequivocally put the age of the Ise Formation in
onshore areas in Nigeria to be Maastrichtian and Early Paleocene and examine the interpreted
environment of deposition within the context of the Albian breakup and the opening of the southern
Atlantic Ocean. Previous works on the paleogeography of marginal basins along the southern Atlantic
show that the Maastrichtian (72 to 66 Ma) was dominated by brief continental flooding and re-
establishment of the Trans-Saharan Seaway 7®. A marine transgression during the Maastrichtian flooded
West Africa briefly while marine sediments interbedded with brackish-water deposits are preserved east of
the subsiding Hoggar shield (Figure 15b). During this period, the trans-Saharan seaway was probably re-
established through the Bida rift 7/, which began to form in the Campanian and continues to develop
during the Maastrichtian under shallow-marine environment 787°. Accordingly, the study area, interpreted
as an open marine environment from the palynomorph assemblages fits into a regional context of the
shallow environment setting during the Maastrichtian. Moreover, 6 documented that marine
transgression was also recorded on the Ivory Coast—Ghana and Ghana-Benin margin segments by the
flooding of the coastal basins. From 72 to 66 Ma (Figure 15b), the environment of deposition therefore
changed from marine to continental and is evidenced by (a) a mobile eastern shoreline of the trans-
Saharan seaway that was associated with transient erosion at the Hoggar and Nigerian shield areas, (b)
flooding of the Nigerian shield area, and part of the Saharan domain and (c) the establishment of large
deltaic systems along the Central Atlantic coast, signifying drainage reorganization and/or upwarping of
the margin 7°. The last phases of marine transgression were recorded in the Paleocene from 61 to 56 Ma
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(Figure 15c), while the study area was still a coastal to open marine environment. Inland shoreline
migration was reported along the Central and equatorial Atlantic margins, leading to deposition of marine
limestones and shales in coastal basins ’°. Intense weathering caused by peak greenhouse climate
allowed bauxites to develop in most basins 8°. In tandem, the interpreted climatic condition of warm
tropical climate based on the recovery of Retitricolporites, Monocolpites marginatus, Sapotaceae sp., and
Spinizonocolpites sp. from this study support the hypothesis of a warm regional climate in Africa during
the Late Paleocene from 61 to 56 Ma (Figure 15¢).

7. Conclusions

Outcrops of the Ise Fm. within the Eastern Dahomey Basin represent some of the few outcrops of Late
Cretaceous rocks in Africa. Consequently, sedimentological and palynological analyses of sediments
recovered from these outcrops provide ample opportunities to further understand the geology,
paleoenvironment, and paleoclimate of Africa in the Cretaceous. Sedimentological analysis shows that
sediments from the studied outcrops are generally texturally immature and are close to their source area,
while palynological analysis indicates a Maastrichtian to Early Paleocene age for the Ise Formation
based on the occurrence of index fossils. Palynological analysis also revealed that the vegetation during
the deposition of the formation was mainly mangrove with palms, shrubs, and forest, while the
paleoenvironment was swamp to marginal nearshore. The main climate type during this period was mild
to warm tropical climate.
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Tables

Table 1: Recovered palynomorphs from sediments analyzed from the outcrops of the Ise Formation at
OB, IJ, ER and OK.
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Palynomorphs
Cyathidites sp.
Laevigatosporites sp.
Acrostichum aureum
Fungal spore
Monocolpites sp.
Spore indeterminate
Pollen indeterminate
Concentricytes sp.
Trilete spore
Psilatricolporites sp.
Foveotriletes margaritae

Echitriporites
trianguliforms

Verrucatosporites sp.
Monocolpites marginatus

Microforaminiferal wall
lining

Cyathidites minor
Longapertites sp.
Retitricolporites sp.
Sapotaceae

Spinizonocolpites sp.

OB

Outcrop
samples
1 2
1 §
1 i
1 §
1 1
1 §
- 1
- 1
1 -

ER
Outcrop
samples
1 2
1 1

- 1

1 §

1 §

1 §

IJ
Outcrop
samples
1 2
1 -
‘] -
1 -
- 1
1 -
1 -
- 1
1 -
1 1

OK

Outcrop

samples
1 2
‘] -
1 -
- 1
- 2
‘] -

Figures
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Figure 1

(a) Map of Central and West Africa showing the rough location of the study area ’®. (b) The transect
shows the variation in morphology and rock types from the South Algerian Basin through the lullemenden

Basin and the Togo-Benin Basin. The study area is in the Eastern Dahomey Basin 7°.
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Figure 2

Topography/bathymetry map of the study area showing the locations of the outcrops. Elevation data
was downloaded from GEBCO (https://download.gebco.net/) and gridded in Surfer 16.
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Figure 3

Redefined geological map of the Eastern Dahomey Basin *.
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Conghombralas

0,35 m

Figure 4

Pictures showing overview of the four outcrops analysed in this work (a) Ojodu Berger, OB (b) ljebu-ljesha,
IlJ, (c) and (d) Eregun, ER and (e) and (f) Onikintigbi, OK. All the outcrops are in the Eastern Dahomey
Basin in SW Nigeria.
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Figure 5

Lithofacies from some of the outcrop locations (a) coarse-grained sandstone, with a greyish brown color
at depth of 2.6 m-3.2 m at OB1, (b) brown to grey, fine to medium grained, clayey sandstone at depth of
3.2 m-3.7 m from OB1 (c) white to light brown and medium to coarse sandstone at depth 0 m-1.3 m at
OB3 (d) brownish to yellow, medium to coarse grained sandstone with a clayey feel at the base of log
OB1 (e) medium to coarse grained clayey sandstone at 1.3 m-2.7 at OB3 (f) reddish-brown, medium to
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coarse-grained sandstone at depth of 0 m-1.8 m at I1J1 (g) brownish to grey, coarse-grained sandstone at
0-1.6 m at 1J3 (h) 0.30 m-0.62 at ER1 (i.) greyish to brown sandstone with subrounded pebbles at 3.2 m-

3.6 at IJ1.

Figure 6

Correlation panel from OB to IJ showing the regional overview of the Ise Formation. In hand specimen,
the sandstones are medium to coarse grained and composed of different clasts. See location of OB and

IJ in Figure 2.
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Figure 7

Correlation panel from ER to OK showing the main lithologic types as logged from the field. The study
area is dominated by different sandstone facies. See location of OB and IJ in Figure 2.
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Figure 8

Ternary plot for characterization of the samples based on their grain distribution. All the samples
analyzed at ER are sandy gravels while sediment samples from both OK and IJ overlap between sandy
gravel and gravelly sand. The samples from OB include slightly gravelly sands, gravelly sands, and sandy
gravels.
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Bivariate plot of skewness vs mean for ER, OK, OB and IJ showing the different depositional environment,

modified after 363787,
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Figure 10

Bivariate plots for ER, OK, OB and IJ of (a) Standard deviation vs Mean (b) Skewness vs standard
deviation and (c) Kurtosis vs skewness. Each showing beach/river environment of deposition. The plots
were defined according to the works of 2°.
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Figure 11

Bivariate plots for ER, OK, OB and IJ of (a) Kurtosis vs mean size and (b) Kurtosis vs skewness showing
the normal trend path and high/low energy domain according to 3'.
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Figure 12

Histograms showing (a) abundance of spores recovered from the analyzed samples and (b) abundance
and types of pollens recovered from the study area.
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Figure 13

Photomicrographs of palynomorphs recovered from the study area (a) and (b) Laevigatosporite sp. (c)
Foveotriletes margaritae (d) Microforaminiferal wall lining (€) Longapertites sp. (f) Acrostichum aureum
(g) Cyathidites minor (h) Cyathidites sp. (i) Monocolpites marginatus (j) Fungal Spore (k)
Psilatricolporites sp. (I) Sapotaceae sp. (m) Trilete Spore (n) Verrucatosporite sp. (o) Echitriporites
trianguliforms (p) Concentricytes sp (q) Retitricolpites sp. (r) Spinizonocolpites sp.
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Figure 14

Palynomorphs assemblages and biodiversity has recovered from the 50 samples analyzed in the study
area. Based on the palynomorph assemblages an age of Upper Maastrichtian is assigned to the Ise

Formation.
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Figure 15

(@) Conceptual model showing the depositional environment of the Ise Formation in Eastern Dahomey
Basin. The top map is the 3D view of the present-day elevation profile of the study area from Figure 2.
Geological configuration of Nigeria and Southern Atlantic Ocean during the (b) Maastrichtian, 72-66 Ma
and (c) Late Paleocene, 61-56 Ma (Modified from 7. Note: Location of the present-day Eastern Dahomey
Basin is marked with red rectangle.
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