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Abstract

The Cretaceous sediments in southwestern Nigeria are host to one of the largest bitumen deposits in the world. In the current
paper, an integrated study on sedimentology, palynology, and applied petroleum geochemistry of the Maastrichtian-Paleocene
Araromi Formation was used to determine the depositional environments and hydrocarbon potentials of the formation on
the eastern Dahomey Basin. Four sedimentary lithofacies were identified from core samples, namely, lower limestone (F);
medium to coarse-grained sandstone (F,); lower loosely consolidated sandstone (F;); and shale and siltstone (F,). Sedimenta-
tion in the eastern Dahomey Basin occurred mainly in fluvial and shallow-marine (shelf) environments. The palynological
assemblages of the Araromi Formation reflect deposition in coastal through brackish water to shallow shelf environment
with periods of localized wind-induced storms. The shale and siltstone samples of the Araromi Formation are characterized
by total organic carbon (TOC) values of up to 2.50 wt % and S, (hydrocarbon-generating potential) values ranging from
0.26 to 0.70 mgHC/g rock, indicating poor source rocks. Shales show poor quality and thermally immature organic matter
at shallow depth and could neither have generated liquid hydrocarbon nor contributed to the heavy oil occurrence on the
bitumen and tar-sand belt of eastern Dahomey (Benin) Basin.

Keywords Depositional environments - Lithofacies - Petroleum potentials - Dahomey (Benin) Basin - Maastrichtian-
Paleocene

Introduction bitumen and oil sand that is yet to be explored for economic

purposes (Famakinwa et al. 2010; Olabemiwo et al. 2016).
The eastern part of the Dahomey Basin in Nigeria hosts  Oil seeps in the eastern Dahomey (Benin) Basin were a
the second-largest bitumen resources in the world, with an ~ source of attraction to early explorationists, between 1907
estimated proven reserve of about 42.47 billion tonnes of  and 1960. The results of these early exploration campaigns
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confirmed the presence of heavy biodegraded oils in shallow
wells and boreholes in the basin (Coker et al. 2002). Bitu-
men and oil sands have been found in Cretaceous outcrops,
and flows/shows in drilled and cored wells (Nwachukwu and
Ekweozor, 1989; Macgregor et al. 2003; MSMD, 2006).
Oil indications from outcrop sections and boreholes in the
eastern Dahomey (Benin) Basin are suggestive of potential
economic discoveries, but the overall petroleum geology of
the region has not been fully understood. The source of the
bitumen in the basin is unresolved. The current study consid-
ers depositional environments and hydrocarbon potentials
of the Maastrichtian-Paleocene Araromi Formation on the
eastern Dahomey (Benin) Basin of southwestern Nigeria.

Omatsola and Adegoke (1981) and Okosun (1990)
reviewed the Cretaceous sedimentary sequence of the east-
ern Dahomey Basin. Adegoke et al. (1977) and Oluwajana
et al. (2021) dated the bituminous shales of the Araromi
Formation using foraminiferal assemblages. Recent works
on the geochemistry of the Maastrichtian-Paleocene strata
include Akande et al. (2018), Famakinwa et al. (2010), and
Ogala et al. (2019). Adekeye et al. (2019) suggested that
the shale facies of the Araromi Formation have low hydro-
carbon potential. Famakinwa et al. (2010) reported that the
organic matter of the Araromi Formation in the eastern
Dahomey (Benin) Basin is of mixed terrestrial and marine
origin. None of these earlier studies integrated sedimento-
logical, palynological and organic geochemical data in their
attempts to determine the depositional environments and
hydrocarbon potential of the formation. This current paper
therefore presents data and interpretations from core log-
ging, palynological as well as total organic carbon (TOC)/
programmed pyrolysis (Rock-Eval) results of shale samples
recovered from four exploration boreholes (Fig. 1), with a
view to providing an integrated approach to the understand-
ing of the hydrocarbon potential of the Araromi Formation
in the eastern Dahomey (Benin) Basin.

Geologic framework

The Dahomey (Benin) Basin constitutes part of the West
African peri-cratonic system (margin sag) basin (Klemme
1975; Akinmosin et al. 2012), which developed following
the rifting associated with the opening of the Gulf of Guinea,
in the Late Jurassic to Early Cretaceous (Burke et al. 1971;
Whiteman 1982; Akinmosin et al. 2012). The crustal sepa-
ration, typically preceded by crustal thinning, was accom-
panied by an extended period of thermally induced basin
subsidence through the mid-Late Cretaceous to Paleogene-
Neogene times as the South American and the African plates
entered a drift phase to accommodate the emerging Atlantic
Ocean (Akinmosin et al. 2012).
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The basin stretches along the coast of Nigeria, Benin
Republic, Togo, and Ghana, on the margin of the Gulf
of Guinea (Olabode 2006). It is separated from the Niger
Delta on the eastern section by the Benin Hinge Line and
Okitipupa Ridge and marks the continental extension of
the chain fracture zone (Olabode 2006). It is bounded on
the west by the Ghana Ridge and has been interpreted as
the Romanche fracture zone (Burke et al. 1971; Whiteman
1982). The onshore part of the basin covers a broad arc-
shaped profile of about 600 km? in extent (Olabode and Ade-
koya 2007). The basin narrows to about 50 km on the eastern
side, where the basement assumes a convex upwards outline
with concomitant thinning of sediments (Olabode 2006).

The Cretaceous stratigraphy consists of the Abeokuta
Group, sub-divided into the Abeokuta and Araromi forma-
tions (Fig. 2), (Okosun 1990). The basal sequence is a flu-
viatile sandstone of the Lower Cretaceous to Maastrichtian
Abeokuta Formation (Okosun 1990; Petters 1991), which
unconformably overlies the crystalline basement complex
(Kaki et al. 2013). The Maastrichtian to Paleocene Ara-
romi Formation comprises fine-grained basal sand overlain
by shale and siltstones with thin intercalations of marl and
shelly limestone (Omatsola and Adegoke 1981; Enu and
Adegoke 1988; Okosun 1990). Araromi shale is divided into
the upper Paleocene Member and the lower Maastrichtian
Member (Petters 1991; Kaki et al. 2013). The Paleogene-
Neogene sediments comprise the Paleocene Imo Shale/
Ewekoro Formation, Eocene Oshosun/Akinbo Formation,
Oligocene—Miocene Ilaro Formation, and Miocene-Quater-
nary Benin Formation (Fig. 2), (Olabode 2006). The Imo
Shale is composed of grey, dark grey, and black, laminated
and calcareous shale with occasional white to brown sands
(Okosun and Alkali 2012). Ewekoro Formation is made up
of fossiliferous well-bedded limestone and associated with
the shallow-marine environment, while Akinbo and Osho-
sun Formations are made up of flaggy grey and black shales
(Elueze and Nton 2004; Olabode and Adekoya 2007). Glau-
conitic rock bands and phosphatic beds define the boundary
between Ewekoro and Akinbo Formations (Enu and Ade-
goke 1988). Ilaro and Benin Formations comprise mainly
cross-bedded and poorly sorted sandstones with estuarine
to continental attributes (Kogbe 1974; Nton et al. 2006).

Materials and methods

The four exploration boreholes (OH-1, AK-5, AI-2, and
AY-8) provide a well-preserved record of the Araromi
Formation. The cores from the boreholes were carefully
logged and analyzed for sedimentological, palynological,
and organic geochemical characteristics. The Maastrich-
tian-Paleocene shale and limestone samples were collected



Journal of Petroleum Exploration and Production Technology (2021) 11:3917-3934 3919

670000 680000 690000 700000 710000 730000

Legend
® Oil Wells [ | vLagoon/Atiantic Ocean Cretaceous Sediments
© sample Points [ ] Ajgvium [C6] Granite

Townships
’ P [:l Coastal Plain Sands - Basement Complex

|:| Oshosun/Akinbo Formation (Eocene)
Imo Shale/Ewekoro Formation (Paleocene)
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Fig.2 Representative northeast-southwest stratigraphic sketch section across part of Eastern Dahomey (Benin) Basin. (Modified after Petters,
1982; Ajayi 1995). Inset. Location of the cross-section (modified after Murat 1969; Ehinola and Oluwajana 2016)
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Fig.3 Key to symbols and abbreviations used in the measured bore-
hole (core) sections (Figs. 4-7)

from the subsurface core section ((Figs. 4-8), see Fig. 1 for
locations).
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Sedimentological analysis of the cores from the bore-
holes was based on lithology, bed thickness, texture
(grain size, shape, roundness, and sorting), and sedimen-
tary structures. The representative shale samples were
obtained for palynology and geochemical analyses. Fif-
teen shale samples from the exploration boreholes were
prepared for palynological investigations using standard
extraction techniques involving HCI, and HF treatments,
wet sieving, and mounting on glass slides using glycerine
jelly. Slides were studied under the microscope and abun-
dance of the palynomorphs were recorded using a light
transmitted Olympus CX41 microscope.

Total organic carbon content, kerogen type, and ther-
mal maturity were obtained from 40 to 50 mg of dried
powdered samples using a Rock-Eval II/TOC pyrolysis.
Rock-Eval measures free hydrocarbons, kerogen-bound
hydrocarbons, and the organic carbon content of a rock
using pyrolysis (Peters 1986; Meilijson et al. 2020). The
quantity of organic carbon in ten shale samples was deter-
mined using LECO carbon analyzer. Thermal maturity
analyses of four shale samples were determined using a
Rock-Eval II programmed pyrolysis.
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Results
Sedimentology

The sedimentary successions comprise siliciclastics and
limestone. Four facies were identified, which consist of
limestone (F;), medium to coarse-grained sandstone (F,),
loosely consolidated sandstone (F;), and shale and silt-
stone (F,).

Lithofacies (F,): Basal Limestone
Description

The limestone lithofacies is light grey and hard, with fos-
siliferous mudstone, wackestone, and packstone microfa-
cies. This lithofacies was intercepted in three (3) bore-
holes, namely, AI-2, AK-5, and AY-8 (Figs. 5-7). The
matrix is chiefly micritic (Oluwajana et al. 2020).

Interpretation

The wackestone and packstone textures indicate deposi-
tion in the proximal part of a subtidal lagoon (Lasemi et al.
2008). Carbonate lagoons are generally sites of wackestone
and packstone deposition (Nichols 2009).

Lithofacies (F,): Medium- to coarse-grained
sandstone

Description

The 14-m thick ferruginized sandstone lithofacies in bore-
hole OH-1 is light yellowish to brown, medium- to coarse-
grained sandstone, with poor to moderate sorting (Fig. 4).
No obvious cross-stratification was observed. At certain
intervals, siderite-cemented sandstone was noticed. Sparse
bioturbation was observed in the sandstone lithofacies.
Three-metre-thick siltstone bed was also observed inter-
bedded with sandstone. The siltstone bed is laminated and
sharp based.
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Interpretation Lithofacies (F;): Loosely consolidated sandstone

A lack of cross-stratification in the sandstone lithofacies
suggests that the flow responsible for the deposition of the
sandstone lithofacies did not maintain traction currents
(Sahay et al. 2015). This facies may also have developed
from a rapid deposition of suspension materials (Arnott
and Hand 1989) within a fluvial system. The sandstone
lithofacies (F,) is interpreted to reflect deposition at the
base of an active fluvial channel fill (Baniak and King-
smith 2018; Adamolekun et al. 2020). The sparsely bio-
turbated sandstone interval reflects oxygenated to dysoxic
conditions and temporary subaerial exposure. The disap-
pearance of sandstone lithofacies (F,) in other boreholes
could be associated with lateral facies changes resulting
from changes in depositional regime.
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Description: The sandstone unit (F5) is well-defined by
massive grey, mostly medium-grained, moderately sorted,
loosely consolidated sandstone (6.0-27 m thick), and
observed in boreholes OH-1 and AI-2 (Figs. 4, 5, 8a). There
are no obvious bioturbation or sedimentary structures. A
strong oil smell is perceived in F; of borehole AI-2. Sedi-
mentary structures might have been obliterated due to the
loose texture.

Interpretation
The lack of sedimentary structures in loosely consolidated,

moderately sorted sandstone may be due to post-deposi-
tional sediment liquefaction (Boggs 2009). The absence of
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bioturbation may be due to continuous sediment deposition,
i.e., with no evidence or period of subaerial exposure, and
oxygen-deficient condition that inhibited biotic colonization
(Boggs 2009; Kavoosi 2009; Baniak and Kingsmith 2018).

Lithofacies (F,): Shale and siltstone
Description

The lithofacies (F,) is mainly represented by the metre-
scale thick light to dark grey fissile, silty shale, sandy shale,
and siltstone (Figs. 4-8). Oil-soaked shale and siltstone are
observed in the facies. In borehole AK-5, shale and sand-
stone facies are intercalated with relatively thin and discon-
tinuous limestone-rich units. Discontinuous fine-grained
sandstone units and thin layers of shell fragments (near the
lower limestone unit) were observed in borehole AI-2. The

contact between the siltstone and the shale is generally sharp
in all the boreholes.

Interpretation

This facies is largely dominated by argillaceous sediments
which suggest a deposition process in low-energy condi-
tions, punctuated by higher energy conditions caused by
localized wind-induced storms (Bouma et al. 1981; Ojo and
Akande 2006). Abandoned deposits are primarily siltstone
and are commonly devoid of physical and biogenic sedimen-
tary structures (Baniak and Kingsmith 2018). The observed
discontinuous fine-grained sandstone lenses suggest sedi-
mentation under short-lived high-energy pulses occasioned
by localised wind storms (Wolela 2010). The relatively thin
and discontinuous limestone units in this facies appear to
represent the effects of sediment flushing and winnowing
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that took place as storm-generated waves passed over the
shelf (Specht and Brenner 1979).

Palynology

The distributions of palynomorphs in the analyzed samples
of shale and siltstone lithofacies (F,) are shown in (Table 1)
and (Table 2). The lithofacies (F,) is marked by the presence
of marine dinoflagellate cysts (Paleocystodinium sp., Senega-
linium bicavatum, Palaeocystodinium australinium, Subtili-
sphaera sp.); terrestrial species of spores (Cingulatisporites
ornatus, Cyathidites minor, Cyathidites sp., Distaverruspo-
rites simplex, Foveotriletes margaritae); pollens (Ericipites
sp., Longapertites marginatus, Longapertites microfeveola-
tus, Longapertites sp., Monocolpites marginatus) and Fungal
spores (Figs. 9 and 10). The palynomorphs recovered from
lithofacies (F,) showed moderately rich assemblages. The
palynomorph assemblage consists of well-preserved species
dominated by pollen (palms), spores, and dinoflagellate cysts
(Tables 1 and 2). The non-palynomorph assemblage includes
acritarchs and micro-foraminiferal wall lining.
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Amongst the marine dinoflagellate species from lithofacies
(F,), the peridiniods were more abundant and diverse than the
gonyaulacoids, and yielded very low counts of freshwater algal
spores. The marine species recovered from lithofacies (F,) are
more pronounced in boreholes Al-2, AK-5, and AY-8, while
terrigenous species dominate in the borehole OH-1 (Table 3).

Total organic carbon (TOC) content

A total of ten samples were analyzed for Total Organic Carbon
(TOC). The results of LECO TOC are presented in (Table 4).
The TOC values of the shale samples of the Araromi Forma-
tion range from 0.24 to 2.50 wt %, with an average value of
1.28 wt %. 70% of the samples have TOC greater than 0.5 wt
%.

Rock-Eval Il pyrolysis results
The programmed pyrolysis results are presented in (Table 4).

The S, and S, values of the shale samples of the Araromi
Formation range from 0.02 to 0.10 mgHC/g rock and 0.26 to
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Fig.8 Photographs of part of
core samples recovered from
(a) Bitumen impregnated
siltstone (Bslt), loosely con-
solidated sandstone (sst) and
limestone (Lmt) at 27-60 m
depth (Borehole AI-2).

(b) Bitumen-soaked siltstone
(Bslt) and dark grey siltstone
(slt), 21-27 m depth, (Borehole
AY-8). (¢) Dark grey siltstone
(slt) and shale (Sh), 18-30 m
depth, (Borehole OH-1). The
top of the red pen indicates the
top of the core box
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0.70 mgHC/g rock, respectively. The values of total hydro-
carbon generation potential (S, +S,) of shale samples range
from 0.28 to 0.73 mgHC/g rock. The T, values of the shale
samples range from 397 °C to 425 °C (Table 4). The hydrogen
index (HI) values of shale samples of the Araromi Formation
range from 16.33 to 153.51 mgHC/g TOC (Table 4) with an
average value of 27.15 mgHC/g TOC. The oxygen index (OI)
of the Maastrichtian-Paleocene Araromi shale samples range
from 65.52 to 83.33 mgCO,/g TOC and has an average value
of 36.64 mgCO,/g TOC. The values of the production index
range from 0.04 to 0.20. The oil saturation index (OSI) values
range from 2.08 to 6.61 mgHC/g TOC (Table 4).

Kerogen type

The type of organic matter in the shale samples was deter-
mined from the Rock-Eval parameters.

R A B

The cross plots (Figs. 11 and 12) indicate that the stud-
ied shale samples fall within the type III kerogen and type
IV kerogen fields. Most of the analyzed shale samples are
characterised by low HI and OI values that indicate type IV
kerogen.

Discussions
Organicrichness

Rocks with TOC content greater than 1.0 wt % are consid-
ered fair quality source rocks (Dembicki 2016; Meilijson
et al. 2020). Six out of ten shale samples have TOC val-
ues greater than 1.0 wt %. The studied shale samples of the
Araromi Formation are characterized by fair TOC values
(Table 4), (Fig. 13). The generally low TOC values reflect
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Table 1 The abundance of terrigenous species (pollen, spores, and fungal remains) in each analyzed shale samples

Borehole OH-1

Al-2

AK-5 AY-8

Depth, m 11 16 26 28 10

12 16 25 28 34 38 43 13 17 28

Terrigenous species

Pollen (Palms)

Echitriporites trianguliformis

Epherdripites sp.

Ericipites spp 3
Longapertites marginatus 15 3
Longapertites microfeveolatus

Longapertites sp. 15 1

N = = =
w
—

Monocolpites marginatus 15 10
Monocolpopollenites sphaeroidites
Proteacidites sigalii

Proteacidites sp. 1
Proxapertites cursus

Retidiporites magdalenensis

Retidiporites sp.

Spinizonocolpites baculatus

Spores

Charred Gramineae cuticle

Cicatricosisporites sp.

Cingulatisporites ornatus 2 3 1 1 2
Cyathidites minor 10 1 4 4
Cyathidites sp. 1

Distaverrusporites simplex 3

Foveotriletes margaritae 1

Laevigatisporites haarditii

Laevigatosporites sp.

Lycopodiumsporites sp. 1

Retimonocolpites sp.

Rugulatisporites caperatus 1

Simple monolete spore

Verrucatosporites sp. 1
Verrucatosporites unmensis

Fungal Remains

Fungal spore

an increased dilution of nearly a constant supply of terres-
trial organic matter, resulting in greater oxidation, selective
winnowing, and transport of organic matter to less turbulent
environments (Bustin et al. 1985; Bustin 1988).

Organic matter provenance

The cross plots (Figs. 11 and 12) indicate that the analyzed
shale samples are placed within type III (terrestrial and
gas prone) and type IV (biodegraded and inert) kerogen
fields. This reflects a terrigenous provenance for the shale
samples (Ojo et al. 2020; Sachsenhofer et al. 2017; Meili-
json et al. 2020) and that the organic matter of the shale
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samples of the Araromi Formation is extensively recycled
and to a relatively lesser extent altered by catagenetic pro-
cesses (Ehinola et al. 2005; Meilijson et al. 2020).

Hydrocarbon potential

The volume of hydrocarbons that formed during thermal pyrol-
ysis (S,) is less than 2 mgHC/g rock (Table 4). This implies
that there is no significant remaining source rock potential for
the samples (Cift¢i et al. 2010). Though the TOC content and
the plots of the genetic potential (S, +S,) versus TOC (Fig. 13;
Peters 1986) of the rocks allow its classification as poor to
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Table 2 The abundance of marine species in each analyzed shale samples

Borehole OH-1 Al-2

AK-5 AY-8

Depth, m 11 16 26 28 10

12 16 25 28 34 38 43 13 17 28

Marine species

Dinoflagellate cysts

Achomosphaera sp.

Apectodinium tectanum 1
Areosphaeridium sp.

Cerodinium diebeli 4 2 1

Cerodinium striatum 1
Deflandrea sp.

Lejeunecysta sp.

Odontochitina sp. 1
Oligosphaeridium sp. 1

Palaeocystodinium australinium 2
Paleocystodinium sp. 10 10 6 1 4
Senegalinium bicavatum

Senegalinium sp.

Subtilisphaera sp. 1
Gonyaulacoids

Cleistosphaeridium sp.

Gymnodinium acuminatum

Hystrichosphaeridium sp.

Prasinophytic Algae

Botryococcus braunii 4

Acritarch

Leiosphaeridia sp. 15 24

Microforaminiferal wall lining
Foraminiferal wall lining 4 2 1 1 3

1
3
1
2
1
17
7 1 1 2 2 2
4
1 1 1 6 4
1 3 1 1 1 15 3
3
1
2
3 1 17 2 1 12 30 5

Fig. 9 Photomicrographs of palynomorph species recovered from
Paleocene Shale of Araromi Formation in borehole AY-8. Magnifi-
cation (x100). 1. Senegalinium spp. (AY-817), 2. Microforaminifera
wall lining (AY-817), 3. Leiosphaeridia spp. (AY-825), 4. Palaeocys-

todinium spp. (AY-825), 5. Paleiocystodinium australinium (AY-828),
6. Oligosphaeridium spp. (AY-828), 7. Hystrichodinium spp. (AY-
828), 8. Microforaminiferal wall lining (AY-828). The red pen indi-
cates the top of the core box
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Fig. 10 Photomicrographs of palynomorph assemblages recovered
from Maastrichtian-Paleocene shale samples of Araromi Forma-
tion in boreholes OH-1, AI-2, and AY-8. Magnification (X 100). 1.
Cerodinium diabeli (OH-111), 2. Monocolpites marginatus (OH-
111), 3. Longapertites marginatus (OH-116), 4. Cerodinium diabeli
(OH-116), 5. Cerodinium diabeli (OH-126), 6. Longapertites micro-
foveolatus (OH-126), 7. Monocolpites marginatus (OH-128), 8. Pal-
aeocystodinium spp. (OH-128), 9. Ericipites spp. (OH-111), 10. Dis-

excellent source rock, nonetheless, the shale samples have poor
hydrocarbon potential based on the genetic potential.
Organic matter maturity

The range of T, values (397 and 425 °C) of the shale
samples, is indicative of thermally immature source rocks

pilase cllallauao .
st o m‘;‘,_’w @ Springer

taverrusporites simplex (OH-111), 11. Microforaminiferal wall lining
(AI-212), 12. Subtilisphaera spp. (Al-216), 13. Cyathidites minor
(AI-216), 14. Microforaminiferal wall lining (AI-225), 15. Paleiocys-
todinium australinium (Al-258), 16. Foveotriletes margaritae (AY-
813), 17. Senegalinium spp. (AY-813), 18. Rugulatisporites caperatus
(AY-813), 19. Microforaminiferal wall lining (AY-813), 20. Monocol-
pites marginatus (AY-828)

and low thermal conversion condition for hydrocarbon gen-
eration and expulsion in the basin (Fig. 14), (Ehinola et al.
2005; Ciftci et al. 2010; Wolela 2010). It therefore appears
that the shale of the Araromi Formation was not buried
deep enough for intense thermal alteration and hydrocarbon
production (Sachsenhofer et al. 2017; Ojo et al. 2020). The
analyzed samples show low oil saturation index (OSI) and
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Table 3 The abundance (Percentage) of various palynomorph groups
Palynomorph groups OH-1 Al-2 AK-5 AY-8

111 116 126 128 210 212 216 225 528 534 58 543 813 817 828
Pollen (Palms) 47.1 432 409 667 22 53 00 175 00 00 273 109 24 95 57
Spores 157 189 227 11.1 156 00 143 200 375 167 182 174 232 333 0.0
Fungal Remains 00 00 00 00 00 105 143 00 00 167 00 00 00 00 0.0
Dinoflagellate Cysts
Peridiniods 147 324 31.8 11.1 222 421 429 125 125 417 364 130 31.7 238 629
Gonyaulacoids 00 00 00 00O 00 00 OO 00 OO 83 00 00 37 00 57
Prasinophytic Algae 39 00 00 O00 00 00O 00 00 O00O 00 00O 00 00 00 00
Acritarch 147 00 00 00 533 158 143 425 250 00 9.1 261 366 238 0.0
Microforaminiferal wall lining 39 54 45 11.1 6.7 263 143 75 250 167 9.1 326 24 95 257

Table 4 Results of Rock-Eval Pyrolysis and Total Organic Carbon Content analyses with calculated parameters of the Maastrichtian-Paleocene

Araromi shale samples

Borehole ~ Sample Number  Depth, (m) TOC S, S, S, Si+S;  Sy/S; T HI o) PI OSI
OH-1 OH-111 11 1.96 0.04 032 145 036 022 407.00 1633 7398 0.11 2.08
OH-1 OH-116 16 1.04 -

OH-1 OH-126 26 0.48 -

Al-2 AI-208 8 0.24 -

Al-2 Al-212 12 0.46 -

Al-2 AI-227 27 250 0.10 041 176 051 0.23 397.00 16.37 7026 020 4.05
AK-5 AK-524 28 0.69 -

AK-5 AK-540 40 084 0.02 026 055 028 0.47  412.00 3097 6552 0.07 238
AY-8 AY-813 13 1.41 -

AY-8 AY-828 28 0.60 0.03 070 038 0.73 1.84  425.00 153.51 8333 0.04 6.61

“-” Not measured; TOC Total organic carbon (wt. %); S; Volatile hydrocarbon (HC) content, mgHC/g rock; S, Remaining HC generative

potential, mgHC/g rock; S; Organic carbon dioxide content, mgCO,/g rock; S; +S, Total generation potential; T

‘max Lemperature at which the

maximum generation of the hydrocarbons occurs (°C); HI Hydrogen index (S,/TOC*100), measured in mgHC/g TOC; OI Oxygen index (S;/
TOC*100), measured in mg CO,/g TOC; PI Production index, S,/(S, +S,); OSI S,/TOC*100, mgHC/g TOC

Production index (PI), indicative of low oil saturation and
thermally immature source rocks, respectively (Table 4),
(Fig. 14), (Jarvie 2012; Hafiz et al. 2020).

Depositional environment

This study integrates the results of sedimentological and
palynological analyses to infer the paleo-depositional envi-
ronment. The results of sedimentological logging indicate
that deposition of the Araromi Formation occurred mainly
in fluvial and shallow-marine (shelf) environments.
Palynological analyses indicate the presence of Leiospha-
eridea sp., and foraminiferal wall lining in nearly all the ana-
lyzed shale and siltstone (F,) samples suggest marine flood-
ing in nearshore or brackish water (Okeke and Umeji 2016;
Bolaji et al. 2020). Monocolpites marginatus and Cyathidites
minor recovered in all the shale and siltstone (F,) samples

suggest a brackish to freshwater influence (Okeke and Umeji
2016). The influence of shallow-marine conditions is indi-
cated by the presence of peridiniods-Paleocystodinium sp.
and Senegalinium sp. assemblage in the samples (Ojo and
Akande 2006; Bolaji et al. 2020).

The dominance of terrestrial palynomorph species over
marine species was observed in shale samples (F,) of bore-
hole OH-1, towards the east of the study area (Table 3), this
reflects sea level drop and indicates proximity to the conti-
nent (Sachsenhofer et al. 2017). Moreover, the population
of marine palynomorphs shows an increase in shale and
siltstone (F,) samples obtained from boreholes AI-2, AK-5,
and AY-8 (Table 3). The predominance of marine dinocysts
over continental-derived pollen and spores indicate that the
continental-derived materials were intermittently introduced
into the marine depositional environment either through
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river-lake systems or floods caused by intermittent heavy
rainfalls (Bankole et al. 2006).

Implications for hydrocarbon exploration

The TOC values vary from 0.24 to 2.50 wt % indicating fair
to very good source rock. However, shale samples have poor
hydrocarbon potential based on the genetic potential. The
low TOC values (and also HI values) in some shale samples
may have occurred as a result of sediment dilution, selective
transport, and oxidation of the organic matter (Bustin 1988).
The HI values of organic-rich shale samples are gener-
ally low (<100 mg HC/g TOC), and could be attributed to
high organic productivity but poor preservation condition
and scarcity of lipid-rich marine zooplanktons (Ojo et al.
2020). Pervasive oxidation and extensive grazing under oxic
conditions would lead to hydrogen depletion in the organic
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materials and therefore low HI (Ojo et al. 2020). The plot of
HI versus Ol indicates that the shale samples contain types
IIT and IV organic matter. However, the effect of oxidation or
mineral matrix effect on the kerogen cannot be ruled out as
reasons for its poor quality. Liptinites can be converted into
inertinites during oxidation (Ehinola et al. 2005).

The eastern Dahomey Basin is believed to be sourced by
in situ interbedded Maastrichtian limestone and shale (Ade-
goke et al. 1980; Coker 1982). However, analyzed shales
are immature for oil generation at the present shallow depth
(not exceeding 60 m depth). Hence, a significant hydrocar-
bon is expected from the deep-water system of the eastern
Dahomey (Benin) Basin where sufficient sediment thickness
has attained maturity (Macgregor et al. 2003). Oil gener-

ated at greater depths would have migrated up-dip through
basement wash and fault zone; the absence of adequate trap
and seal conditions coupled with the combined effects of
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Fig. 12 Graphical presentation of remaining hydrocarbon potential (S,) versus total organic carbon (TOC). The graph to corroborate the kerogen
types is indicated in Fig. 6
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oxidation, water washing, and bacterial attack of the original Conclusions

oil in place have resulted in the shallow emplacement of

heavy oils in the belt (Coker et al. 2002; Macgregor et al.  The integration of detailed sedimentological logging, palyno-
2003). logical and geochemical studies, to interpret the depositional
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environments and assess the petroleum generation potential
of Maastrichtian-Paleocene strata of the eastern Dahomey
(Benin) Basin allows for the following conclusions:

1. Based on core data and exposed outcrop sections, four
sedimentary lithofacies are identified, namely, basal
limestone facies (F;); medium to coarse-grained sand-
stone (F,); loosely consolidated sandstone (F;); and
shale and siltstone (F,).

2. The relationship between the facies deposits is inter-
preted to reflect sedimentation in fluvial and shallow-
marine depositional environments. The palynological
assemblages of the Araromi Formation reflect deposi-
tional environments ranging from coastal through brack-
ish water to shallow shelf environments with periods of
localized wind-induced storms.

3. The kerogen contents of the Maastrichtian-Paleocene
Araromi Shales are classified as type III and type 1V,
with total organic carbon (TOC) content ranging from
0.24 to 2.50 wt. %. This indicates a fair to very good
source rock with little or no potential to generate oil at
the present depth. Thus, the shale samples possess low
source rock potentials. The hydrogen index (HI) val-
ues of the shale samples range from 16.33 to 153.51
mgHC/g TOC, suggesting predominantly terrigenous
provenance.

4. The pyrolysis temperature (T,,,,) values of the analyzed
shales range from 394 to 25 °C and production index
(PI) values range from 0.04 to 0.20 mgHC/g rock, which
indicates that they are thermally immature organic mat-
ter at the present shallow depth. This could neither have
generated liquid hydrocarbon nor contributed to the
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MATURITY (based on Tmax oC)

heavy oil and bitumen present in the bitumen and tar-
sand belt of the eastern Dahomey (Benin) Basin.

5. Therefore, exploration successes in the basin would
require the discovery of deeper areas, especially the
western fringe of the Niger Delta Basin, that would pro-
vide enough burial depths and temperature required for
source rock maturity as well as other play elements.
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