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Abstract
A preliminary investigation of the hydrocarbon potential of the Voltaian basin of Ghana, based on sedimentology and organic
geochemistry of outcrop samples. Unlike other Precambrian basins, the hydrocarbon potential of the Voltaian basin is still poorly
known. Inorganic geochemistry proxies show the basin has good hydrocarbon potential although further work is required. This
paper aims at providing additional information to the ongoing discussion on the basin’s hydrocarbon. Based on sedimentary
structures, the sediments were rapidly deposited in shallow-marine settings. The studied samples are largely poor in OM with
TOC < 0.5 wt. % and S2 < 0.2 mg HC/g rock. They are of type II-III and type III kerogen in the Pendjari Formation and
Mpraeso areas, respectively. The Pendjari Formation has indications of good source rock that is within the oil window, with
Tmax (86 – 139℃) and HI (373 – 452 mg HC/g TOC) values, the Mpraeso (> 460℃ and < 50 mg HC/g TOC) shales are
overmature with dry gas potential. The calculated %Ro < 1.0 and > 1.1 also suggest mature source rock with oil-gas potential
and post-mature source rock of dry gas generation potential for the Pendjari Formation and Mpraeso area, respectively. The clay
mineralogy largely suggests immature organic matter in the shales, with the absence of illite. The grey shales of the Pendjari
Formation probably form a thick sequence and their hydrocarbon potentials are worth further using drill core samples.
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1. Introduction
Hydrocarbon exploration in Precambrian sedimentary
basins has been given less attention compared to Phanero-
zoic sedimentary basins due to their overmatured organic
matter (OM) coupled with long evolution history (Shi et
al. 2020). However, following recent oil and gas discov-
eries with TOC content >1.0 wt.% in the Precambrian
basins of Algeria, Australia, China, India, Oman, Libya,
Namibia, Russia, and Pakistan, the search for hydrocar-
bons in Precambrian basins has been enhanced (Tang et
al. 2019; Shi et al. 2020). The aforementioned discoveries
have turned the focus of research on petroleum potential
toward Precambrian petroleum systems globally (Chen et
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al. 2019; Wang et al. 2019; Wang et al. 2020). Notwith-
standing the recent interest in the petroleum systems of
Precambrian basins, the characterization of the source
rocks of these basins remains uncertain to a large extent
(Craig, Thurow, Whitham and Abutarruma, 2009; Craig,
Grigo, Rebora, Serafni and Tebaldi, 2010; Chen et al.,
2018; Yang, Zhou, Peng, Song and Kou, 2020; Shi et al.
2020).

The Voltaian basin of Ghana is one of the Precam-
brian basins of the West African Craton (WAC) (Affaton,
Sougy and Trompette, 1980; Goodwin, 1996). For other
sedimentary basins, Tindouf and Taoudeni of the WAC,
hydrocarbon potential has been assessed and proven these
two basins (Craig et al., 2010). The Voltaian basin in con-
trast has received very little effort toward understanding
the basin’s hydrocarbon potential. Early work by Abu,
Ehinola, Adeleye, Asiedu and Nunoo (2022) suggested
that the paleoredox conditions and sedimentation rates
in the Voltaian basin could have favored preservation of
organic matter in shales.

The standard and widely used method for the assess-
ment of the hydrocarbon generation potential of probable
source rocks in sedimentary basins is organic geochemical
analysis. This technique provides information on organic
matter type/kerogen type, thermal maturity, and organic
matter quality of potential source rocks (Makeen et al.,
2014; Luo, George, Xu and Zhong, 2016; Silva, Carlisle
and Wach, 2017; Ordonez et al. 2019). Anoxic marine en-
vironments are commonly developed in the deeper parts
of marine environments characterized by low-energy ed-
dies, which are hence the areas for argillaceous material
to settle (Turker, 2004). In these marine settings, there is
limited to no oxygen to support the survival of zooplank-
ton, which feeds on phytoplankton (source of OM) (Khan
et al. 2022), hence the accumulation and preservation of
OM in these environments. Subsequently, OM and clay
minerals coexist in these marine settings (Jiang, 2012;
Al-Juboury et al. 2020). For this reason, clay mineralogy
of shales and carbonates has been widely used as a tracer
of OM preservation in source rock evaluation over the
years (Pollastro, 1993; Weaver, 2006; Srodon, 2009; Jiang,
2012; Al-Juboury et al. 2020).

This study is a result of the multidisciplinary approach
to the preliminary investigation of the hydrocarbon poten-
tial of the Voltaian basin. This study integrates sedimen-
tology, organic geochemistry, and mineralogy of outcrop
samples of the Voltaian basin for the first time to assess
the hydrocarbon potential of the basin.

2. Geological Setting
The Voltaian basin of Ghana (Figure 1) is largely a flat-
lying sedimentary basin that covers most of the central
part of Ghana extending over about 105,000 km2 of the
total land area of the country (Anani, Abu, Kwayisi and
Asiedu, 2017). The basin is generally accepted to contain

three major groups of Kwahu-Bombouaka, Oti-Pendjari,
and Tamale-Obosum groups (Carney et al. 2010).

The Kwahu-Bombouaka Group unconformably over-
lies the Paleoproterozoic Birimian crystalline rocks (Car-
ney et al. 2010). The group consists of three forma-
tions. The Tossiegou Formation with a characteristic
dominant ripple-marked sandstone basement crystalline
rocks (Anani et al. 2017). On the top of the Tossiegou
Formation is the Poubogou Formation, which contains
shales, sandy shales, and some siltstones and mudstones.
The observed black shales (Figure 3C; Table 1) in the
southeastern part of the basin, which is reported herein
for the first time, are believed to belong to this formation.
The Panabako Formation is the uppermost formation of
the group above the Poubogou Formation, with charac-
teristic feldspathic and quartzitic sandstones (Affaton et
al. 1980; Carney et al. 2010; Abu, 2018; Abu, Adeleye,
Ehinola and Asiedu, 2021) (Table 1).

The Oti-Pendjari Group is divided into two forma-
tions, Kodjari and Pendjari. The Kodjari Formation is
characterized by carbonates, cherts, mudstone/argillite in
the Buipe and Fumbisi areas of the basin and the Pendjari
Formation (in the Yendi and Sabari areas) consists of
dark-grey and greenish-grey shales (Abu et al. 2022).

The uppermost Tamale – Obosum Group is undiffer-
entiated with red sandstones (Tamale red beds; Affaton
et al. 1980; Anani et al. 2017), sandstones, argillaceous
materials, and conglomerates (conglomerates), being the
main lithological components of the group (Carney et al.
2010).

Figure 1. The Geological map of Ghana with the
Voltaian basin and sampled areas shown.
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Table 1. The lithostratigraphic sequence of the Voltaian basin with the sampled formations shown (modified after
Abu et al. 2021).

GEOLOGICAL TIME GROUP FORMATION LITHOLOGY This Study THICKNESS
Paleozoic

450 – 320 Ma
Ordovician
- Carbonif-
erous

Tamale-
Obosum

Sandstones,
Conglomer-
ates, shales,
and mud-
stones

Not studied ∼ 400 m ∼5 – 7 km

Unconformity; erosion or non-deposition or peneplanitization
Neoproterozoic

675 – 600 Ma
Ediacaran Oti-Pendjari Pendjari Shales and

mudstones
Massive,
greenish-
grey and
grey–dark–grey
shales

∼ 1058 m

Late Cryo-
genian

Kodjari Carbonate,
cherts, and
tillites

Carbonates,
argilla-
ceous
material
(mudstone),
cherts

∼ 40 m

Unconformity; erosion or non-deposition
Late Mesoproterozoic

1100/ 1034/ 993 Ma
Kwahu/Bombouaka Panabako Sandstones Sandstones ∼ 600 m

Poubogou Sandy
shales,
shales,
mudstones

black shales
(Mpraeso-
Ebetifi
area),
greenish
and red
shales
(Ejura
area)

∼ 260 m

Tossiegou Sandstones Not seen ∼ 500 m
Angular unconformity
Basement: Paleoproterozoic Birimian rocks
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3. Samples and Methods
]

3.1 Sampling
Fieldwork was conducted in the Yendi-Sabari, Buipe, and
Mpraeso areas (Figure 1). Observations based on field
exposures are presented in Figure 2. The samples for the
hydrocarbon potential assessment are outcrop samples of
grey and black shales from the Pendjari Formation and
the Kwahu Group of the Mpraeso area, respectively. Car-
bonate samples of the Kodjari (Buipe) Formation from
the Buipe area were also included for analysis. 24 samples
were initially submitted to the laboratory, initial visual
assessment of the samples showed that they were poor
in OM, some were greenish and greenish–grey in color.
Generally, relatively fresh samples from the Pendjari For-
mation were collected by digging to a depth of about (0.5
m) below the surface using a chisel and geological ham-
mer. Eight grey – greenish grey samples were collected
from the formation. A road cut at the Mpraeso area
exposes a black shale unit, and 2 relatively fresh samples
were collected by chiseling off the exposed altered sur-
face using a chisel and a geological hammer (Figure 3C).
The 4 carbonate samples (Figure 3D) were collected from
freshly exposed units within the Buipe area where the
Savana cement factory is currently mining the carbonates
for cement production. After physical assessment of the
samples, 5 outcrop samples were submitted to GeoMark
laboratory Ltd. in Texas, USA due to the generally poor
TOC content of the samples.

3.2 Laboratory Analysis
Crushed and pulverized whole-rock samples were pre-
pared and submitted for Source Rock Analysis and TOC
content analysis to GeoMark laboratory Ltd. Source
Rock Analysis was performed at GeoMark research us-
ing HAWK pyrolysis technique on samples AMM001,
AMM003, AMY001, AMY011, and AMY006 using stan-
dard conditions; %TOC of these samples was determined
by decarbonating the rock powders and analyzing on a
LECO C230 instrument, following procedures described
by Zumberge, Don and Gordon (2020). For all other
samples, %TOC was determined by Elemental Analy-
sis at the SIFIR laboratory at UCR. Sample powders
were decarbonated with 6N HCl followed by repeated
rinsing/centrifuging/decanting and then drying. The con-
centration of total organic carbon was measured using a
CostechTM 4010 Elemental Analyzer (EA) coupled to a
Thermo FinniganTM Delta V Advantage isotope-ratio
mass-spectrometer via an open-split interface (ConFlo IV,
Thermo FinniganTM). Two intra-laboratory standards
(acetylene and glycine) were analyzed before, between,
and after unknowns in each run. To monitor the quality
of sample preparation and analysis performance, the in-
ternational standard USGS Devonian Shale SDO-1 was

treated and analyzed as an unknown. The potential yield
(PY), production index (PI), migration index (MI), and
vitrinite reflectance (%Ro) were estimated from equations
shown as a footnote in Table 2, and %Ro from %Ro =
(0.0180 × Tmax) – 7.16 (Javie et al., 2001).

4. Results and Discussion
4.1 Depositional setting of the studied units
Sedimentary features that constrain sediment depositional
process and environment were observed around the Yendi-
Sabari (Figures 2A to 2D) and the Mpraeso-Ebetifi areas
(Figure 2E). Thick (> 50 m), parallel laminated grey
shales sequence and cross-laminated greenish-grey shales
were observed at the Sabari (Figures 2A and B) area
of the Pendjari Formation. Climbing ripples together
with disrupted lamination and ripple marks were also
observed at the outskirt of Yendi (Figure 2C). In the
Kwahu areas, parallel laminations of black shales (Figure
2E) were observed in the Mpraeso-Ebetifi area.

The thick sequence of uninterrupted dark-grey shale
at the Sabari area of the Pendjari Formation (Figure 2A)
supports a continuous sediment supply from sediment-
laden currents. This sedimentation process could have
been possible in a low-energy marine environment, thus
a possible fluviatile environment (Haruna, Dio, Maunde
and Raji, 2013). The observable cross laminations facies
of the greenish-grey shales (Figure 2B) are associated
with thick dark-grey facies sequence, this suggests a flu-
vial environment for these argillaceous sediments (Abu,
2018). Shales with both cross laminations and ripple
marks are indicative of a fluvial marine setting (Dorrik
and Stow, 2005; Haruna et al. 2013). Climbing ripples
according to Dorrik and Stow (2005), are proxies for
rapid sedimentation of sediments from sediment-laden
currents. The association of the disrupted laminations,
which are indicative of the collapse of micro-ripples, with
the climbing ripples in the Yendi area (Figure 2C), sup-
ports a rapid sedimentation process for these sediments.
The ripple marks (Figure 2D) are also evidence of a
shallow-marine environment with wave dominance dur-
ing sedimentation. The parallel lamination of the black
shales at the Mpraeso-Ebetifi area corroborates Abu’s
(2018) interpretation of the depositional environment of
the shales and sandy shales of the Kwahu-Bombouaka
Group equivalents in the northwestern part of the basin,
the Gambaga-Nakpanduri areas.

The depositional environment of the argillaceous sedi-
ments observed in the Pendjari Formation and the Kwahu
Group is that of a shallow-marine environment with wave
action to that of a fluvial environment where the sedi-
mentation process in these environments was rapid. This
sedimentary, shallow-marine environment was most prob-
ably oxygenated where organic matter was efficiently
oxidized or consumed by other zooplanktonic organisms,
and hence not preserved. This setting may be the reason
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for the high oxygen index values (Table 2). The rapid
sedimentation of the sediments in these environments
could have favored the rapid burial of the supplied OM
to these environments, and as such could have helped
to preserve OM from remineralization by heterotrophs.
This interpretation corroborates the inorganic geochem-
istry indication of a positive and significant correlation
between TOC and paleodepth depositional environment
proxy (Fe/Mn), and sedimentation rate proxy (Ce/Tm)
(Abu et al. 2022).

Figure 2. Field photos from the Yendi-Sabari and
Mpraeso areas of the Pendjari Formation and parts of
the Kwahu Group

A, thick, black shale unit exposed at the Sabari area
of the Oti river, B = cross laminations at the eastern
outskirt of Sabari, C, climbing ripple (right of scale –
in red lines) and disrupted lamination (left of scale – in
green lines) exposed at Yendi area (pick-axe scale = 55 cm,
human scale = 172 cm), D, ripple marks at the outskirt
of Yendi towards Sabari and E, parallel-laminated black
shales (within red lines) at Mpraeso-Ebetifi.

4.2 Organic Geochemistry
The results show that all the samples submitted for anal-
ysis have TOC (wt%) content < 0.5 wt% with the max-
imum TOC content being 0.32 wt% (Table 2). These
values indicate that the samples (Figure 4) are poor in
OM content and are hence not suitable for Rock-Eval
pyrolysis evaluation. Despite this poor OM content, 5
samples with TOC content in the range of 0.07 – 0.32
wt%, which includes 3 samples of the Pendjari Formation
and 2 samples of the Mpraeso area of the Kwahu Group
were submitted for Rock-Eval pyrolysis, following the an-
alytical procedure of Hamiki et al. (2018). The samples
studied have TOC values within the range of 0.00 – 0.32
wt%, with S1 values between 0.05 – 0.13 mg HC/g rock
and S2 values within the 0.07 – 0.10 range (Table 2). The
S3, Tmax, HI, and OI values are within the ranges of
0.22 – 0.36 mg HC/g rock, 373 – 469oC, 31 – 138 mg

HC/g TOC, and 111 – 542 mg HC/g TOC respectively
(Table 2). The migration index (MI), PI, and PY are also
within the ranges of 16 – 181, 0.33 – 0.57, and 0.12 – 0.15,
respectively. The calculated vitrinite reflectance (%Ro)
values are between 0.01 – 1.28 for the grey shales of the
Pendjari Formation and the black shales of the Mpraeso
area (Table 2).

Figure 3. Hand specimen of samples analyzed

A and B, are shales from the Sabari and Yendi areas,
respectively, C, is the black shales of the Mpraeso area
and D, the limestone of the Buipe area.

4.3 Source rock characterization
The TOC, S2, PY, and Tmax are the often-used parame-
ters in characterizing source rock organic matter (OM)
richness and quality with implications for hydrocarbon
generation (Peters and Cassa, 1994; Hakimi et al., 2018).
TOC of < 0.5 wt% is typical of source rocks with poor OM
content (Tissot and Welte, 1984; Hunt, 1996), whereas
source rocks with TOC content between 0.5 and 4 wt%
or above are considered to be source rocks with fair to
excellent OM content, with the potential of generating
hydrocarbons under favorable conditions suitable for OM
transformation (Tissot and Welte, 1984; Alizadeh, Saraf-
dokht, Rajabi, Opera and Janbaz, 2012; Al-Selwi and
Joshi, 2015). The samples studied have TOC content that
is < 0.5 wt%, with the TOC content within the range of
0.7 – 0.32 wt% (Table 2), meaning that the OM content
of the outcrop samples is indicative of very poor to lean
OM source rocks in the Pendjari Formation and Mpraeso
area.

The S2 content is a proxy for source rock characteriza-
tion with S2 < 2.5 mg HC/g rock, indicative of a source
with poor OM matter content and poor hydrocarbon
generation potential and > 4 mg HC/g rock indicative of
good source rock with good prospects for hydrocarbon
generation (Al-Selwi and Joshi, 2015). The samples of the
Voltaian basin (Table 2) with S2 values < 0.2 mg HC/g
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Table 2. Search strings used for the study (Search string combinations)

Rock-Eval pyrolysis data

Sample ID
Group/

Formation
Type of Sample TOC S1 S2 S3 Tmax %Ro HI OI HR MI PI PY

AMM001 Kwahu Black shale 0.32 0.05 0.10 0.22 462 1.16 31 69 0 16 0.33 0.15
AMM003 Kwahu Black shale 0.21 0.05 0.09 0.23 469 1.28 43 111 0 24 0.36 0.14
AMY011 Pendjari Grey shale 0.09 0.04 0.08 0.28 436 0.69 87 304 0 43 0.33 0.12
AMY001 Pendjari Grey shale 0.07 0.13 0.10 0.39 373 0.01 139 542 0 181 0.57 0.23
AMY006 Pendjari Grey shale 0.08 0.07 0.07 0.26 452 0.98 86 320 0 86 0.50 0.14
AMY002 Pendjari Grey shale 0.04
AMY003 Pendjari Greenish-grey shale 0.08
AMY005 Pendjari Greenish-grey shale 0.03
AMY007 Pendjari Greenish-grey shale 0.02
AMY008 Pendjari Greenish-grey shale 0.03
AMY009 Pendjari Greenish-grey shale 0.05
AMY010 Pendjari Greenish-grey shale 0.04
AMY011 Pendjari Greenish-grey shale 0.06
AMY012 Pendjari Greenish-grey shale 0.04
AMY013 Pendjari Greenish-grey shale 0.02
AMY014 Pendjari Greenish-grey shale 0.02
AMY015 Pendjari Greenish-grey shale 0.05
AMY016 Pendjari Greenish-grey shale 0.02
AMY019 Pendjari Greenish-grey shale 0.01
AMY020 Pendjari Massive greenish-grey shale 0.01
AMB016 Kodjari Limestone 0.05
AMB017 Kodjari Limestone 0.03
AMB025 Kodjari Limestone 0.06
AMB026 Kodjari Limestone 0.06

TOC = Total organic carbon content, wt% PY = Potential yield, S1+S2 (mg/g rock). S1 = Volume of hydrocarbon
content, mg HC/g rock HR: Hydrogen richness, S2/S3 mg HC/mg CO2 S2 = Hydrocarbon generation potential
remaining, mg HC/g rock MI: Migration index, S1/TOC S3 = Carbon dioxide yield, mg HC/g rock %Ro = Vitrinite
reflectance Tmax = Temperature of S2 peak HI = Hydrogen index (S2 x 100/TOC), mg HC/g rock OI = oxygen
index (S3 x 100/TOC), mg HC/g rock PI = Production index, S1/(S1+S2)
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rock indicate that the probable source rocks under con-
sideration are of poor quality. The values of the oxygen
index of the samples (Table 2) are high. This is indicative
of probably oxidized source rocks in the shallow-marine
settings as independently indicated by sedimentologic
observations.

The bivariate discriminant plots for source rock char-
acterization (Figure 4) show that the samples of the grey
shales of the Pendjari Formation are indicative of poor
to fair source rock with the potential of generating gas.
The Mpraeso area black shale samples plot in the zone
of fair to good source rocks with gas generation poten-
tial (Figures 4A and B). The outcrop samples generally
show poor hydrocarbon generation potential from the PY
versus TOC plot (Figure 4C).

Figure 4. Bivariate plots characterizing the probable
source rocks (A and B) of the Voltaian basin with
hydrocarbon generation implication (C) using S2, TOC,
HI, PY, and Tmax.

The effect of physical and chemical alteration pro-
cesses on outcrops of potential source rocks has made the
use of outcrop samples for hydrocarbon source rock eval-
uation a last resort (Emmings et al. 2017). However, the
Voltaian basin is a frontier Neoproterozoic sedimentary
basin without drill cores or trenches to explore its hydro-
carbon potential; therefore, this pioneering work had to
use outcrop samples, despite possible alteration effects
on them, in assessing the basin’s hydrocarbon potential.
The poor to very lean OM content could be accounted
for by physical and chemical alteration processes at the
outcrop scale, which have the tendency of reducing the
OM content in outcrop samples.

The depositional environment also plays a pivotal role
in OM preservation within sedimentary basins. Shallow-
marine, oxidized environments (as evidenced by high OI
values in Table 2) and also from inorganic geochemical
results (Abu et al. 2022), allow heterotrophs to thrive
and feed on the supplied organic materials; hence, OM
depletion in such environments. Thus, deposition in a

shallow-marine, oxygenated environment could have also
led to the low quantity of organic matter in these deposits.
This interpretation corroborates the sedimentological ob-
servations (Figure 2) in the area. The results (Table 2)
and the bivariate plots (Figure 4) show that the samples
are generally poor in TOC content; however, it is too
early to preclude the hydrocarbon potential of the Volta-
ian basin from this data. The Pendjari Formation with
grey shales (Figure 3A) having a reasonable thickness
(Figure 2A), is worth drilling so that drill core samples
could be collected for further investigation.

4.4 Kerogen type
The type of kerogen determines the quality of the OM
and the type of hydrocarbon, thus oil or gas generation
potential from source rocks with a significant amount of
OM content. The kerogen type also shows the source
of the organic matter. The TOC, S2, OI, and HI have
been used over the years to characterize the kerogen of
OM (Hakimi and Abdullah, 2013; Makeen, Abdullah,
Hakimi and Mustapha, 2014; Osli, Shalaby and Islam,
2018; Ordonez et al. 2019). Source rocks with HI > 600
mg HC/g TOC, 300 – 600 mg HC/g TOC, 50 – 200 mg
HC/g TOC, and < 50 mg HC/g TOC indicate kerogen
type I, II, III, and IV, respectively (Alizadeh et al., 2012).
HI values for the grey shales of the Pendjari Formation
are between 87 and 139 mg HC/g TOC, whereas those
of the Mpraeso area range between 31 and 43 mg HC/g
TOC. These results are indicative of kerogen type III
and type IV for the Pendjari Formation and the Mpraeso
area, respectively (Table 2). The bivariate plots of S2
versus TOC and HI versus O1 (Figure 5) indicate kerogen
type II-III and type III for the grey and black shales,
respectively (Figures 5A and B). The organic matter
of these kerogen types might correspond to terrestrial
organic matter according to McCarthy et al. (2011),
however extensive and voluminous biosphere was lacking
on landmasses in the Neoproterozoic.

4.5 Maturation
Hydrogen index (HI) together with Tmax and %Ro have
been used as effective proxies for source rock maturity
and hydrocarbon (oil/gas) generation potential. HI <
200 with >= 500 mg HC/g TOC and HI > 200 with <=
300 mg HC/g TOC are indicative of source rocks with
gas and oil generation potential, respectively (Peters and
Cassa, 1994; Alizadeh et al. 2012; Makeen et al. 2014;
Mishra et al. 2016). Tmax values < 435℃, 435 – 460oC,
and > 465℃ are indicative of immature, mature with
oil generation potential, and overmature without wet gas
generation potential conditions, respectively. Vitrinite
reflectance (%Ro) values of 0.8 – 1.1, 1.1 – 1.5, and > 1.5
are suggestive of mature source rock with oil generation
potential, mature source rock that is suitable for oil and
gas generation, and overmature source rock with only dry
gas, but without wet gas generation potential, respectively
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(Jarvie, Claxton, Henk and Breyer, 2001; Mishra et al.
2016). The HI values of the Pendjari Formation are
between 87 and 139 mg HC/g TOC (Table 2), which
indicates those samples are immature for hydrocarbon
generation. Those from the Mpraeso area have HI of 31
and 43 mg HC/g TOC, which are indicative of immature
OM (Table 2). The Tmax values within the range of
373 – 452℃ for the Pendjari Formation agree well with
other indicators that the samples contain immature to
mature OM. The samples of the Mpraeso area reached
the post-maturation stage with Tmax values of 462 to
469℃ (Table 2). The %Ro (calculated) values of the
grey shales are < 1 with values between 0.01 and 0.98
pointing to samples within the oil-gas maturation window
and > 1 %Ro values for the Mpraeso area (1.16 and
1.26). The < 1.5 %Ro of the black shale samples suggests
their gas generation potential. The %Ro however needs
further characterization with organic petrography. Hence,
although the organic geochemistry data indicates oil and
gas generation potential based on %Ro values, this may
not be conclusive as a guide in a decision-making process.
Dellisanti, Pini, Tateo and Baudin (2008), based on the
PI, classified source rocks into mature and immature
with < 0.1 and > 0.4 implying thermally immature and
thermally mature source rocks, respectively. The outcrop
samples of the Voltaian basin (Table 2) show thermally
immature values for 3 samples (1 sample of the Pendjari
Formation and 2 samples of the Mpraeso area) with PI <
0.4, whereas the other 2 grey-shale samples are thermally
mature with PI > 0.4 (table 2).

The samples studied plot within the oil and conden-
sate generation fields with an indication for a gradient
from immature to increasing maturity for the Pendjari
Formation shales (Figures 4C and D). The Mpraeso area
black shales plot in the dry gas generation zone with much
higher maturity implications (Figure 5D). This trend of
the plots suggests that the Pendjari Formation shales
are immature to mature and within the oil and wet gas
generation window. The degree of preservation of the OM
of this formation suggests that it is worth considering it
for further studies since the OM is not overmature for
effective hydrocarbon generation.

Figure 5. Kerogen types (A and B) and maturity of
organic matter with implication for oil and gas
generation (C and D) bivariate plots for the studied
samples.

4.6 Hydrocarbon Potential
Although the TOC content of the basin is generally low, it
is premature to preclude the basin’s hydrocarbon poten-
tial. There are some indications that the basin has fair –
good source rocks in the Pendjari Formation with the po-
tential to generate oil and wet gas, although further work
is required. Unlike the Mpraeso black shales, the Pendjari
Formation grey shales plot within the maturation window
with type II-III kerogen that could generate oil and gas.
Migration index (MI) > 2 is indicative of the contribu-
tion of free hydrocarbons from other sources, probably
from other geological units according to Alizadeh et al.
(2012). The MI of the samples is between 16 and 181,
with higher MI values > 50 recorded by the Pendjari
Formation (Table 2). This suggests a possible migration
of hydrocarbons from deeper levels within the grey shale
formation upwards to the upper stratigraphical level of
the outcrops at the surface. This assertion corroborates
with Figure 5 showing that the OM source is the same
type II-III (Figure 5A) without contamination (Figure
6A) from other, extraneous OM sources. This agrees with
their high MI values (Table 2). Hence, drilling to obtain
core samples from deeper levels of the formation will
help provide a much better insight into the formation’s
hydrocarbon potential. Although much work needs to
be carried out on the basin regarding its hydrocarbon
potential, it can be inferred from this study that it is too
early to preclude the hydrocarbon potential of the basin
based on the data presented herein.

The production index (PI) of the source rock is con-
sidered to be good when the PI values are greater than
0.05 – 0.1, according to Hunt (1996) and Mishra et al.
(2016). The analyzed outcrop samples have PI values
in the range of 0.33 to 0.57 with the higher PI values
recorded in the Pendjari Formation (Table 2). The PI
values support the point that notwithstanding the low
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TOC values, the hydrocarbon potential of the Voltaian
basin is worth further exploring.

Figure 6. Bivariate plot indicating the effect of external
input (A) on the existing OM and the source (B).

4.7 Clay mineralogy
The samples analyzed using the XRD method indicate the
presence of albite, phengite, quartz, kaolinite, muscovite,
and cronstedtite in the shales (Figures 7a – d), whereas
the carbonate samples show the presence of dolomite,
calcite, and quartz (Figures 7e and f). Clay minerals,
like smectite, kaolinite, and illite, are a result of chemical
alteration of feldspars; e.g., albite and microcline. Clay
minerals and OM have been shown to positively correlate,
and they coexist in marine settings (Jiang, 2012). The
clay minerals: kaolinite, cronstedtite (kaolinite-serpentine
group), and muscovite form the minority group of the
sedimentary minerals in our samples (Figure 7), suggest-
ing the low degree of chemical alteration of the feldspars
e.g., albite and other potassium-bearing feldspars in the
shales.

Figure 7. XRD mineralogical characterization of the
studied shales and carbonates of the Voltaian basin; grey
shales (a-c), black shales (d), and carbonates (e & f).

The process of smectite transformation to illite through
the process of illitization correlates with OM maturation
and migration, according to Pollastro (1993), Srondon
(2009) and Jiang (2012). In the chemical alteration cycle
of clays with K-felspar origin, kaolinite is formed before il-

lite with an increasing degree of chemical alteration. The
presence of kaolinite and cronstedtite and the absence of
illite is an indication of a weaker alteration process of the
kaolinite to have converted it into illite. The development
of illite also marks the beginning of OM maturation (Pol-
lastro, 1993; Al-Juboury et al. 2020), hence the absence
of illite in the clay-mineral suite (Figure 7) could be at-
tributed to immature OM due to insignificant heating,
and thus limited hydrocarbon migration.

The mineralogical study suggests an immature OM
of the shales, hence with suitable temperature conditions
necessary for the OM transformation, the shales could
generate some amount of hydrocarbons. This, however,
is at variance with the inferences from the organic geo-
chemistry.

The carbonates have very low clay mineral content;
coupled with their low OM content this lithology is prob-
ably not suitable as a source rock in the Voltaian basin.
Clay-mineral presence in the probable reservoir rocks,
such as carbonates, could affect their effective porosity,
hence the absence of clay minerals in the carbonates
makes them more suitable as reservoir rocks. The organic
geochemistry of the carbonate samples shows very low
OM content, which is consistent with the absence of clay
minerals in them.

5. Conclusion
The sedimentation in the study area of the Voltaian basin
occurred rapidly from sediment-laden currents. The de-
positional environment was that of a dominant shallow-
marine environment with the wave present and with a
subordinate fluvial environment. Organic matter preser-
vation was likely restricted by OM scavengers who thrived
in this shallow-marine environment with dissolved oxy-
gen. The organic geochemistry of outcrop samples from
the Voltaian basin shows that the probable source rocks
had low OM content with TOC content varying between
0.0 and 0.32 wt%. The Rock-Eval pyrolysis parameters,
Tmax, HI, OI, and %Ro, indicate that the kerogen types
are mainly type II-III and type III for the Pendjari Forma-
tion shales and the Mpraeso area black shales, respectively.
The Pendjari Formation grey shales are generally fairly to
well-mature source rocks with the potential of generating
oil and wet gas. PI values suggest that the Voltaian basin
is suitable for hydrocarbon generation. The Mpraeso
black shales are at the post-mature stage of OM evolu-
tion with the potential of only generating dry gas. The
MI values also suggest that the poor to lean hydrocarbon
shows might have migrated from other geological units,
with higher MI values recorded by the Pendjari Formation.
The basin, based on this preliminary investigation, is not
enough to conclude its hydrocarbon status and potential
without further studies. Low content of clay minerals
in the carbonates of the basin agrees with the low OM
content of the carbonates, which lack clay minerals. For
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the shales, although further studies are required, their
OM is largely immature and hence partially agrees with
the organic geochemistry conclusions for some samples.
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