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Abstract
The rise in demand for natural gas has spurred the need to investigate the inland sedimentary basin for more potential sources. In
response, the petrophysical parameters of the carbonaceous shale samples from two deep boreholes of Anambra Basin were
evaluated. The gas-prone nature of Nkporo shale showed a thermal evolution of a Type III kerogen with initial HI value between
650 and 800mgHC/gTOC, S2/S3 < 1, a maximum Tmax value of 488°C and have a low hydrocarbon generation potential ranging
from 0.07 to 0.15. However, the average TOC content (2.21 wt%) indicated a good source rocks for hydrocarbon since it exceeds
threshold limit of 0.5%. The plot of HI against Tmax shows that the organic matter belongs to the Type-III kerogen which reflects
the capability of the Npkoro Formation to generate more natural gas than oil compared to Type-II kerogen. The high values (>3)
of pristane/phytane ratio in both wells indicated that the organic matter belongs to terrigenous source deposited under anoxic
condition which is typical of non-marine shale. The presence of Oleanane content in the Cretaceous shale sediments indicated the
contribution of cell wall and woody plant tissues from the terrestrial higher plant. The low concentrations of extractable organic
matter (EOM) present in form of isoprenoid and aliphatic hydrocarbon indicated little or no bitumen extract from the studied
shale. Considering the high carbon preference indices (CPI) value greater than 1, the preponderance of vitrinite organic macerals
and other favourable aforementioned petrophysical parameters, the non-marine Npkoro Shale Basin has significant potential to
generate and expel natural gas apart from the current marine basins.
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Introduction

Natural gas is considered the transitional energy to buffer the
negative effect of an abrupt change from crude oil or coal to
eco-friendly energy sources. There is a universal understand-
ing that the transition to greener economy should allow inclu-
sive and sustainable economic growth, employment and de-
cent work for the public (Kelman 2017,Unfcc 2015). In sequel
to the Paris Agreement 2015, the need to achieve a net zero
carbon dioxide (CO2) emissions and stabilise global tempera-
tures below 2°C is heightened. Consequently, many countries
understand an increased role for natural gas in their energy
mix considering the reality that electricity produced with gas
has half the carbon dioxide emissions of coal power plants
(Rui et al. 2017). Natural gas from shale is coming into exis-
tence and beginning to display signs of future potential for
energy generation. In contrast to conventional gas reservoir,
shale gas is marked by self-generation and self-storage
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mechanism because it does not migrate nor diffuse over a long
distance due to extremely low permeability of the shale (Chen
et al. 2019,Nolte et al. 2019). The enhancement mechanism
such as horizontal well-drilling and hydraulic fracturing tech-
nologies is recently use to extract natural gas impregnated in
an impermeable organic-rich shale rock (Geel et al.
2013,Wang et al. 2018,Thomas et al. 2017). The successful
and commercial application of these techniques for shale gas
production in the USA and other countries such as Canada and
China has spurred interests to searching for natural gas de-
posits in porous but impermeable organic-rich shale forma-
tions (Xi et al. 2018). By implication, countries which heavily
depend on coal or crude oil resources to generate their elec-
tricity and power consumption are constrained to increase
their gas production or importation. As such, the renaissance
of natural gas-rich resource is crucial to significantly expand
the current global energy landscape.

In past decades, the Niger Delta Basin has been considered
the only prolific oil and gas-bearing field in Nigeria until the
humongous demand for natural gas necessitated further inves-
tigation (Giwa et al. 2019,Giwa et al. 2014,Ojijiagwo et al.
2018). Thus, searching for natural gas formation in the adja-
cent Anambra Basin was aimed to complement the current
production from the Niger Delta Basin. The Anambra Basin
is a synclinal structure composed of Cretaceous to younger
sediments attaining a thickness of about 6 km (Adebayo et al.
2018,Akande et al. 2015,Edwards and Santogrossi 1990). The
basal sedimentary facies of the Anambra Basin include the
Nkporo shale and corresponding equivalent of the Enugu
and Owelli Sandstones but deposited by alternating marine
transgression about 84 million years ago during the
Campanian period. Overlying the Nkporo shale is the lower
coal- rich Mamu Formation which is made up of clay shales,
carbonceous shale sandy shale and coal seams. The tectonic
subsidence during Maastrichtian resulted in regression move-
ment and subsequent deposition of swamp tidal flats which
formed the lower coal measure. Following the Mamu
Formation is the poorly sorted but medium to coarse grained
facies of Ajali sandstone. The Ajali sandstone formation con-
sists of coarse sandstones, lenticular shales, beds of grits and
pebbles. This formation exhibits varied age spanning from
middle to late Maastrichtian from place to place due to alter-
nating transgressive and regressive movement related to the
tectonic inversion ensued from the Santonian compression.
This formation is sequentially overlain by the successive sed-
imentary formation the Nsukka, Imo, Ameki and Ogwashi-
Asaba Formations.

In the Anambra Basin, some retrospective study have
indicated the progressive maturity of organic matter to
range from 0.55 to 4.31% using vitrinite reflectance, illite
crystallinity and fluid inclusion techniques (Akande et al.
2005,Akande and Erdtmann 1998). Whilst this ranged
seems to correspond to the Maastrichian to Albian shales,

the Anambra basin had been suggested to be terrestrially
provenanced contrary to previous interpretations of ma-
rine pro-delta. Recent studies revealed its petroliferous
nature (Obaje et al. 2004,Akande et al. 2015,Anakwuba
et al. 2018) but not exhaustive in terms of formations that
composed the basin. To resolve the gap, this study aims at
evaluating the petrophysical parameters of the Npkoro
shale samples for natural gas generation.

Geological setting

The Anambra Basin is a NE-SW trending syncline belonging
to African Rift System which developed in response to the
stretching and subsidence of major crustal blocks during a
Lower Cretaceous break-up phase of the Gondwana Super-
Continent (Ogala 2012,Ogala et al. 2019). The basin covers an
area of about 218km2 and is between the coordinates of 5° 54′
40.89″ to 6° 35.09″ North and 7° 3′ 32.46″ to 7° 15′ 32.11″
East ( Fig. 1a). It is characterised with sequence of shales and
sandstones which interbedded with coal seams particularly in
Nkporo and Nsukka Formations. This basin composed of
Cretaceous to younger sediments with the thickness greater
than 5000 m but precede the development of the Tertiary
Niger Basin (Adebayo et al. 2018,Akande et al. 2015,
Edwards and Santogrossi 1990, Bassey and Eminue 2012).
According to Okoyeh et al. (2014), the geologic movement
that led to the formation of the Anambra Basin was reactivated
by further planet activities in Lower Tertiary soon after the
intermittent Upper Cretaceous rifting. Sediments deposition in
the basin began during the Campanian with Nkporo shales at
the bottom which are sequentially overlain by Mamu, Ajali,
Nsukka, Imo, Ameki and Ogwashi-Asaba Formations (Ikhane
et al. 2019; Akaegbobi et al. 2000; Onuigbo et al. 2012) as
shown in Fig. 1b.

Materials and methods

Collection of samples

A total of eighteen deep core shale samples belonging to two
different boreholes of Nkporo Formation in the Anambra
Basin were studied. The borehole samples, which were pro-
vided by the Nigeria Geological Survey Agency, are selected
because they represent the studied formation at varied depths
from 1522 m to 1900 m and 3360 m to 3900 m. The lithologic
descriptions of the samples were carried out using a magnify-
ing glass to ascertain which portion of the core samples to
subject to further analyses. These analyses include the deter-
mination of major and trace element composition of the shale
samples, determination of total organic contents (TOC),
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Rock-Eval 6 pyrolysis, extraction of soluble organic matter,
biomarker analysis and maceral analysis.

Geochemical analysis

The geochemical analysis of major and trace elements for the
studied shale sample was performed using inductively
coupled plasma-1000 spectrometer. The pulverised shale sam-
ples (∼0.5 g) were place in conical bottles upon which 5 g of
ammonium sulphate and 10 mL of sulphuric acid were added
at 50°C for 12 h. Afterwards, distilled water was added to
dilute the mixture until 100 mL volumetric flask was filled.
The spectral intensities of the mixture were measured at var-
ious wavelength using the spectrometer whilst the data set
were processed using the wavelet transform. The detection
limit is 0.01% for major and trace elements.

Rock-Eval pyrolysis and total organic carbon analyses

The hydrocarbon potential and the thermal maturity of the
kerogen occurring in the studied shale samples were evaluated
using a Rock-Eval 6 pyrolyzer. Twenty-five grams of shale
samples were pulverized using Fa-Siebtechnik grinding ma-
chine for 10 min and subsequently pyrolyzed in an inert at-
mosphere of nitrogen. The pyrolysis which was controlled
with flame ionisation detector (FID) releases hydrocarbon S1
and S2 between 300°C and 750°C at the rate of 25°C/min.
Whilst the S1 is designated as free hydrocarbon, the S2 is the
hydrocarbon released with further thermal cracking. The de-
tected gases, CO and CO2, and the remaining carbon residual
are designated S3 and S4 respectively whilst Tmax represents
the temperature at which hydrocarbon generation is maxi-
mum. Important parameters such as hydrogen and oxygen
indices which were not measured directly are calculated as a

Fig. 1 a Location of the borehole shale samples and b regional stratigraphy of the Anambra Basin (modified after Bassey and Eminue 2012)
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weight percentage using 1, 2 and 3 consequently.

HI ¼ S2=TOCpyro � 100 ð1Þ
PI ¼ S1= S1þS2ð Þ ð2Þ
OI ¼ S3=TOCpyro � 100 ð3Þ
TOCpyro ¼ 0:082 S1 þ S2ð Þ þ S4½ �=10 ð4Þ

The determination of total organic carbon (TOC) of the shale
rock is crucial because it provides information about the hydro-
carbon type, quality and potential generation of the shale forma-
tion. Shale rock with TOC value ≥ 0.50% is regarded as an
indicator of a good quality source rocks (Al-Selwi and Joshi
2015). The core samples of shale rock are collected and crushed
into smaller sizes after which 500 g is weighed and pulverized to
finely ground sizes < 500 μm using a mechanical crusher. Then,
20 g of the fine shale groundmass is mixed with 2 N of HCl acid
to removed inorganic carbon that might present from sources
such as calcite, dolomite and siderite minerals. The sample is
then placed in the sealed tube combustor with a temperature at
900°C to ensure complete combustion of the sample in an oxy-
gen environment. The oxygen tank is regulated at a constant
pressure of 200 psi and the gas carrier at 150 ml/min. As the
combustor operates, the inorganic carbon (IC) is converted to
CO2 and removed from the IC furnace which is kept at temper-
ature of about 200°C. The TOC is obtained bymeasuring the TC
using SSM-TC in weight percent.

Organic maceral analysis

Identification of maceral composition of the dispersed organic
matter, DOM, in shale samples from the two studied bore-
holes was examined following the ASTM D7708-14 standard
procedure. This procedure is based on the separation of the
organic macerals and measuring its vitrinite reflectance in oil
immersion lens using a reflecting polarising microscope con-
nected with a photometer. Prior to determining the reflectance,
the microscope linearity is calibrated using predetermined
glass index of 546 nm and precautions are taken into consid-
erations. The precautions include avoiding a scratch-free
polished vitrinite grain, periodic calibration of standard during
actual measurement and accurate selection of proper objective
and measuring diaphragm. Based on the available organic
matter, more than 25 vitrinite grain is measured using a
Zeiss Axio Imager M2, retrofitted with Hilgers Fossils
Diskus system by rotating the stage up to 360°C to avoid
suppression of vitrinite grains and then recorded.

Biomarker compositional analyses

The biomarker components which provide information on the
source of organic matter, the environment of deposition and

thermal maturity of studied shale samples were examined
using gas chromatography-mass spectroscopy (GC-MS).
Three millilitres each of hexane (C6H14), dichlorome-
thane (Ch2Cl2) and methanol (Ch3OH) was used to elute or-
ganic matter (EOM) in the column into separate extractable
aliphatic, aromatic and polar fractions. Unlike the polar frac-
tions which are mainly composed of nitrogen, sulphur and
oxygen compounds, the aliphatic and aromatic fractions
showed less complexity in further reactions with dissolved
hexane and dichloromethane respectively. The mass spectrum
of the aliphatic and aromatic fractions was detected with the
mass spectrometer detector imbued with helium gas. Mass
spectrum peaks of the fractions were identified by comparing
the retention time and extractable order with a known mass
spectral database of NIST08.

Results and discussion

Geochemical characterisation

Major elemental composition

Major oxides of forty (40) shale samples from depth 1440 m to
1906 m in well 1 and depth 3297 m to 3850 m in well 2 are
presented in Table 1. In well 1, the average percentage of SiO2

(56.40%), Al2O3(29.27%), TiO2(0.84%), K2O(0.94%),
Na2O(0.85%), MgO(4.70%), CaO (1.65%), Fe2O3(5.22%) and
MnO (0.15%) is similar to the elemental values obtained in well
2 despite the different borehole points and elevations. This sim-
ilarity could be attributed to the repeated facies of lithologies in
the Anambra synclinal basin. According to the geochemical
proxy plot of TiO2 andNi (Fig. 2a), bothwells plot in the domain
of magmatogenetic and greywackes origin. This domain ex-
plains argillaceous nature of the shale and the high content of
SiO2 suggested that the source rocks of the shales in the study
area were felsic igneous rocks. Due to the immobility nature of
oxides of Al and Ti elements, the ratio of Al2O3/TiO2 values of
shale sample suggests the felsic character of the source rocks
(Fig. 2b). The oxides of Al and Ti elements form a robust tech-
nique to interpret residual sediments due to their immobile nature
during fluvial transport of weathered rocks(Hayashi et al.
1997,Mclennan et al. 1980). Furthermore, on the Al2O3 –
(CaO+Na2O+K2O) – (Fe2O+MgO) ternary diagram presented
in Fig. 3, the studied shale samples plot away from (Fe2O+MgO)
apex and trend towards Al2O3 apex. The plots of the shale sam-
ples on this AFM diagram are consistent with the felsic nature
attributed to the source rocks. It implies that the geochemical
variation of the well 1 and 2 depicts terrigenous source.

The Index of Compositional Variation (ICV) values
showed similar trends in both well 1 and well 2, ranged from
0.416 to 0.516 with average value less than 1 thus suggesting
source rock rich in felsic minerals (Cox et al. 1995,Baioumy
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et al. 2018). The ICV values allude to the Al2O3/TiO2 values
suggesting felsic origin whilst ICV value greater 1 have been

attributed to mafic rock forming minerals such as plagioclase,
amphiboles and pyroxene (Baioumy et al. 2018).

Table1 Major elemental composition of studied shale samples

Well-1 Depth(m) MnO2 (%) Fe2O3 (%) CaO (%) MgO (%) Na2O (%) K 2O (%) Al2O3 (%) SiO2 (%) TiO2 (%) ICV

S-1 1440 0.14 4.95 1.65 4.52 0.84 0.90 28.63 57.0 0.84 0.454

S-2 1476 0.14 5.12 1.75 4.04 0.82 0.98 29.02 56.7 0.84 0.443

S-3 1522 0.14 5.10 1.70 4.68 0.85 1.00 29.30 57.0 0.88 0.460

S-4 1530 0.14 4.84 1.68 4.84 0.86 0.98 30.10 56.8 0.86 0.443

S-5 1542 0.15 4.86 1.64 4.64 0.88 0.99 30.02 54.4 0.89 0.438

S-6 1575 0.14 5.05 1.68 5.20 0.90 0.96 29.26 55.6 0.85 0.476

S-7 1691 0.23 4.99 1.70 4.70 0.82 0.94 28.55 57.8 0.85 0.469

S-8 1.640 0.24 5.01 1.56 6.16 0.85 0.97 28.67 54.5 0.90 0.516

S-9 1670 0.13 4.65 1.58 4.54 0.89 0.90 28.77 56.7 0.83 0.441

S-10 1680 0.14 4.95 1.69 4.59 0.84 0.96 29.37 56.3 0.86 0.448

S-11 1690 0.14 4.84 1.65 4.55 0.83 0.94 28.39 54.2 0.84 0.456

S-12 1693 0.15 5.21 1.76 4.93 0.92 1.00 32.05 56.1 0.86 0.436

S-13 1706 0.25 4.24 1.65 4.80 0.83 0.95 28.35 56.9 0.85 0.449

S-14 1726 0.13 4.84 1.66 4.39 0.86 0.95 30.87 56.7 0.88 0.416

S-15 1745 0.12 10.4 1.50 4.55 0.75 0.86 27.33 55.1 0.88 0.665

S-16 1775 0.13 5.00 1.62 4.22 0.84 0.88 28.77 55.1 0.87 0.441

S-17 1790 0.13 5.24 1.48 4.62 0.76 0.85 29.22 54.3 0.86 0.448

S-18 1813 0.14 4.98 1.68 4.61 0.85 0.95 29.89 56.0 0.88 0.442

S-19 1903 0.13 5.10 1.71 4.67 0.86 0.95 29.31 56.9 0.82 0.458

S-20 1906 0.14 4.97 1.68 4.54 0.84 0.94 29.56 58.7 0.80 0.444

Mean 0.15 5.22 1.65 4.70 0.85 0.94 29.27 56.8 0.86 0.485

Well-2 Depth(m) MnO2 Fe2O3 CaO MgO Na2O K 2O Al2O3 SiO2 TiO2 ICV

S-1 3297 0.14 5.01 1.74 4.28 0.86 0.99 29.14 57.02 0.88 0.447

S-2 3314 0.14 4.88 1.65 4.55 0.73 0.96 29.47 56.78 0.86 0.438

S-3 3346 0.15 4.90 1.64 4.37 0.84 0.92 29.30 57.00 0.84 0.438

S-4 3369 0.14 5.04 1.70 4.44 0.84 0.92 29.22 56.84 0.86 0.448

S-5 3412 0.15 5.12 1.74 4.91 0.82 1.01 30.92 54.44 0.89 0.445

S-6 3474 0.14 5.01 1.56 5.79 0.84 0.93 29.26 55.64 0.85 0.488

S-7 3481 0.13 4.83 1.65 4.76 0.80 0.95 30.26 57.80 0.85 0.434

S-8 3514 0.14 5.11 1.56 4.55 0.88 0.01 28.23 54.55 0.90 0.434

S-9 3543 0.13 4.86 1.65 4.69 0.81 0.88 31.10 56.76 0.83 0.419

S-10 3558 0.14 4.06 1.61 5.12 0.87 0.91 29.39 56.32 0.86 0.432

S-11 3576 0.14 5.10 1.75 5.16 0.90 0.91 30.12 54.21 0.84 0.463

S-12 3591 0.14 5.08 1.69 4.15 0.81 1.00 30.13 56.16 0.86 0.427

S-13 3619 0.14 5.09 1.70 4.47 0.84 0.98 28.99 56.95 0.85 0.456

S-14 3647 0.14 5.06 1.67 4.88 0.82 0.96 28.85 56.74 0.88 0.469

S-15 3689 0.14 5.18 1.73 4.46 0.87 0.97 30.61 55.16 0.88 0.436

S-16 3704 0.14 5.91 1.70 3.94 0.84 0.98 31.50 55.12 0.87 0.429

S-17 3866 0.14 5.18 1.77 4.02 0.88 0.97 31.16 54.32 0.86 0,416

S-18 3793 0.14 5.07 1.70 4.99 0.87 0.97 31.31 56.04 0.88 0.439

S-19 3808 0.13 4.89 1.69 4.29 0.81 0.97 28.74 56.96 0.82 0.445

S-20 3850 0.13 4.76 1.62 4.29 0.82 0.93 27.94 58.71 0.80 0.449

Mean 0.14 5.0 1.69 4.58 0.84 0.91 29.81 56.8 0.86 0.465

ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO)/Al2O3
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The trace element distribution in studied well 1 and 2 re-
flects the concentration of the proximal and distal depth of the
Nkporo shale Formation (Tables 2 and 3). The most abundant
biophile element in the studied samples is Zr with concentra-
tion ranging from 11.55 to 10.20 ppm followed by Co and V
with average concentration of 0.71 and 0.65 respectively.
Although these biophile elements (Zr > Co > V) do not show
any trend with depth variation, the V/Zr ratio above 2 suggests
the deposition of the studied samples under anoxic paleo-con-
ditions. The enrichment of Zr, V and Co is immobile and
showed sediment recycling of clastic origin under reducing
environments. This situation is contrary to the biophile ele-
ments of the Orange and Delta Basins which showed abun-
dance in an order of V > Ni > Co with high content of Fe
having an average concentration of 32,200 ppm (Akinlua et al.

2010b). The low Fe content in the studied elements suggests
an overmatured sediment where intense reworking processes
have taken place during fluvial transportation compared to the
Orange and Niger Delta sedimentary basin where Fe is the
most abundant in Crude oils and Bitumens (Akinlua et al.
2016,Nwachukwu et al. 2018). It is noted that less Fe oxide
is concentrated in organic rich sediments derived from
freshwater in contrast to marine equivalents; thus, non-
marine sediments commonly have V/Zr value greater
than 2(Hofer et al. 2013).

The mixed organic matter basins predominately display a
decreasing concentration of elements Zr > Co > V (Akinlua
et al. 2010b; Akinlua et al. 2016). The high concentration of
Zr element in the shale samples may significantly indicate a less
anoxic environment (Akinlua et al. 2010a). Zr and V have been
reported to have significant concentrations in the organic frac-
tion of kerogen and Co is known to be useful as a
paleoenvironmental indicator because its concentration in-
creases with increasing anoxic conditions (Jegede et al. 2018;
Akinlua et al. 2015; Alberdi-Genolet and Tocco 1999) The
trend of trace element distribution in well 1 and 2 suggests
similar paleoenvironmental conditions of deposition for the
studied shale sediments. The concentration of Pb and As ele-
ments is low, although they have significant importance in
terms of environmental pollution and catalytic poisoning of
refining columns. In addition, the redox reaction of the deposi-
tional environments was deciphered with elemental proxies of
V/ (V + Ni) fractions with value > 0.8 indicating that the shale
sediments were deposited in a reducing condition (Lewan
1984). As such, the high proportion of V in these samples is
a strong indication of oxidising conditions during the de-
position of the organic matter (Sundararaman et al. 1993).

Fig. 2 Provenance indicating diagram TiO2% versus Ni (ppm) bivariate
diagram after (Floyd et al. 1991)

Fig. 3 a Provenance indicating bivariate plot of Al2O3 – (CaO+Na2O+K2O) – (Fe2O3+MgO) ternary diagram (after Hayashi et al. 1997). b Provenance
indicating bivariate plot of TiO2% versus Al2O3% (after Mclennan et al. 1980)
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Rock-Eval pyrolysis and TOC

The organic matter quality, type and maturity of the shale
samples were investigated for the potential generation of hy-
drocarbon and presented in Table 4. The Rock-Eval pyrolysis
yields relevant parameters such as TOC, S2 and HI to describe
the source rock potential. The maximum temperature, Tmax, at
which decomposition of kerogen occurs, varies from 425°C to
488°C in both lower and upper Nkporo shale with average
value at 455°C. The relatively high Tmax values indicate that
the dissociation of remaining hydrocarbon required to in-
crease temperature to break the H-C bonds and activate energy
to release the gases. The average total organic carbon content
of the lower and upper Nkporo shale samples is 2.4 wt% and
the value indicates an excellent source because TOC value of
more than 0.5% has been regarded as good source rock (Al-
Selwi and Joshi 2015,Veld et al. 1993). In comparison with
the upper member, the high TOC content in the lower Npkoro
shale samples is possibly due to different depths of burial. The
lower Nkporo shale has an average HI value of 6.2 mg HC/g
TOC thus resulting in Type III kerogen at the initial maturity
stage. The distribution of the potential source rock showed

that the lower Nkporo shale having depth > 3 kmmay produce
more gas hydrocarbon than shale formation < 1.5 km deep.

The gas-prone nature of Nkporo shale showed S2/ S3 <
1 whilst the thermal evolution of a type III kerogen with
initial HI was found to be 650 and 800 mgHC/gTOC. The
OI values in the upper Npkoro shale samples are high
(121.95 to 15.68 mgCO2/gTOC) compared to the lower
shale samples. There is a usual difference due to deposi-
tion of terrestrial vegetative and higher plant materials in
the upper formation in an anoxic environment compared
to shale in lower formation. The hydrocarbon generating
potential showed valued < 1 and ranging from 0.07 to
0.04 mgHC/grock in both lower and upper Nkporo shale.
It implies that the hydrocarbon generating potential of the
Nkporo shale is low ranging from 0.07 to 0.15 although
the organic matter is gas-prone (Tissot 1984). The HI vs
Tmax plot showed that the organic matter belongs to the
Type-III kerogen which reflects the capability of Npkoro
Formation to generate more gas than oil compared to
Type-II kerogen (Fig. 4). Similarly, the hydrocarbon gen-
erative potential diagram (Fig. 5) of S1+S2 against TOC
depicts an admixture of dominant Type III and Type IV

Table 2 Results of trace elements concentration of well-1

Well-
1

Depth (m) Element in ppm

Ni Co Pb Be Zr As V Fe Ce Mo TTM CO/
Ni

V/Ni Mo/
Ni

V/
V+Ni

S-1 1440 0.375 0.654 0.311 0.238 10.44 0.118 0.635 0.038 0.584 0.27 1.934 1.744 1.693 0.072 0.628

S-2 1476 0.339 0.718 0.336 0.227 10.45 0.121 0.577 0.059 0.658 0.036 1.670 2.118 1.702 1.106 0.644

S-3 1522 0.321 0.657 0.329 0.245 10.68 0.119 0.667 0.046 0.596 0.029 1.671 2.047 2.078 0.090 0.676

S-4 1530 0.385 0.695 0.363 0.236 10.65 0.117 0.668 0.045 0.485 0.036 1.784 1.805 1.735 0.094 0.635

S-5 1542 0.385 0.735 0.328 0.248 10.18 0.126 0.647 0.055 0.695 0.023 1.740 1.909 1.681 0.060 0.627

S-6 1575 0.366 0.693 0.348 0.235 10.95 0.127 0.628 0.045 0.628 0.038 1.725 1.893 1.716 0.104 0.632

S-7 1691 0.349 0.668 0.366 0.219 11.55 0.125 0.596 0.036 0.654 0.042 1.655 1.914 1.708 0.120 0.631

S-8 1640 0.329 0.678 0.344 0.226 11.18 0.123 0.638 0.047 0.654 0.027 1.672 2.061 1.939 0.082 0.647

S-9 1670 0.348 0.685 0.358 0.227 11.02 0.129 0.558 0.039 0.695 0.029 1.620 1.968 1.603 0.083 0.616

S-10 1680 0.355 0.745 0.327 0.238 11.16 0.127 0.628 0.043 0.654 0.044 1.772 2.099 1.769 0.124 0.639

S-11 1690 0.349 0.735 0.345 0.233 11.48 0.127 0.637 0.067 0.685 0.024 1.745 2.106 1.825 0.069 0.648

S-12 1693 0.319 0.685 0.342 0.228 11.25 0.133 0.558 0.067 0.552 0.046 1.628 2.147 1.749 0.144 0.636

S-13 1706 0.318 0.722 0.33 0.221 10.68 0.116 0.635 0.048 0.666 0.028 1.703 2.270 1.997 0.088 0.660

S-14 1726 0.355 0.628 3.08 0.225 10.28 0.112 0.695 0.046 0.658 0.025 1.703 1.769 1.958 0.070 0.688

S-15 1745 0.345 0.735 0.329 0.245 10.78 0.122 0.554 0.049 0.445 0.028 1.662 2.130 1.606 0.081 0.616

S-16 1775 0.321 0.695 0.348 0.236 10.65 0.136 0.635 0.055 0.635 0.044 1.692 2.165 1.978 0.137 0.664

S-17 1790 0.362 0.725 0.324 0.224 10.49 0.113 0.633 0.035 0.697 0.034 1.754 2.003 1.749 0.094 0.638

S-18 1813 0.363 0.742 0.335 0.244 11.35 0.125 0.628 0.053 0.478 0.035 1.768 2.044 1.730 0.096 0.629

S-19 1903 0.334 0.667 0.338 0.237 10.75 0.124 0.664 0.035 0.528 0.028 1.693 1.997 1.988 0.084 0.665

S-20 1906 0.376 0.688 0.342 0.24 11.25 0.123 0.647 0.039 0.658 0.035 1.746 1.830 1.721 0.093 0.632

Mean 0.349 0.698 0.472 0.234 10.86 0.123 0.626 0.047 0.014 0.014 1.717 2.00 1.79 0.145 0.643
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kerogen which suggests over-maturation of pre-existing
kerogen within the dry and wet gas domain.

(2.21 wt%) the organic matter richness and hydrocarbon
generative potential of the Nkporo Formation are excellent

Table 3 Results of trace elements concentration well-2

Well-
2

Depth (m) Element concentration (ppm)

Ni Co Pb Be Zr As V Fe Ce Mo TTM Co /Ni V/Ni Mo/
Ni

V/
V+Ni

S- 1 3297 0.335 0.695 0.318 0.218 10.25 0.105 0.568 0.155 0.557 0.025 1.623 1.744 1.693 0.072 0.628

S- 2 3314 0.319 0.654 0.31 0.255 10.33 0.116 0.645 0.068 0.449 0.027 1.645 2.118 1.702 1.106 0.644

S- 3 3346 0.348 0.723 0.326 0.225 11.25 0.144 0.575 0.063 0.478 0.027 1.673 2.047 2.078 0.090 0.676

S- 4 3369 0.329 0.735 0.322 0.239 11.25 0.123 0.628 0.066 0.528 0.044 1.736 1.805 1.735 0.094 0.635

S -5 3412 0.355 0.734 0.335 0.236 10.22 0.113 0.563 0.047 0.635 0.033 1.683 1.909 1.681 0.060 0.627

S -6 3474 0.345 0.665 0.347 0.246 10.55 0.118 0.635 0.059 0.496 0.026 1.671 1.893 1.716 0.104 0.632

S-7 3481 0.363 0.657 0.317 0.225 10.63 0.124 0.625 0.055 0.448 0.035 1.680 1.914 1.708 0.120 0.631

S -8 3514 0.345 0.665 0.347 0.246 10.55 0.118 0.635 0.059 0.496 0.026 1.671 2.061 1.939 0.082 0.647

S -9 3543 0.359 0.684 0.329 0.218 10.78 0.127 0.596 0.048 0.485 0.025 1.664 1.968 1.603 0.083 0.616

S- 10 3558 0.362 0.73 0.355 0.233 11.28 0.133 0.588 0.062 0.447 0.048 1.728 2.099 1.769 0.124 0.639

S -11 3576 0.322 0.742 0.337 0.239 11.15 0.125 0.618 0.035 0.536 0.039 1.721 2.106 1.825 0.069 0.648

S -12 3591 0.328 0.688 0.363 0.245 10.45 0.124 0.635 0.053 0.557 0.023 1.674 2.147 1.749 0.144 0.636

S -13 3619 0.335 0.695 0.312 0.229 10.25 0.122 0.645 0.063 0.533 0.037 1.712 2.270 1.997 0.088 0.660

S- 14 3647 0.344 0.688 0.345 0.224 11.05 0.108 0.587 0.035 0.633 0.035 1.654 1.769 1.958 0.070 0.688

S- 15 3689 0.366 0.735 0.346 0.216 10.63 0.113 0.643 0.063 0.695 0.029 1.773 2.130 1.606 0.081 0.616

S- 16 3704 0.378 0.696 0.319 0.239 10.44 0.116 0.638 0.059 0.448 0.022 1.734 2.165 1.978 0.137 0.664

S- 17 3866 0.365 0.723 0.328 0.227 11.47 0.125 0.665 0.048 0.665 0.037 1.790 2.003 1.749 0.094 0.638

S-18 3793 0.346 0.667 0.335 0.22 10.35 0.13 0.574 0.037 0.477 0.039 1.626 2.044 1.730 0.096 0.629

S-19 3809 0.319 0.654 0.31 0.255 10.33 0.116 0.645 0.068 0.449 0.027 1.649 1.997 1.988 0.084 0.665

S-20 3863 0.335 0.695 0.318 0.218 10.25 0.105 0.568 0.155 0.557 0.025 1.795 1.830 1.721 0.093 0.632

Mean 0.345 0.696 0.331 0.233 10.67 0.120 0.614 0.649 0.528 0.032 1.695 2.00 1.79 0.145 0.643

Table 4 Summary of Rock-Eval pyrolysis analysis

Unit ID S1
(mgHC/grock)

S2
(mgHC/grock)

TOC
(wt%)

GP
(S1+S2)

S3
(mgHC/grock)

HI
(mgHC/gTOC)

OI PI Tmax

(°C)

Upper
member

S-1 0.03 0.07 0.82 0.10 0.92 7.89 112.20 0.30 435

S-2 0.02 0.05 0.57 0.07 0.70 6.78 121.95 0.29 425
S-3 0.04 0.09 1.07 0.13 0.93 1.18 87.24 0.31 426
S-4 0.02 0.06 0.66 0.08 0.17 8.71 25.91 0.25 426
S-5 0.05 0.10 1.23 0.15 0.43 8.33 34.96 0.33 435
S-6 0.07 0.14 1.72 0.21 0.27 7.01 15.68 0.33 445
S-7 0.03 0.11 1.15 0.14 0.22 4.39 19.16 0.21 443
S-8 0.03 0.10 1.07 0.13 0.29 4.97 27.20 0.23 437
S-9 0.04 0.15 1.56 0.19 0.69 7.38 44.29 0.21 446

Lower
member

S-10 0.06 0.11 1.39 0.17 0.66 8.54 47.35 0.35 477

S-11 0.08 0.1 1.48 0.18 0.95 8.71 64.36 0.44 478
S-12 1.12 0.12 10.17 1.24 0.51 8.44 5.02 0.94 470
S-13 0.1 0.25 2.87 0.35 0.73 9.15 25.44 0.29 475
S-14 0.13 0.28 3.36 0.41 0.86 8.13 25.58 0.32 445
S-15 0.17 0.23 3.28 0.40 0.93 8.13 28.35 0.43 442
S-16 0.16 0.09 2.05 0.25 0.77 9.58 37.56 0.64 470
S-17 0.16 0.11 2.21 0.27 0.9 9.38 40.65 0.59 478
S-18 0.15 0.23 3.12 0.38 0.81 9.63 25.99 0.30 488
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because good source rocks are regarded to have a TOC value
of more than 0.5% (Veld et al. 1993; Al-Selwi and Joshi
2015). The hydrogen index (HI) of organic matter has an
average value of 7.57 but ranged from 1.18 to 9.63 whilst
the oxygen index (OI) averages at 43.83 and ranged from
1.05 to 121.95 for all studied samples.

Organic geochemical evaluation of carbonaceous
shale

The extracts of organic matters associated with the Nkporo
shales revealed the concentration of n-alkanes and isoprenoid
hydrocarbons from n-C12 to n-C32 with a maximum peak at n-
C17 (Fig. 6). The distribution of n-alkanes showed maximum
unimodal peat at n-C17 with a moderate concentration of
heavy n-alkanes (Fig. 6a). The result showed a substantial
amount of pristane (Pr) and phytane (Ph (Fig. 6b) with a low
concentration of the Pr/n-C17 and P/n-C18 from 5.27 to 6.98
and 1.75 to 1.97 respectively (Table 5). Based on the ratio of

Pr/Ph value which ranged from 3.01 to 3.54, the Nkporo
shales are ascribed to a fluvio-marine and coastal swamp de-
positional environments since the ratio value is > 2.56 under
suboxic condition (Peters et al. 1999). Nevertheless, the plot
of Pr/n-C17 against Ph/n-C18 suggests that the provenance of
organic matter contained in the lower and upper Nkporo shale
ensued from the terrigenous environment which is preserved
under an anoxic condition (Fig. 7).

The concentrations of extractable organic matter (EOM)
present in form of aromatic and aliphatic hydrocarbon are very
low and this suggests that there is little or no bitumen extract
from the studied shales (Table 5). The ratio of EOM to TOM
of 1.87 g 100/g organic matter is lower than the sorption
threshold of 2 g 100/g organic matter below which expulsion
is considered to occur in source rocks. Furthermore, the high
carbon preference indices (CPI) showed that the shale sedi-
ments can significantly generate and expel hydrocarbon since
the CPI value is greater than 1. It is likely the high contribution
may have resulted from the tertiary post-deformational between
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Fig. 4 Classification of kerogen of Nkporo shale on a HI vs T-max diagram for well 2 after (Hakimi et al. 2010)
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the marginal southern marine Niger Delta Basin and the
Cretaceous Benue Trough Basin (Whiteman 1982,Akande
et al. 2012).

The Nkporo shale samples showedmore of the 15α(H) and
18α(H) structural isomers, with a preponderance of C27 or C29

relative to C28 even/odd steranes and diasteranes (C27–C29)
and low abundances of short-chain pregnanes (Fig. 6b). The
average ratio of C27 to C29 regular steranes is 0.95, with an

average concentration value of 0.92 and the moderate amount
of C27 steranes with C30 hopane has been noted to receive
organic matter input from marine sources (Wells 2014).
Whilst the presence of regular steranes suggests terrestrial
input, the C29 may be related to algae and marine diatoms.
In comparison to the regular steranes, the presence of
diasteranes indicates a source rock rich in clay minerals owing
to the catalytic transformation of steroids to diasteranes (Wells
2014) . The gammacerane index (gammacerane /
C30αβhopane) values of the studied shale samples ranged
from 0.51–0.74 whilst the oleanane index (oleanane/
C30αβhopane) values of these samples ranged from 0.72–
0.97(Table 5). The presence of gammacerane (Fig. 6b) fa-
vours a depositional environment characterised with marine,
lacustrine and deltaic settings and typify a high-salinity envi-
ronment resulting from hypersalinity and suboxidation at
depth. Significantly, a stratified water column in non-marine
and marine setting can be identified using the gammacerane
indicator. The gammacerane index suggests weakly reducing
brackish condition whilst the presence of Oleanane in
Cretaceous or younger sediments indicate the contribution of
cell wall and woody plant tissues from the terrestrial higher
plant which may mature to gas generating kerogen (Ekweozor
and Telnaes 1990,Osuji and Antia 2005). The biomarker ratio
indices of diasteranes, gammacerane and C29/C30 hopane
showed concentration between 0.5 and 1.0 thus indicating mod-
erately to highly matured source rock (Uzoegbu et al. 2013).

Fig. 5 a Classification of Kerogens of Nkporo shale on S2 (mgHC/g rock) vs TOC (%), well-1. b Classification of Kerogens of Nkporo shale on S2
(mgHC/g rock) vs TOC (%), well-2 after (Hakimi et al. 2010)

Table 5 Biomarker analysis results of well 1 and well 2

Organic geochemical parameters Well 1 Well 2

Pristane/phytane 3.01 3.54

Pristane/n-17 5.27 6.98

Phytane/n-18 1.75 1.97

EOM (mg/g) 0.92 6.71

CPI 1.05 1.04

Rock wt. (g) 8.90 7.89

Steranes-C27 (%) 28 29

Steranes-C28(%) 26 30

Steranes-C29(%) 30 30

Oleanane (%) 0.72 0.97

Diasteranes index 0.93 0.96

Gammacerane index 0.51 0.74

C29/C30 Hopane 0.42 0.48
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CPI odd/ even carbon numbers; diasterane index:
diasterane:C27/steranes C29; gammacerane index:
gammacerane/(gammacerane + C30 hopane), oleanane index
(oleanane/C30αβhopane)

Organic maceral characterisation

The organic maceral modal composition of the studied shale
samples is presented in Table 6. In both wells, vitrinite mainly
dominates the organic macerals (>50%) followed by liptinite
and Inertinite. Given that vitrinite are macerals primarily de-
rived from the lignin, cellulose and tannins of vascular plants
particularly from the periderm (bark) and xylem (wood) tis-
sues, the Npkoro Formation has the potential to predominant-
ly generate natural gas. The relatively low average

composition of liptinite macerals (~9%) compared to vitrinite
(~52%) and inertinite (~19%) suggests little or no generative
potential for oil compared to gas. Liptinite is strong oil-prone
whilst inertinite has negligible hydrocarbon generation poten-
tial but could generate gas as well.

Conclusions

The major oxide ratio indices revealed the biophile elements
which are associated with cretaceous carbonaceous shale show
a single-phase organic matter and low Fe content hence suggest-
ing an overmatured sediment where intense reworking processes
have taken place during fluvial transportation and deposition.
The total organic carbon content concentration exceeds wet

Fig. 6 Ion chromatogram for representative Nkporo shales, a n-alkanes and isoprenoid hydrocarbon-m/z 85 b saturated hydrocarbon m/z 217 after
(Ogungbesan and Adedosu 2020)

Fig. 7 Source shale extracts of
Pristane/n-C17 alkane (Pr/n-C17)
against phytane/n-C18 alkane
(Ph/n-C18) after (Mißbach et al.
2016)
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and dry gas window threshold whilst its organic matter belongs
to admixture of Type III and IV kerogen which indicate over-
maturation of pre-existing kerogen within the dry and wet gas
domain. The studied shale samples exhibited a thermal evolution
of a Type III kerogen with initial HI between 650 and 800
mgHC/gTOC with a Tmax value of 488°C and have a low hy-
drocarbon generation potential ranging from 0.07 to 0.15.
However, the average TOC content (2.21 wt%) indicated a good
source rocks for hydrocarbon since it exceeds threshold limit of
0.5%. The plot of HI against Tmax shows that the organic matter
belongs to the Type-III kerogen which reflects the capability of
the studied carbonaceous shale to generate more natural gas than
oil particularly from the lower shale formation. The low concen-
trations of extractable organic matter (EOM) present in form of
acyclic isoprenoid, aromatic and aliphatic hydrocarbon indicate
little or no bitumen extract from the studied shale.

The presence of Oleanane in Cretaceous or younger sedi-
ments indicates the contribution of cell wall and woody plant
tissues from the terrestrial higher plant which may mature to gas
generating kerogen. The biomarker ratio indices of diasteranes,
gammacerane and C29/C30 hopane showed concentration be-
tween 0.5 and 1.0 thus indicating moderately to highly matured
source rock. Significantly, a stratified water column in non-
marine and marine settings can be identified using the
gammacerane indicator whilst its index suggests weakly reduc-
ing brackish condition. The majority of organic macerals present
in the formation is vitrinite which favours the generation of nat-
ural gas than oil. The high values of pristane/phytane ratio in

both wells (>3) and high carbon preference indices (>1) indicate
that the organic matter belongs to terrigenous source deposited
under anoxic condition which is typical of non-marine shale
formation. As such, the study reveals that the non-marine
Npkoro Shale has significant potential to generate and expel
natural gas apart from the current marine offshore basins.
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