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Abstract

The Paleocene shales of the Imo Formation, Niger Delta were investigated to reveal their organic and mineralogical
composition, kerogen type, paleoweathering, provenance, paleoclimate, and paleoenvironments. Shale samples from
Owan-1 well penetrating the Paleocene Imo Formation were analyzed by X-Ray Fluorescence (XRF), X-Ray
Diffraction (XRD), and Fourier Transform Infra-red (FTIR) Spectroscopy. The results showed that the shales are
enriched in SiO,, AL,O, and Fe,O, compared to CaO, MgO, K,0, MnO, TiO,, and P,O;. The Average concentration of
Si0,, ALO, and Fe,0, are 25.5 wt.%, 9.65 wt.% and 5.46 wt. % respectlvely Bivariate plots of the Chemical Index of
Alteration (CIA) vs Plagioclase Index of Alteration (PIA), and elemental ratio such as SiO,/Al,O, indicate low to
moderate chemical weathering. The discriminant function diagram DF1 vs DF2, plots of TiO, vs Al Oz, and TiO, vs Zr
revealed intermediate igneous provenance. The plot of SiO, vs (Al,0,+K O+Na20) indicates semi-humid to semi-arid
climatic conditions. The high Sr/Ba indicates diagenesis and high salinity stratification in the water column. The
Sr/Ba value >1 (avg. 1.27) suggests mainly marine depositional environments and oxic conditions for the shales. The
main minerals identified by XRD are quartz and kaolinite with minor concentration of montmorlllomte chlorlteT
illite, biotite and carbonates. The spectra in the samples revealed bands within 1111cm™, 1102cm™ and 1033cm’
suggestmg presence of quartz, kaolinite and illite. The FTIR spectra also showed presence of long chain aliphatic
(saturated) compounds, unsaturated alkenyl C=C stretch, carbonyl C=0, hydroxyl compounds and aromatic phenolic
group. The A and C factor from FTIR characterize the kerogen in the investigated shale samples as Type II with

potential to generate oil and gas.
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Introduction

Scientists have extensively studied the formation of
sedimentary rocks in different basins throughout time.
Sediment deposition occurs under unique physical and
chemical conditions that vary throughout geological
periods. Examination of depositional settings may
occur at both local and large geographical levels. There
has been much research on the geochemistry of
sedimentary rocks in unravelling the paleo-conditions,
provenance, and paleotectonic settings; however, the
specifics of each case are highly dependent on the type
of source rock(s), the extent and duration of weathering,
diagenesis, and the extent of sedimentary recycling
(Nesbitt and Young, 1984; McLennan et al., 1993).
When studying paleoenvironmental conditions and
hydrocarbon exploration/exploitation, it is essential to
understand the origin and tectonic background of
sedimentary basin-fills. The Niger Delta Basin and the
adjoining Anambra basin of Nigeria are known for
hydrocarbon deposits (Fig. 1), and several researchers
have investigated the basins in terms of tectonic
evolution and stratigraphy, including sequence
stratigraphy, lithostratigraphy, biostratigraphy, age,
paleoenvironments, and petroleum system (Bustin,
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1988; Nwajide and Reijers, 1996; Adegoke et al., 2015;
Chudi et al., 2016; Dim et al., 2017; Edegbai et al.,
2019; Ogbe et al., 2020; lkegwuonu et al., 2020;
Ozumba and Dim, 2022; Aigbadon et al, 2022;
Omietimi et al., 2022; Ejeh et al., 2024). Most of the
geological investigations on the Imo Formation have
been on the surface samples mainly because of the
scarcity of subsurface data and the attention given to the
basin particularly the petroleum system. Hence, this
research provides insights into the organic
characterization, paleoweathering, provenance,
tectonic setting, and paleoenvironmental reconstruction
of the shale samples obtained from Owan-1 well
through non-destructive analytical methods such as X-
Ray Fluorescence (XRF), X-Ray Diffraction (XRD),
and Fourier Transform Infrared Spectroscopy (FTIR).

Geology and Stratigraphy

The Niger Delta Basin, situated in southern Nigeria, is
one of the world's largest delta systems and a prolific
hydrocarbon province. The Niger Delta Basin is situated
in equatorial West Africa, between latitudes 3°N and
6°N and longitudes 5°E and 8°E. It is located on the
continental coast of the Gulf of Guinea (Fig. 1). It covers
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75,000 km’ and is completely filled with clastic
sediment that is up to 12,000 m thick (Reijers et al.
1997). The basin's evolution was driven by complex
interactions between tectonics and sedimentation,
resulting in extensive deltaic sequences and multiple oil
and gas accumulations. The delta has experienced
significant subsidence, creating thick sedimentary
sequences that are crucial for hydrocarbon maturation
and trapping. The tectonic setting of the Niger Delta
basin is influenced by the movements along the
equatorial Atlantic oceanic fracture zones that extend
beneath the delta and determined the initial locus into
which the proto-Niger built its delta. The Benue trough,
a NE-SW folded rift basin that runs diagonally across
Nigeria, is a much larger and older tectonic feature that
the Niger Delta basin occupies the coastal and
oceanward part of. It formed simultaneously with the
opening of the Gulf of Guinea and the equatorial
Atlantic in Aptian-Albian times when Africa and South
America began to separate (Short and Stauble, 1967).
The Niger Delta has experienced three depositional
cycles, with the third cycle from Eocene to Recent
marking the continuous growth of the main Niger delta.
The subsurface of the Niger delta is divided into three
lithostratigraphic units: the upper sandy Benin
Formation, the intervening unit of alternating sandstone
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and shale named the Agbada Formation, and the lower
shaly Akata Formation (Reijers, 2011). These units
range in age from early Tertiary to Recent and are related
to the present outcrops and environments of deposition
(Reijers, 2011; Abiola et al., 2018). The Imo Formation,
Ameki, and Ogwashi Formations form the up-dip series
of the Niger Delta and constitutes the lateral equivalent
of the down-dip Akata and Agbada Formations. Within
the inland portion of the Niger Delta Basin, the Imo
Formation is the oldest geologic unit. The composition
includes blue-grey clay and shale, black shale, and
various layers of calcareous sandstone, limestone, and
marl (Reyment, 1965). In the eastern region, the Imo
Formation unconformably overlies the Nsukka
Formation and can be observed at various locations such
as Oduenyi village, extending westward through
Ndiwo. The Imo Formation is conformably overlain by
the Ameki Formation comprising of shale, sandy shale,

clay sandstone, and fine-grained fossiliferous sandstone

(Reyment, 1965; Arua,1986; Arua and Rao, 1987;

Ikegwuonu, 2015). The Ogwashi Formation

subsequently overlain the Ameki Formation. The Benin

Formation made up of coarse to fine-grained sandstones

and gravels, with minor shale intercalations was

deposited on the Ameki Formation (Doust and
Omatsola, 1990)
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Fig. 1: Geological map of Nigeria showing the Cenozoic succession of the Niger Delta Basin and the location of Owan-1 well (N5° 001 and E5°451)
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Fig. 2: Stratigraphy of the Benue Trough, Anambra Basin, and the Niger Delta Basin (modified after Ekwenye et al. 2016).

Methodology repository of the Nigerian Geological Survey Agency

(NGSA) in Kaduna, Nigeria. The samples were
Twenty-two core samples from Owan-1 well consisting carefully selected at interval between 75 ft-1066 ft (Fig.
of mainly shales were acquired from the central 3). The total depth of the well is 17461t which covers the
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Maastrichtian Mamu and the Paleocene Imo
formations. 13 shale samples were selected and
subjected to pulverization prior to laboratory analysis.
The laboratory analyses include; XRF, XRD and FTIR.
The samples were analyzed by XRF to determine the
major elements and some trace elements within the
detection limit. The XRD analysis was carried out to
determine the mineralogical composition and FTIR to
investigate the organic and inorganic compounds
present in the shales. The XRF analysis was conducted
by XRF machine at Stratochem laboratory in Egypt. The
XRD analysis was conducted with a Rigaku D/max-
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2500/PC powder diffractometer utilizing Ni-filtered
Cu-K®radiation and a scintillation detector. To eliminate
the adsorbed water, the pulverized samples underwent
oven-drying at a temperature of 100 °C for a duration of
10 hours. The samples were inserted into rectangular
aluminum sample holders manually, using a spatula that
had been cleansed with alcohol. The samples were
thereafter affixed firmly into the instrument sample
container. The samples underwent step scanning within
the theta scale range of 5 to 85 degrees, at intervals of
0.02 degrees. Each step was tallied for a duration of 0.5
seconds to ascertain the mineral phases and main

INTERVAL (FT) LITHOLOGY SAMPLE CODE DESCRIPTION

75—95 oW 1 Shale

101104 ow 2

130—-150 OW 3 g Medium Grey Fittile Calcarecus Shale
196—199 ow4

237230 ow s

264-267 oW e

274277 ow ?

278—1281 OWEB eI Medium Grey Ferruginized Fisile Shale
403—406 ow 9

a68—471 ow 10 Medium Grey Fistile Shale with Lamina of}

sit

477—480 OW 11 ] pedium Grey Fissile Shale

507-510 ow 12

522525 OW 13 i Greyish Fissile Shale with Lamina of Silt
540543 OW 14 i Medium Grey Fissile Fossiliferous Shale
564—567 ow 15 LEGEND
603—606 ow 16

615—618 ow 17 Shale
651—654 OW 18 = Dark Grey Fissile Shale

675—695 ow 19

795—815 OW 20  #=———r Dark Grey Fissile Shale

878—898 OW 21 m———d Dark Greoy Fissile Shale with Lamina of Sift
1046— 1066 ow 22

Fig. 3: Lithological succession of Owan-1 well.
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elements present in the selected shale samples. A
Thermo Nicolet 6700 FTIR spectrometer, complete
with the detector and XT-KBr beam splitter, was used
for the purpose of conducting FTIR spectroscopy.
Pellets were fabricated by grinding 1 mg of crushed
shale samples (with a size of 75 mm) with 100 mg of
KBr and then pressing them into pellets, following the
methodology by Painter e al. (1981). The pellets
underwent a 48-hour drying process using a vacuum
oven to minimize the amount of water in the spectrum.
The shale samples were subjected to FTIR spectroscopy
using absorbance mode, with a wavelength range of
4000 cm' to 400 cm'. The XRD and FTIR analyses were
carried out at Redeemer University, Ede, Osun State
Nigeria.

Results and Discussion
Major Elements Geochemistry

The results of the major elements for the shales are
presented in Table 1. The geochemical findings were
contrasted with established geochemical benchmarks,
including the Upper Continental Crust (UCC) as
defined by Rudnick and Gao (2003), the North America
Shale Composite (NASC) as established by Gromet et
al. (1984), and the Post Archean Australian shale
(PAAS) as described by Taylor and Mclennan (1985)
(Table 3 and 4). The primary chemical composition of
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fine siliciclastic rocks is often determined by clay
minerals and non-clay silicate phases (Cox et al., 1995;
Moosavirad et al., 2011). Major oxides in the examined
shales include P,0O,, MgO, K,O, MnO, SiO,, ALQO,,
Fe,0,, Na,O, and CaO. The studied shale samples are
enriched in SiO,, Al,O, and Fe,O, compared to CaO,
MgO, K,0, MnO, TiO,, and P,O, that have low
concentrations. Si0, is predominant in the samples with
concentrations that range between 17.39 wt.% to 30.46
wt. % (average concentration of 25.5 wt. %). AL,O, has
concentration ranging from 7.95 wt. % to 11.39 wt. %
(average concentration of 9.65 wt. %). Fe,O, has
concentration from 2.88-8.69 wt. % (average
concentration of 5.46 wt. %). SiO,, ALO, and Fe,O,
make up about 43.98 wt.% of the major oxides.
Generally, there are low concentrations of CaO, MgO,
K,0, MnO, TiO, and P,O, (Table 1). The concentration
of CaO ranges from 0.45 wt.% to 14.37 wt. % (average
3.21 wt.%) MgO, 0.70 wt.% to 1.45 wt. % (average 0.97
wt.%), K,O, 1.35wt.% to 1.93 wt. % (average 1.60 wt.
%) MnO, 0.00-0.13 wt. % (average 0.05 wt. %), TiO,,
0.38 wt.% to 1.96 wt. % (averagel.05 wt.%) and P,O,
0.73 wt.%-0.99 wt. % (average 0.87 wt%) (Table 1). The
relatively low concentration of K,O indicates the shales
are deficient of K-feldspar or illite (Okunlola and
Idowu, 2012), and the lack of marine carbonate facies in
the sedimentary succession explains the low CaO
content (Imeokparia and Onyeobi, 2007).

Table 1: Major elements of the shales in wt%.

Sé‘;‘({’;" $i0, | ALO, | F&:0; | TiO, | ca0 | K,0 | P,0: | MnO | MgO | Na,0
ow3 | 2783 936 | 672 | 105 | 198 [167 (090 | - | 09 | 06
OWIL | 2115 ] 818 | 49 | 051 | 6.01 | 148 | 085 | 006 | 1.16 | 0.55
OwWl12 24.55 977 8.69 1.07 0.72 1.85 (.88 0.04 1.45 0.8
OWI3 | 270 | 989 | 52 | 117 | 075 | 193 [ 088 [ 004 | 1.06 | L1
OWl4 | 1730 | 7.95 | 458 | 038 | 1437 | 136 | 073 | 0.3 | 09 | 1.05
OWIS 27201 938 | 55 [ 100 | 064 | 179 080 | - ] 085 | 084
ow20 | 2829 [ 1127 | 509 | 12 |07 [ 135 Joo1 | - | 071 | 085
Owal | 3046 | 1139 | 288 | 196 | 045 | 138 | 085 | - | 07 | 09

Average | 25.51 | 9.65 | 546 | 105 | 3.21 | 1.60 | 0.87 | 0.03 | 0.97 | 0.84

The concentrations of SiO, Al,O,, Na,O, MgO, and K,O
in the shale samples are depleted when compared to
values of the PAAS, NASC, UCC (Taylor and
McLennan, 1985) which suggests that the shale samples
may have undergone extensive weathering and multiple
cycles of sedimentary recycling as weathering
processes typically deplete these elements as they are
leached out and transported away from the source area.
The Fe,O, of shales is above the values of UCC and
relatively close to the value of NASC of the worldwide

shales which suggest post depositional diagenesis may
have contributed to the iron enrichment (Taylor and
McLennan, 1985). TiO, values were all higher than
values of PAAS, NASC, UCC worldwide shales
indicating the source area might have experienced
intense weathering and possible presence of resistant
minerals like rutile and ilmenite in the shales. The CaO
values are less than NASC and UCC value but higher
than the PAAS (Table 3).
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Table 2: Trace elements composition of the shales in ppm.
Sa;‘i')"le Vv | Zr | Rb | Cr | Zn | Ba | sr s Pb [ As | Nb | CI
OWwW3 163 172 70 211 118 160 315 7308 15 0 25 161
OWll1 0 103 57 191 80 152 299 8103 10 0 13 156
OW12 201 216 76 231 90 292 185 12217 11 17 32 143
Owl13 190 251 84 212 85 220 148 2168 18 - 35 143
OW14 0 76 47 182 64 168 304 5198 6 - 8 217
OWI1S 171 209 76 203 110 157 150 9567 11 16 23 120
OW20 197 204 6l 299 130) 122 122 10339 23 - 28 183
OW21 194 397 58 161 149 181 203 4160 25 15 43 188
Average [139.54]203.4]66.03|211.20]103.12 | 181.52 | 215.84 | 7382.45 | 14.72] 6.02 | 25.75 | 168.12
Table 3: Major oxide of Owan -1 shales (S), Lead (Pb), Arsenic (As), Niobium (Nb), and
compared with worldwide shale. Chlorine (Cl). The average values of these elements are
Major | pyas | Nasc | wee | Presemt 139.54ppm, 203.4ppm, 66.03ppm,
_Oxide Study 211.20ppm,103.12ppm, 181.52ppm, 215.84ppm,
510, 62 80 54.00 66‘00 25:51 7382.45ppm, 14.72ppm, 6.02ppm, 25.75ppm, and
"3“]303 18.90 1_6'9_0 15.20 9.65 168.12ppm respectively. Sulphur (S) concentration is
et L 6 200 310 high in the studied samples ranging from 2168-12217
T'()z 100 070 0.0 Lo ppm (average 7382.45 ppm). Elements such as As, Pb,
Lat) L2 5.0 a.20 321 Nb, and Rb have low average concentrations (Table 2).
K0 3.70 3.97 3.40 1.60 When compared to values of PAAS, NASC and UCC, V
MgO 20 286 220 0:97 and Zr values in the shales are higher than NASC and
Na,O) 1.20 14 3.90 0.84 UCC but less than PAAS. This implies a significant
P05 0.16 0.13 & 0.87 input from mafic or intermediate source rocks, which
are typically enriched in these elements (Nesbitt and
Table 4: Average trace element concentrations Young, 1982). High V concentration indicates that the
compared with other worldwide shale shales likely experienced conditions that favored the
El:ﬁg:ts PAAS | Nasc | vcc Ps"t ‘:('l":“ retention qf V. Cr, Zn and Nb values were glbove .the
- - A concentrations of PAAS, NASC and UCC which points
¥ 150 134 -2 1134 to source rocks from mafic compositions (Nesbitt and
Zs = = — ih Young, 1982). Rb and Ba concentrations were less than
Rb L 123 % el values of PAAS, NASC and UCC (Table 4). Rb and Ba
Lr LIy 123 2 21120 are relatively mobile during chemical weathering and
Zn 85 - 2 103.12 can be leached out of the sediments. Their depletion
Ba 650 636 628 181.52 suggests that the source area experienced significant
Sr 200 142 320 215.84 weathering and leaching processes (Fedo et al. 1996).
S . - . 7382.45 . o B
b 20 a - 170 Paleoweathering and Paleoclimatic Condition
As - 284 1.50 6.02 Clastic sedimentary rocks are thought 1o have their
Nb 19 13 12 25.75 chemical compositions largely influenced by the
Cl - - - 168.12 weathering and composition of the source area (Nesbitt

Trace Elements Geochemistry

Tables 2 shows an overview of the concentrations of
some trace elements in parts per million (ppm) while
Table 6 indicates the ratio of some trace elements. The
trace elements identified in the samples include
Vanadium (V), Zircon (Zr), Rubidium (Rb), Chromium
(Cr), Zinc (Zn), Barium (Ba), Strontium (Sr), Sulphur

and Young, 1982; Harnois, 1988; Fedo et al. 1996). The
process of rock weathering leads to the breakdown of
chemical compounds and may cause an increase in
ALOQ, and a decrease in alkalis such as Na,O, K,0, MgO
and CaO. The Paleoweathering indices such as
Chemical Index of Weathering (CIW), Plagioclase
Index of Alteration, (PIA) and Chemical Index of
Alteration (CIA) derived from the major element
composition, were used to assess the level of weathering
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of the source rocks. In this study, the values of CIA for
the shales ranged from 32.1% to 80.6% (average 64.0).
Similarly, the values of CIW varied between 34.0% and
89.4% (average 71.9) while the PIA ranged from 29.9%
- 88.9% (averaging 69.5) (Table 5). The CIA, CIW and
PIA values of the shales indicate low to moderate
chemical weathering. This observation is shown by the
plotof CIAvs ALO, (Fig. 4).

100
o0
Intense Weathering
80 'y
AL
A
70
Meoderate Weathering
60
<
o ol = A
40
30 = Low Weathering

20

10

AL203

Fig. 4: Bivariate plot of CIA versus Al,O; for the studied shales (after
Nesbittetal, 1980).

Studying paleoclimates aids in comprehending the
processes of weathering in the source region as
significant elemental signatures offer valuable insights
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into the paleoclimatic conditions that prevailed during
deposition. (Suttner and Dutta, 1986). The CIA provides
crucial insights into the paleoclimate conditions that
influenced the formation of source rocks. When CIA
values are < 50%, it suggest low weathering, 60-80%
indicates moderate weathering in a cool and/or arid
conditions with limited rainfall, according to studies by
Fedo et al. (1996). Furthermore, values >80 are linked to
hot humid climates with significant alteration of source
rocks, as suggested by (Nesbitt and Young, 1982; Fedo
et al.,1996; McLennan et al., 1993; Kairouani et al.,
2023). The average CIA (64%) and CIW (71.9%) values
for the shales under investigation suggest a consistent
state of weathering in a cool and/or semi-arid-semi-
humid climate. This is corroborated by the bivariate
plots of Suttner and Dutta (1986) (Figs. 5 and 6). The
trace element compositions were also used to constrain
the paleoclimatic setting. The Rb/Sr has been used to
infer past climatic setting. Low Rb/Sr ratios indicate
warm climates and high ratios indicate cold climates;
Rb/Sr ratios decrease in dry climates (Chen ez al., 1999;
Xu et al., 2010). The Rb/Sr ratio ranged from (0.15-
0.57) suggesting warm climatic settings (Table 6).

Provenance and Tectonic Settings

Discriminant diagrams based on major and trace
elements were used to infer the origin of the shales
(Roser and Korsch, 1988; Floyd et al., 1989; McLennan
et al., 1993; Verma et al., 2016). The discriminant
functions (DF1 and DF2) (Table. 7) were calculated and
plotted to unravel the provenance of the shales. All the
samples plotted within the intermediate igneous
provenance (Fig. 7). According to Garcia et al. (1994)

Table 5: Major oxides ratios and paleo weathering indices of the shales

Fe,O;+

Sample | Fe, 05/ | 8i0,/ | ALO;/ | K;O/ 223

le ALO; | ALO; | TiO, | Na,0 Mggg }‘60+ €A CIw'] B
OW3 0.72 2.97 8.91 2.78 3.36 480 | 525 | 476
OW1l1 0.60 2.59 16.04 2.69 2.99 504 | 555 | 505
OW12 0.89 2.51 9.13 2.31 3.83 744 | 86.5 | 88.9
OW13 0.53 2.74 8.45 1.75 2.07 723 | 842 | 81.1
OWl4 0.58 2.19 2092 1.30 227 321 [ 340 ] 299
OW18 0.59 291 9.20 2.13 241 742 | 86.4 | 83.7
OW20 0.46 2.51 9.39 1.59 2.68 793 | 87.6 | 86.1
Ow2] 0.25 2.67 5.81 1.53 1.57 806 | 89.4 | 8R.1
Average 0.58 2.64 10.98 2.10 2.65 64.0 | 71.9 | 69.5

CIA - Chemical Index of Alteration= [ALO,/ (ALO,+CaO* Na,0O + K,0)] *100
CIW- Chemical Index of Weathering = [Al,0,/(Al,0,+CaO+Na,0)] *100
PIA - Plagioclase Index of Alteration = 100* (A1,0,-K,0) / (A1,0,+CaO* Na,O -K,0)
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Table 6: Trace elements ratios of the shale samples.
SAMPLE Sr/Ba Rb/Sr Y/Cr
OW3 Shale 1.97 0.22 0.77
OWI11 Shale 1.96 0.19 0.93
OWI12 Shale 0.63 0.41 0.87
OWI13 Shale 0.67 0.57 0.90
OW14 Shale 1.82 0.15 1.02
OW18 Shale 0.96 0.51 0.84
OW20 Shale 1.00 0.50 0.66
OW?21 Shale 1.12 0.28 1.21
AVERAGE 1.27 0.35 0.90
100
90 . s
+ ) o
80 [ ]
Intense
[ chemical
70 weathering
&0 Moderate
L chemical
E 50 . e weathering
40
' —
30 | o
, Low
chemical
20 weathering
10
0} T T T
30 40 S0 60 70 80 90 10
ClA

Fig. 5: Paleoweathering plot of CIA versus PIA indicating low to
moderate chemical weathering. (after Suttner & Dutta, 1986).
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Si0, HUMID
(%) o (Semi-Arid)

Fd
20 o
,/ A ARID
10 -
0 5 10 15 20 25
ALO; +K;:0+Na;0 (%)

Fig. 6: Abivariate plot of SiO2 vs (A1203+ K20+Na20) (after Suttner
& Dutta, 1986).
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and Hayashi et al. (2007), the ALLO,/TiO, in sedimentary
rocks are considered a strong indicator of the
composition of the source with the following range of
values 3-8, 8-21, and 21-70 depicting mafic,
intermediate, and felsic sources respectively. The
ALO,/TiO, in the shales ranged from 5.81 to 20.92
(average 10.98) indicating intermediate igneous
provenance (Table 5). However, sample OW20 with
value of 5.81 suggest mafic source (Fig. 8). The average
of Zr/TiO, for the shales is 194.95 which falls within the
range of intermediate provenance according to Hayashi
et al (1997). This inference is corroborated by the
bivariate plot of Zr vs TiO, (Fig. 9) after Hayashi et al.
(2007). Roser and Korsch (1986) proposed a tectonic
discriminant diagram by plotting SiO, against
K,0/Na,O. The shale samples were deposited in a
passive margin tectonic setting with a few samples
plotted in the oceanic island arc and active continental
margin (Fig. 10).

Table 7: Discriminant Functions by major element ratio

S/N Sample code DF1 DF2
1 OW3 -4.16 -0.76
2 OWl1 -3.73 -0.86
3 OW12 -5.40 -1.13
4 OWI13 -0.32 1.95
5 Oowl4 -3.67 -2.77
6 OW18 -1.91 0.31
7 OwW20 -3.29 -0.02
8 OW21 1.41 5.90
100
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60
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20
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Fig. 7: DF1 vs DF2 Discriminant plot for provenance lithology (after
Roserand Korch, 1988).
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Fig. 8: TiO, vs Al,O, Provenance plot for shales of Owan-1 well
(Hayashietal, 2007).
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Fig. 9: TiO, vs Zr Provenance plot for shales from Owan- 1 well (after
Krzeszowska, 2019).

Paleaeoredox and Paleoenvironments

Trace elements composition in sedimentary rocks are
important to understanding the palaeoredox condition
due to low mobility and residence time in sea water.
Hence, elements that are sensitive to redox reactions
suchas Cr, V, Th, Mo, N1, Co, U, and Mn are valuable for
reconstructing palaco-redox conditions according to
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Fig. 10: SiO, vs K,0/Na,O Provenance tectonic setting plot for shales
inthe Owan-1 well (after Roser and Korsch, 1986).

(Jones and Manning, 1994; Nath et al., 1997). The Sr/Ba
ratio is widely utilized for assessing variations in
salinity within sedimentary rocks. The water bodies
may be classified into three categories based on their
salinity levels: freshwater (salinity <0.5), brackish
water (salinity between 0.5 and 1), and saltwater
(salinity >1) (Liu, 1980; Wang et al., 2005; Ye et al.,
2008). Sr/Ba value greater than 1 indicates deposition in
marine setting whereas Sr/Ba value < 1 suggests
continental deposition. The Sr/Ba ratio of shales is
between 0.62 to 1.97 with an average value of 1.27
(Table 6), indicating marine deposition and high salinity
stratification in the water column. The study conducted
by Jones and Manning (1994) used the ratio of V/Cras a
means to deduce the redox conditions of mudstones.
They found that values <2 imply oxic condition, 2- 4.25
indicate dysoxic, and > 4.25 indicate suboxic -anoxic
condition. The V/Cr in the shales ranged between 0.66-
1.21 (Table 6) (average 0.90) therefore denoting oxic
depositional condition. Also, the paleodepositional
environments of the shales can be inferred through the
plot of vanadium against the percentage of AlO,
Majority of the shale samples plotted within the deep
marine while few plotted within shallow marine and
fluvial environment (Fig. 11).

Kerogen Characterization and Mineralogy from FTIR
FTIR analysis was conducted on ten shale samples to

uncover the distinct absorbance bands of organic
(hydrocarbon) and mineral contents across the different
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well.

diagnostic wavelengths of the infrared spectrum. The
spectrum appearances indicate that the shale samples
have complex organic compounds such as saturated and
unsaturated alkanes due to high number of absorbance
bands (Fig.12 - Fig.21). A broad absorption band
between 3650 and 3250 cm™, suggests hydrogen bond in
the samples (Chen et al., 2012). These bands confirmed
the presence of hydrates, hydroxyl, and ammonium in
the shales. However, the identification of spectra within
the frequency ranges of 800-600 cm”, 1200—1000cm™,
and 1600—-1300cm ' provides evidence of the presence of
hydroxyl compounds in the shales (Mastalerz & Marc
Bustin, 1993; Chen, et al 2012; Liu, et al., 2019; Pejcic
et al., 2021). The presence of narrow bands was
observed in some samples close to 3670cm’, and
3550cm’ frequencies indicating presence of phenol.
The majority of the analyzed samples display a
prominent absorbance peak in the range of 650-900cm™,
which corresponds to the aromatic phenolic group C=C-
OH (Tanykova, et al., 2021). The long chain aliphatic
(saturated) compound was observed in sample OW14
due to broad band at 1431cm” plus methylene rocking
vibration at band 725 cm’'. The saturated aliphatic C-H
stretch vibration for sample OW14 occur in frequency
of 2885 cm" indicating aliphatic methyne C-H. The
methyl (CH,) and methylene (CH,) C-H bend of
saturated alkane are also evident from the bands within
1470-1430 cm” and 1485-1445 cm’ respectively for
most of the samples (Tanykova, ef al., 2021) (Fig.12-
Fig.21). Also, there was vibrations between the bands of
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1680-1620 cm” confirming unsaturated alkenyl C=C
stretch. However, there was no sharp peak at 1850-1630
cm’ to indicate presence of carbonyl C=O group. The
presence of cyclohexane was evident in the samples
from the band between 1055-1000 cm™/1005-925 cm’
as well as aromatic C-H in plane bend at 1225-950cm’.
The spectra also showed presence of mono substituted
aromatic ring (phenyl) in all the samples within the
bands of 770-730 cm’ + 710-690 cm’ while few
samples exhibited 1, 3-disubstituted aromatics (ortho).
The relative intensities of the peaks corresponding to
different types of bonds can provide valuable insights
into the types of kerogen and any changes in its
composition and maturation levels. These ratios, known
as the A factor and C factor, have been extensively
studied by Ganz and Robinson (1985) and Ganz (1986).
The A and C factors (Table 8) were obtained to
characterize the kerogen in the samples; the plot
indicated Type II Kerogen from marine phytoplankton
and zooplanktons (Fig. 22). Hence, the organic matter
was deposited in marine environment which has the
potential to generate oil.

A band in the range of 1200 - 900 cm” was seen in
samples OW10, which is attributed to the Si-O bond
originating from the silicates (SiO,”). The identification
of bands at about 1008 cm’, 779cm”, 694cm’, and
468cm’ indicated that the sample OW10 is quartz-rich
(Tanykova, et al., 2021). Several different vibration
modes at 468cm” (Si-O bending, Si-O-Fe stretching),
694cm™ (Si-O stretching, Si-O-Al stretching), 914cm’™
(ALOH bending band of Kaolinite vibration), and at
1033cm™ (Si-O-Si and Si-O stretching) indicates
presence of quartz, kaolinite and some illites
(Jozanikohan & Abarghooei, 2022). The spectra in the
samples reveal bands within 1111cm”, 1102 cm™ and
1033 cm’ suggesting presence of quartz and clay
minerals (Tanykova, et al.,2021).

g
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Fig. 12: FTIR Spectra for sample OW2
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Fig. 17: FTIR Spectra for sample OW10
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Fig. 14: FTIR Spectra for sample OW4 Fig. 18: FTIR Spectra for sample OW11
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Fig. 15: FTIR Spectra for sample OW8
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Mineralogical Composition

From the XRD results (Table 9), it was observed that the
sample OWI10 contained the following mineral
assemblages; quartz (63%), kaolinite (35%), albite
(0.3%), montmorillonite (0.06%), chlorite (1.42%),
dolomite (0.02%) and biotite (0.2%). Sample OW8
contained quartz (63%), kaolinite (21%), chlorite (4%),
illite (3.5%), montmorillonite (5.5%), biotite (0.5%)
and albite (2.5%). The diffractograms are shown in

P e s I o G . M e = R ST U figures 23 and 24. The average values of the minerals are
quartz (63%), and kaolinite (28%), montmorillonite
(2.78%), chlorite (2.71%). Minor concentration of illite,
biotite and carbonates probably mineral (identified as
dolomite) were observed in the samples. Kaolinite in the
I samples are of detrital origin and can be attributed to the

Fig. 21: FTIR Spectra for sample OW14

1

e strong leaching condition prevailed during tropical
- warm humid climate. McLennan et al., (1993) had
’ proposed tropical climate interrupted by dry season for
- I a the environment with high percentage of Kaolinite. The
average composition of kaolinite in the shales
_ confirmed semi-arid to humid climatic condition
S o )
£ interrupted by dry season. Furthermore, the average
& os composition of quartz substantiates moderate
<= weathering of the source area. The identification of
- these minerals through XRD corroborates the
inferences from FTIR.

03 .
/_\ mn Conclusions
02 o v

The Paleocene Imo shales of the Niger Delta basin was
investigated in this study. The elemental and

01}
6% B &9 OX @ BE Sy w8  g@ 5 mineralogical compositions were used to unravel the

C FACTOR paleoweathering, paleoredox condition, provenance,

Fig. 22: Classification of Kerogen based on A and C Factors. tectonic settings and paleoclimatic condition of the

Table 8: A and C factor based on (Ganz and Robinson, 1985; Ganz, 1986)

Sample | 2930 cm™ | 2860 1630 | 1710 A C
code ; cm’ cm’ cm’ | FACTOR | FACTOR
OW2 105.027 | 106.161 | 77.551 | 88.736 0.73 0.53
OW3 105613 | 106934 | 76.012 | 91.568 0.74 0.55
OW4 107.339 | 110.134 | 79.140 | 96.880 0.73 0.55
OWS8 102.167 | 103.591 | 82.108 | 94.360 0.71 0.53
OW9 105.625 | 107.361 | 76.190 | 92.711 0.74 0.55
OWI10 [ 101.236 | 101.825 | 79.656 | 89.522 0.72 0.53
OW11 109.462 | 111.666 | 76.588 | 96.606 0.74 0.56
OW12 97462 | 100.622 | 73.585 | 93.709 0.73 0.56
OWI13 [ 104.604 | 106.558 | 77.494 | 93.455 0.73 0.55
OWI14 | 105609 | 106452 | 71.032 | 88.795 0.75 0.56

Note: A Factor = 223 g+ 360em C Factor = L1 0cme

2930cm' + 2860cm ' +1630cm! 17 10cm' +1630cm!
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Table 9: Percentage composition of the minerals in the shale samples.
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Cod Lithology Quartz | Kaclinite | lllite | Montmorillonite | Chlorite | Albite | Biotite Dolomite Total
O TR | () %) | (%) (%) ) | ) | () (%) ot
OWI0 Shale 63 35 - (.06 1.42 0.3 0.2 0.02 100
OWE Shale 63 21 3.5 5.5 4 2.5 0.5 - 100
Avg. 63 28 - 2.78 271 1.4 0.35 -
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Fig. 23: XRD Diffractogram of sample OWS§
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provenance area. The average SiO, and AlLQO,
concentrations for the shales are (25.51% and 9.65%)
respectively confirming influx of detrital and
argillaceous sediments in the area. The high Sr/Ba also
indicated meteoric diagenesis as well as high
stratification of the water column. The Sr/Ba value >1
(avg. 1.27) suggests mainly marine depositional
environments under oxic setting. The bivariate plots of
the weathering indices suggested low to moderate
weathering. This is supported by the presence of
kaolinite (avg. 28%) thus confirming semi-arid to semi-
humid paleoclimatic conditions. The discriminants plot
(DF1 vs DF2) and bivariate plots of (Zr vs AlQ,)
indicated intermediate igneous provenance. The shales
were mainly deposited under passive margin tectonic
setting. The FTIR revealed organic and mineralogical
composition of the shales. A broad absorption bands,
suggests complex organic compounds such as saturate,
aromatic, hydroxyl and phenolic. The spectra in the

Journal of Mining and Geology Vol. 60(1) 2024.

samples revealed bands within 1111cm™, 1102cm™ and
1033cm™ suggesting presence of quartz, kaolinite and
illite. The characterization of the kerogen through FTIR
shows occurrence of Type Il kerogen.
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