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Abstract
Geochemical studies of claystone deposits from the 
Patti Formation in the southern Bida Basin, north-Cen-
tral Nigeria, were carried out on representative sam-
ples to determine the basin’s depositional conditions, 
provenance and tectonic setting. The localities within 
the study area included Gegu, Ahoko, Ahoko-Etigi, Omu 
and Idu.
Semi-quantitative phase analysis using the Rietveld 
method and X-ray powder diffraction data revealed 
that the claystone samples had prominent kaolinite 
with other constituents such as quartz, illite–mus-
covite, K-feldspar, pyrite, marcasite, anatase, rutile 
and gorceixite.
Enrichment of Al2O3, Ba, Th, Sr, Cr and La suggests that 
these elements are primarily controlled by the domi-
nant clay minerals.
Geochemical parameters such as U, U/Th, Ni/Co, V/Cr 
and Cu/Zn ratios strongly implied that these claystones 
were deposited in an oxidising environment. Prove-
nance deducing ratios for felsic, mafic and basic igne-
ous rocks were compared. Al2O3/TiO2 ratio suggested 
intermediate to felsic rocks as the probable source 
rocks for the claystone samples; however, Y/Ni, Cr/V, 
La/Sc and Th/Sc ratios suggested a felsic progenitor. 
The tectonic discrimination diagram showed that the 
samples’ plot was within the region specified for pas-
sive margin-type tectonic setting.
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nance, paleo-oxygenation
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Povzetek
Geokemične raziskave plasti glinavca formacije Patti 
v južni kadunji Bida v severnem delu osrednje Nigerije 
smo izvedli na reprezentativnimh vzorcih z namenom 
ugotoviti sedimentacijske razmere v kadunji, izvor sno-
vi in tektonsko lego. Večji kraji v proučevanem ozemlju 
so Gegu, Ahoko, Ahoko-Etigi, Omu in Idu.
Semikvantitativna analiza z Rietveldovo metodo in re-
zultati praškovne rentgenske difrakcije pričajo o pre-
vladujočem kaolinitu v vzorcih glinavca in o prisotnosti 
nadaljnjih mineralov, kot so kremen, illit-muskovit, ka-
lijev glinenec, pirit, markazit, anataz, rutil in gorceixit.
Obogatitve Al2O3, Ba, Th, Sr, Cr in La nakazujejo, da so 
vsebine teh prvin odvisne predvsem od prevladujočih 
glinenih mineralov.
Geokemični parametri kot U in razmerja U/Th, Ni/Co, 
V/Cr in Cu/Zn pričajo o tem, da so bili glinavci odlo-
ženi v oksidnem okolju. Primerjali smo razmerja, ki 
nakazujejo izvorne magmatske kamnine. Razmerje 
Al2O3/TiO2 kaže, da so matične kamnine glinavcev pre-
hodne do felzične magmatske kamnine, Y/Ni, Cr/V, La/
Sc in Th/Sc pa nakazujejo felzični izvor. Vzorčne točke, 
nanešene v tektonskem diskriminacijskem diagramu, 
so na področju značilnem za tektonsko lego tipa pasiv-
nega roba.

Ključne besede: glinavec, geokemija, tektonska lega, 
izvor, paleo-oksidacijske razmere
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folded marine sediments. The basin is frequent-
ly regarded as the north-western extension of 
the Anambra Basin [14–16], both of which 
were major depocentres during the third major 
transgressive cycle of southern Nigeria in Late 
Cretaceous time.
Adeleye [17] noted that the basin is a gently 
downwarped trough whose genesis may be 
closely connected with the Santonian orogen-
ic movements of southeastern Nigeria and the 
Benue valley nearby, while Whiteman [14] and 
Okunlola and Olubunmi [18] suggested that 
the basin was formed from simple cratonic sag. 
Agyingi [19] proposed a post-Santonian origin 
for the basin stating that the sediments in the 
basin were generally undisturbed as in the case 
of the post-Santonian sediment of the adjacent 
Sokoto Basin and Anambra Basin.
Two main rock types found in the Bida Basin in-
clude crystalline basement rock and sedimen-
tary rock. The crystalline rock that includes 
gneiss, granite, marble and quartzite are of Pre-
cambrian to early Palaeozoic age [20].
Adeleye and Dessauvagie [21] specified that 
overlying the basement complex are poorly ex-
posed basal beds of coarse conglomerate and 
cross-stratified sandstones with angular peb-
bles. Conformably, overlying these basal beds 
are continental sediments mainly comprising 
sandstones, siltstones and claystones. Often, 
experts working in the area have divided the 
basin geographically into northern and south-
ern Bida Basin [19, 22, 23], probably due to 
rapid changes in facies across the basins. The 
southern Bida Basin comprises the basal Cam-
panian Lokoja Formation (mainly conglomer-
ate and sandstone), Maastrichtian Patti Forma-
tion (shale, claystone and sandstone) and the 
youngest Agbaja Formation (ironstone). Their 
lateral stratigraphic equivalents in the northern 
Bida Basin consist of the basal Bida Formation 
(conglomerate and sandstone), Enagi Forma-
tion (siltstone, claystone and sandstone) and 
Batati Formation (ironstone) as exemplified in 
Figure 2. The present study correlates with the 
Enagi Formation.
Prominent features and structures in the basin 
include unconformity surfaces (nonconformi-
ty), different forms of beddings (parallel bed-
dings, cross beddings and graded beddings), 
deformation, diagenetic features and fractures.

Introduction

Claystone is a fine grained, dark grey to pink 
sedimentary rock mainly consisting of compact-
ed and hardened clay. According to Gary [1], if it 
can be determined that most of the particles of 
a rock (over two-thirds) are clay sized, the rock 
may then be called a claystone.
Geochemical parameters have been used by 
several authors to decipher paleo-oxygenation 
conditions of ancient sediments [2–7]. Redox 
parameters such as Cu/Zn ratio was proposed 
by Hallberg [8], while U/Th ratio was proposed 
by Jones and Manning [3]. Hayashi et al. [9] 
noted that Al2O3/TiO2 ratio is essentially used 
to infer source rock composition with various 
ranges given for mafic, intermediate and felsic 
igneous rocks.
On the basis of mean crustal abundance, geo-
logical elements are classified as major, minor 
and trace elements based on their percentage 
composition by mass in rocks. Some research-
ers noted that major element geochemistry of 
sedimentary rocks is more important in dis-
criminating tectonic setting [10–11]; however, 
trace elements are more useful in discriminat-
ing tectonic evolution of rocks and the prove-
nance of clastic materials [12]. Gritty et al. [13] 
attributed this to their low mobility during sed-
imentary depositional processes.
This study aimed at identifying the depositional 
environment, provenance and tectonic setting 
of the claystones of the Patti Formation, south-
ern Bida Basin, North-Central Nigeria, using 
major and trace element geochemistry as well 
as clay speciation analysis.

Geology and stratigraphy

The Bida Basin as depicted in Figure 1 is a linear 
northwest–southeast trending intracratonic 
sedimentary basin extending from Kontago-
ra in the Niger State of Nigeria to areas slight-
ly beyond Lokoja in the south and is approxi-
mately perpendicular to the Benue Trough. It 
is delimited in the northeast and southwest by 
the basement complex, while it merges with 
Anambra Basin (in the north) and Sokoto Ba-
sin (in the south) in sedimentary fill comprising 
post-orogenic molasse facies and few thin un-
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Initial gravity studies in the Bida Basin by 
Ojo [24] put the maximum thickness of the sed-

imentary successions at about 3.500 m in the 
central axis, while Agyingi [19] from aeromag-
netic interpretation recorded a maximum sedi-
mentary thickness of about 3.300 m.

Data and methods

The field investigation was carried out on 
exposed clay sections cut open by the Loko-
ja–Agbaji road with an effort made to obtain 
fresh samples for laboratory studies. The stud-
ied locations lie within the Patti Formation in 
the southern Bida Basin. A total of 23 repre-
sentative samples were selected and used for 
this study.
Geochemical characterisation involved an-
alysing 20 representative samples at Acme 
Analytical Laboratories Limited, Vancouver, 
Canada, for major and trace element con-
centrations using ultratrace inductively cou-
pled plasma–mass spectrometer (ICP–MS; 
Perkin-Elmer 6000) and inductively coupled 
plasma–mass spectrograph.

Figure 1: Generalised geologic map of Nigeria showing sampling locations (modified after Adelana et al. [25] and Fagbohun 
et al. [26]).

Figure 2: Stratigraphic successions in the mid-Niger Basin 
(adapted from Akande et al. [16]).
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Aqua regia digestion was done by weighing 
0.2 g aliquot into a graphite crucible and mixing 
with 1.5 g LiBO2/Li2B4O7 fusion. The crucibles 
were placed in an oven and heated at 98°C for 
30 minutes. The cooled bead was dissolved in 
5% HNO3 (ACS grade nitric acid diluted with 
demineralised water) and then calibrated stan-
dard and reagent blanks were added to sample 
sequences.
Geochemical analysis using ultratrace ICP–MS 
analysis consisting of the elements Co, Mn, Fe, 
U, Th, Sr, V, Ca, P, La, Cr, Mg, Ba, Ti, B, Al, Na, K, 
W, Sc, S, Te and Ga was carried out on the clay-
stone samples. A second 0.5 g sample split was 
digested in aqua regia and analysed by ICP–MS 
to determine Ag, Au, As, Bi, Cu, Cd, Mo, Hg, Pb, 
Ni, Sb, Se, Tl and Zn. An ICP emission spectro-
graph (Spectro Ciros Vision) was used for the 
determination of the basic package consisting 
of the following major oxides and elements: 
MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO, Cr2O3, Ba, 
Ni, Sr, Zr, Y, Nb and Sc. Loss on ignition (LOI) 
was determined by heating a predetermined 
amount of sample at 950°C for 90 minutes.
Quantitative phase analysis using the Rietveld 
method and X-ray powder-diffraction data was 
carried out on three representative clay sam-
ples. The samples were pulverised and reduced 
to the optimum grain-size range for quantita-
tive X-ray analysis (<10 mm) by grinding using 
ethanol in a vibratory McCrone Micronising 
Mill for 10 minutes. Step-scan X-ray powder dif-

fraction data were collected over a 2θ range of 
3–80° with CoKα radiation on a Bruker D8 Ad-
vance Bragg-Brentano diffractometer equipped 
with an Fe monochromator foil, 0.6 mm (0.3°) 
divergence slit, incident and diffracted-beam 
Soller slits and a LynxEye XE detector. The 
long fine-focus Co X-ray tube was operated at 
35 kV and 40 mA using a take-off angle of 6°. 
The X-ray diffractograms were then analysed 
using the International Centre for Diffraction 
Database PDF-4 and Search-Match software by 
Bruker and refined with Rietveld program To-
pas 4.2 (Bruker AXS).

Results and discussion

Clay mineralogy
The mineralogy of the claystone samples was 
revealed by semi-quantitative phase analy-
sis using Rietveld refinements plots (Table 1). 
These amounts represent the relative amounts 
of crystalline phases normalised to 100%. The 
Rietveld refinement plots are shown in Fig-
ures 3–5.
These plots revealed prominent kaolinite (av-
erage value of 66.0%) as the dominant mineral 
with minor amounts of quartz, illite-muscovite, 
K-feldspar, pyrite, marcasite, anatase, rutile 
and gorceixite. The relatively high proportion 
of kaolinite is attributable to the weathering 
of feldspar-rich rocks in the humid climatic 

Table 1: Results of semi-quantitative phase analysis (wt.%).

Mineral Ideal formula S1 S6a S7a

Quartz SiO2 31 14 18

Kaolinite Al2Si2O5(OH)4 58 80 69

Illite–Muscovite 2M1 K0.65Al2.0Al0.65Si3.35O10(OH)2–KAl2AlSi3O10(OH)2 4 2 3

K-feldspar KAlSi3O8 4 3 7

Pyrite FeS2 0.3 - -

Marcasite FeS2 1 - -

Anatase TiO2 2 1 2

Rutile TiO2 - - 1

Gorceixite BaAl3(PO4)(PO3OH)(OH)6 - - 1

Total 100 100 100
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Figure 3: X-ray diffractogram of sample S1.

Figure 4: X-ray diffractogram of sample S6a.
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setting [27]. The presence of kaolinite also sug-
gests that the sediments were deposited in a 
continental or nearshore environment [28].
The blue lines in Figures 3–5 indicate the ob-
served intensity at each step, red lines indi-
cate calculated pattern, solid grey lines below 
indicate the difference between observed and 
calculated intensities and vertical bars indi-
cate positions of all Bragg reflections. Coloured 
lines are the individual diffraction patterns of 
all phases.

Geochemistry

Major elements
Results of the major oxide analysis are sum-
marised in Table 2. The claystones are rich in 
SiO2, Al2O3 and Fe2O3 compared to K2O, CaO, 
MgO, TiO2 and Na2O. The low concentration 
of K2O (0.86%) indicates the low amount of 
illite or K-feldspar present [29], while the 
low content of CaO (0.05%) may be attribut-
ed to the absence of marine carbonate facies 

in the associated sedimentary sequence [30]. 
Low Fe2O3+TiO2+MgO value (average value of 
1.23%) implies that the clays are chemically in-
ert and non-corrosive [31]; therefore, they may 
offer good quality kaolin.
The K2O/Al2O3 ratio of sediments can be used 
as an indicator of the original composition of 
ancient sediments. According to Cox et al. [32], 
K2O/Al2O3 ratios for clay minerals and feldspars 
are different with values of 0.0–0.3 and 0.3–0.9, 
respectively. In this study, the K2O/Al2O3 ratios 
for the claystones vary from 0.01 to 0.06, which 
are close to the lower limit of the clay miner-
al range.
Comparison of the average chemical composi-
tions of the investigated clay samples with oth-
er known characterised clays showed that the 
Abraka clay [33] has higher SiO2 (61.92%) val-
ues but lower Al2O3 (20.62%) values (Tables 3). 
Plastic fire clay, St. Louis [34], and Isan clay [35] 
have lower SiO2 and higher Fe2O3 values. The in-
vestigated Fe2O3 concentration is generally low 
relative to the reference samples. The present 

Figure 5: X-ray diffractogram of sample S7a.
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study’s Al2O3, MgO and K2O values are compara-
ble to plastic fire clay’s values. The average SiO2 
(61.00%) and Al2O3 (23.57%) chemical com-
position in the clay samples constitutes about 
84.57% of the samples’ total composition. This 
shows that claystones are highly siliceous.

Provenance
Gritty et al. [13] noted that the low mobili-
ty of rare earth elements during weathering, 
transportation, diagenesis and metamorphism 
makes them suitable for determining prove-
nance and tectonic setting. The trace element 

Table 2: Major element composition for some of the claystone samples.

S1 S3b S3c S4a S5a S5c S6a S6b S7a S7b Average

SiO2 58.89 66.29 66.91 57.38 59.15 83.95 51.06 63.53 52.75 50.13 61.00

Al2O3 24.48 20.39 19.88 25.83 26.25 9.34 31.70 20.86 27.49 29.54 23.57

Fe2O3 3.27 1.17 1.26 1.16 1.25 0.57 1.37 1.60 2.99 3.05 1.77

MgO 0.11 0.11 0.14 0.13 0.10 0.05 0.11 0.22 0.55 0.49 0.20

CaO 0.04 0.08 0.06 0.16 0.06 0.01 0.02 0.02 0.03 0.03 0.05

Na2O 0.03 0.06 0.04 0.05 0.05 0.04 0.02 0.06 0.05 0.04 0.04

K2O 0.48 1.30 0.80 1.11 0.43 0.31 0.40 1.26 1.33 1.23 0.86

TiO2 1.95 2.00 2.09 1.19 1.73 1.42 1.29 2.94 1.30 1.23 1.71

P2O5 0.08 0.07 0.04 0.38 0.04 0.04 0.05 0.07 0.24 0.18 0.12

MnO 0.01 0.02 0.01 0.01 <0.01 0.01 <0.01 0.01 0.01 <0.01 0.01

Cr2O3 0.016 0.012 0.012 0.018 0.015 0.007 0.015 0.016 0.019 0.023 0.02

LOI 1.4 8.2 8.6 11.5 10.7 3.8 13.9 9.2 13.0 13.9 10.32

Sum 99.76 99.70 99.84 98.92 99.79 99.55 99.95 99.79 99.76 99.85 99.70

LOI represents loss on ignition.

Table 3: Average major element composition of the claystones compared to published works.

Oxides Present study 
on claystone Abraka clay [33] Plastic fire clay,  

St. Louis [34] Isan clay [35]

SiO2 61.00 61.92 57.67 60.47

Al2O3 23.57 20.62 24.00 17.77

Fe2O3 1.77 5.00 3.23 8.18

MgO 0.20 0.71 0.30 1.26

CaO 0.05 0.02 0.70 0.47

Na2O 0.04 0.14 0.20 0.44

K2O 0.86 0.63 0.50 1.17

TiO2 1.71 3.20 - -

P2O5 0.12 - 0.61 -

MnO 0.01 0.11 - 0.03

H2O - 10.69 - 9.72
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composition of the claystones is shown in Ta-
ble 4.
Provenance can also be confirmed using Y/Ni 
and Cr/V ratios. McLennan et al. [36] observed 
that high Cr/V (>10) ratio and low Y/Ni ratio 
(<0.5) depict ultramafic source rocks, whereas 
felsic source rocks show lower Cr/V (<10) ratio 
and higher Y/Ni ratios (>0.5). In this study, the 
Cr/V ratio ranges from 0.57 to 4.92, while Y/Ni 
ratio ranges from 0.81 to 4.25, as shown in Ta-
ble 5. This assumes a felsic source rock for the 
studied sections.
Furthermore, for most clastic rocks, the 
Al2O3/TiO2 ratio is used to infer source rock 

composition. Al2O3/TiO2 ratio ranges of 3–8 are 
given for mafic igneous rocks, 8–21 are given 
for intermediate rocks and 21–70 are given for 
felsic igneous rocks [9].
In this study, the Al2O3/TiO2 ratio ranges from 
6.57 to 24.57, suggesting intermediate to felsic 
igneous rocks as the probable source rocks for 
the claystone samples.
La/Sc and Th/Sc ratios are significantly dif-
ferent in felsic and basic rocks and may lead 
to constraints on average provenance compo-
sition [32, 37, 38]. They gave Th/Sc and La/Sc 
ranges between (0.84–20.5) and (2.5–16.3), re-
spectively, for felsic source rocks. Comparison 

Table 4: Trace element distribution for some of the claystones from the study area (in ppm).

S1 S3b S3c S4a S5a S5c S6a S6b S7a S7b

Mo 0.14 0.26 <0.01 0.39 0.11 0.12 0.05 0.06 0.06 0.06

Cu 10.04 7.94 7.63 23.44 24.29 3.11 34.51 6.04 15.06 19.74

Pb 17.34 20.21 11.72 23.31 17.91 13.11 36.99 25.83 14.05 17.67

Zn 2.8 4.7 3.6 6.2 3.3 1.0 4.7 12.4 20.7 16.2

Ni 0.4 0.4 0.6 0.7 0.6 0.4 1.0 1.3 3.3 2.6

Co 0.2 0.4 0.5 0.4 0.2 0.2 0.4 0.9 2.4 1.8

Mn 7 15 8 15 2 4 7 11 33 19

U 4.2 1.3 2.3 8.1 5.7 2.0 3.1 1.6 3.0 5.5

Th 21.2 20.5 10.8 29.8 24.0 21.0 21.3 12.7 9.3 20.8

Sr 22.6 9..0 11.0 84.7 14.6 4.8 25.4 25.1 173.5 69.4

Sb 0.07 0.02 <0.02 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

Bi 0.27 0.18 0.19 0.35 0.23 0.05 0.35 0.25 0.25 0.32

V 37 5 9 12 20 7 5 13 30 26

La 36.9 27.9 18.7 71.4 34.7 32.1 31.1 22.1 30.0 42.8

Cr 27.0 11.9 10.9 29.3 24.1 4.0 24.6 14.2 26.7 29.9

Ba 51.0 22.0 23.8 260.2 18.1 23.1 33.3 45.8 225.3 164.2

B <20 <20 <20 <20 <20 <20 <20 <20 <20 <20

Sc 7.4 2.7 2.2 11.7 7.8 3.7 8.8 2.4 8.8 13.8

Tl 0.04 0.04 0.04 0.03 0.03 <0.02 0.11 0.03 0.09 0.11

Se 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Ga 5.2 3.1 2.7 4.9 4.4 1.3 6.0 3.4 6.8 6.7

As 1.3 <0.1 0.3 0.1 <0.1 0.2 <0.1 0.3 0.7 1.2
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of La/Sc and Th/Sc ratios for the claystone sam-
ples from this study (Table 5) with this model 
also indicated that such ratios came within the 
range of felsic source rocks.

Paleo-oxygenation condition
Barnes and Cochran [39] illustrated that ura-
nium oxidation exerts a strong influence on 
marine geochemistry. Low content of uranium 
is generally found in sediments deposited in 
marine environment under oxygenated con-
ditions [40, 41], while high uranium contents 
are found in sediments from oxygen-depleted 
zones [4, 40, 42, 43]. The claystone samples 
show a low content of uranium (in the range of 
1.3–8.1).
Cu/Zn ratio has been put forward as a redox 
parameter [8]. According to Hallberg [8], a high 
Cu/Zn ratio indicates reducing depositional 
conditions, while a low Cu/Zn ratio suggests 
oxidising conditions. In this study, the clay sam-
ples have a range of 0.49–7.36 Cu/Zn ratios (Ta-
ble 5); this indicates more oxidising conditions. 
The U/Th ratio may be used as a redox indica-
tor, with this ratio being higher in organic-rich 
mudstones [3]. The U/Th ratio below 1.25 
suggests oxic deposition conditions, whereas 
values above 1.25 suggest suboxic and anoxic 
conditions [4]. In this study, the clay samples’ 
U/Th ratio had a range of 0.06–0.32, indicating 

that they were deposited in an oxidising envi-
ronment.
Jones and Manning [3] also suggested that 
Ni/Co ratios below 5 indicate oxic environ-
ments, whereas ratios above 5 indicate suboxic 
and anoxic environments. Thus, the low Ni/Co 
(1.00–3.00) ratio for the clay samples indicates 
that they were deposited in well-oxidising con-
ditions.
In addition, Ernst [44], Bjorlykke [45] and Dill 
et al. [46] used V/Cr ratio as an index of pa-
leo-oxygenation in various studies. Bjorlykke 
[45] observed that Cr is mainly incorporated 
in the detrital fraction of sediment and so may 
substitute for Al in the clay structure, whereas 
Shaw et al. [47] noted that V is generally found 
in sediments deposited in reducing environ-
ments. According to Jones and Manning [3], ra-
tios above 2 indicate anoxic conditions, while 
ratios below 2 suggest oxidising conditions. In 
the present study, the V/Cr ratios were in the 
range of 0.20–1.75, which indicates that the 
claystones were deposited in an oxidising en-
vironment.

Tectonic setting
Bhatia and Crook [48] identified La, Th, Zr, Nb, Y, 
Sc, Co and Ti as being the most useful elements 
in discriminating different tectonic settings. 
Four distinct environments, oceanic island 

Table 5: Elemental ratios for some of the claystones in the study area.

Th/Sc La/Sc Y/Ni La/Th Cr/V V/Cr Ni/Co Cu/Zn Zr\10 U/Th

S1 2.86 4.99 2.78 1.74 0.73 1.36 2.00 3.59 120.0 0.20

S3b 7.59 1.33 3.70 1.36 2.38 0.42 1.00 1.69 186.0 0.06

S3c 4.91 8.50 2.25 1.73 1.21 0.82 1.20 2.12 71.1 0.21

S4a 2.56 6.10 3.90 2.40 2.44 0.41 1.75 3.78 135.7 0.27

S5a 3.08 4.45 2.61 1.45 1.21 0.82 3.00 7.36 88.2 0.24

S5c 5.68 8.66 4.25 1.53 0.57 1.75 2.00 3.11 312.0 0.10

S6a 2.42 3.53 0.81 1.46 4.92 0.20 2.50 7.34 31.3 0.15

S6b 5.29 9.21 2.60 1.74 1.09 0.92 1.44 0.49 71.8 0.13

S7a 1.06 3.41 1.45 3.23 0.89 1.12 1.38 0.73 28.4 0.32

S7b 1.51 3.10 1.56 2.06 1.15 0.89 1.44 1.22 24.5 0.26

Average 3.69 6.22 2.59 1.87 1.65 0.87 1.79 3.14 106.9 0.19
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arc, continental island arc, active continental 
margin and passive margin, are recognised on 
La–Th–Sc and Th–Sc–Zr/10 trivariate plots. Us-
ing the Th–Sc–Zr/10 greywackes discriminant 
diagram of Bhatia and Crook [48], the tectonic 
setting for this study was adduced to be passive 
margin type as the claystone samples’ plot was 
within the region specified for passive mar-
gin-type tectonic setting (Figure 6).
Passive–massive-type sandstone is general-
ly enriched in SiO2 and depleted in Na2O, TiO2 
and CaO, suggesting their highly recycled and 
mature nature according to Bhatia [10]. The 
analysis of the major elements of the studied 
claystone samples revealed that they were also 
enriched in SiO2 and depleted in Na2O, TiO2 and 
CaO (Table 3).

Conclusions

Mineralogical and geochemical analyses of the 
claystone samples were used to deduce com-
positional attributes, provenance, tectonic set-
ting and paleo-oxygenation condition. Major 
element abundance showed that the claystone 
samples have average composition of SiO2 
(61.00%), Al2O3 (23.57%), Fe2O3 (1.77%) and 
TiO2 (1.71%), constituting about 98% of the 
bulk chemical composition.
Mineralogical composition of the claystone 
sample-based Rietveld refinement plots re-
vealed the dominant clay mineral as kaolinite 

with minor constituents as illite–muscovite and 
gorceixite. The non-clay minerals had quartz 
predominating with minor constituents as 
K-feldspar, pyrite, marcasite, anatase and rutile.
The provenance indicated intermediate to fel-
sic igneous rocks as the probable source rocks 
for the claystone samples. Paleo-oxygenation 
studies using geochemical parameters such as 
U, Cu/Zn, U/Th, Ni/Co and V/Cr ratios suggest-
ed that these claystones were deposited in an 
oxidising environment.
The tectonic setting was inferred using the 
Th–Sc–Zr/10 greywackes discrimination di-
agram [48], which distinguished the tectonic 
setting as passive margin type.
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