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Abstract

This study investigates claystone samples from the northern Bida Basin, northcentral Nigeria, using sedimentological analysis, bulk geochemical
techniques (X-ray fluorescence and inductively coupled plasma mass spectrometry), and statistical methods. The research aims to assess the
resource potential of the claystone by analyzing mineralogical compositions, weathering indices, and reconstructing depositional environments
with emphasis on economic implications. Sedimentological studies identified two sub-facies; the laminated and massive claystones that ranges in
color from white, stained-white, and brown to grey, interpreted as suspension-settled deposits of flocculated clay-sized particles within overbank
fines of a floodplain. Geochemical analysis of 10 samples from five locations revealed significant SiO, (47.58-78.58%), Al,O3 (12.17-34.35%),
and Fe,0; (0.63-7.11%) contents. Comparison with published values suggests suitability for ceramics and paint production, especially after
wet-sieving. Statistical visualization highlighted SiO, and Al,O; as dominant oxides. Factor analysis grouped the geochemical data into: (i)
F1-F2 (eigenvalues > 1.0), indicating major influence of SiO, and Al,O;; and (ii) F3-F5 (eigenvalues < 1.0), showing minor contributions. Ratios
like Ni/Co (1.14-4.00), Cu/Zn (0.42-4.35), U/Th (0.11-0.87), V/Cr (0.04-2.15), and V/(V+Ni) (0.73-0.95) indicate oxic paleodepositional
conditions. Provenance indicators such as Al,03/TiO, (6.77-20.84), Th/Sc (0.60-4.26), La/Sc (1.59-12.66), and chondrite-normalized REE
patterns suggest a source from acidic/silicic igneous rocks. High CIA (88.94-99.49), CIW (96.72-99.94), and PIA (80.40-99.03) values indicate
intense weathering in the source area, reflecting non-in-situ clay types. In conclusion, the northern Bida Basin claystones show strong potential
as raw materials for ceramics, paint, and brick-making industries.
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1. Introduction studied for their geological significance and diverse industrial
applications, including ceramics, pottery, brick manufacturing,

Clay, primarily found near the Earth’s surface, consists of  ¢onstruction materials, and environmental engineering. Ekosse
finer-grained clay minerals mixed with quartz, carbonates, and [3] explained that clay forms through primary processes, such
metal oxides [1, 2]. These materials have been extensively a5 hydrothermal activity and residual weathering, or secondary
processes involving erosion, transport, and deposition in envi-
ronments like lacustrine, deltaic, and lagoonal settings. Clay
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is vital across various fields, including economics, agriculture,
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civil engineering, health, and environmental studies [4]. The
location of this study is within the northern Bida Basin in the
northcentral Nigeria. The Bida basin is a northwest-southeast
trending structure with a sediment thickness of approximately
3.5 km [5]. It is bounded by the Sokoto Basin to the northwest
and the Benue Trough to the southeast (Figure 1). The basin
hosts significant claystones with potential applications as in-
dustrial raw materials, however, their suitability for various in-
dustries remains underexplored. Investigating sedimentological
characteristics and weathering signatures of these claystones is
essential for their economic utilization, particularly in the pro-
duction of tiles, bricks, ceramics, and as raw materials in the
paints, paper, chemical, and construction industries.

Early geological investigations of the Bida Basin were doc-
umented by Falconer [6] and Jones [7], while subsequent stud-
ies by Adeleye [8], Olaniyan and Olabaniyi [9], and Olugbe-
miro and Nwajide [10] described fluvial environments for its
sandstones and conglomerates. Petrographic analysis by Ojo
[11] classified the Bida Formation sandstones as mineralogi-
cally immature subarkosic facies and interpreted the claystones
as non-marine floodplain deposits. Ojo and Akande [12] iden-
tified transgressive to shallow marine sedimentation, occasion-
ally incised by fluvial channels, within the Maastrichtian Enagi
Formation. Recent studies by Adepoju et al. [13, 14] em-
ployed petrographic and geochemical approaches to better un-
derstand the basin’s origin, concluding that the siliciclastic sed-
iments were sourced from stable continental interiors and de-
posited in an intracratonic setting. Adepoju and Ojo [15] also
evaluated the physico-chemical and mineralogical properties of
geophagic clays from the northern Bida Basin, finding them
suitable for ingestion, with recommended beneficiation to im-
prove quality. Ghafoor et al. [16] emphasized the importance
of understanding how weathering influences the geochemical
properties of claystones to enhance their industrial effective-
ness. This study therefore addresses this gap by examining
claystone deposits from five selected locations, focusing on
the impact of weathering on their sedimentological and chemi-
cal properties and evaluating their industrial applications. The
objectives are; to (i) analyze the sedimentary processes influ-
encing elemental distribution during claystone deposition using
statistical methods, (ii) determine the paleoenvironmental and
depositional conditions of claystone formation through geo-
chemical data, and (iii) compare the claystones’ geochemical
properties with published data to assess their industrial via-
bility. This research supports Nigeria’s economic diversifica-
tion goals by promoting sustainable utilization of claystone re-
sources for industrial development.

2. Geological settings of the Bida Basin

On the structural evolution and features, Braide [17] and
Whiteman [18] suggested that the Basin was originated with
the opening of the Gulf of Guinea during the tectonic evolu-
tion of the Benue Trough which began in the late Jurassic to
early Cretaceous. Ojo and Ajakaiye [19] employed landsat im-
ageries, borehole logs, with the geophysical data, and submit-
ted that the basin is bounded by linear faults system trending

northwestern-southeastern (NW-SE). Also, an updated gravity
studies of Ojo [20] point to a series of central positive anoma-
lies flanked by negative anomalies, similar to the adjacent Be-
nue trough and typical of rift structures. Adeniyi [21], through
ground and aeromagnetic studies had outlined the basin config-
uration as a wrench movement associated with transform fault
systems that was resulted in the creation of the basins within
and along the entire Benue Trough, and also the adjacent areas
such as the Bida basin. Udensi and Osazuwa [22] has also sug-
gested an estimate of 4,700 m as the maximum thickness of the
sedimentary successions in the central traverse based on gravity
and magnetic surveys.

The stratigraphy and sedimentation of the Campanian-
Maastrichtian successions in the Bida Basin have been docu-
mented by several workers (e.g. [7, 9, 23]. For example, Adel-
eye [23] differentiated Bida Basin geographically into two-folds
based on the recognizable and mappable stratigraphic units as
the northern Bida sub-Basin, and the southern Bida sub-Basin
(Figure 2). In the northern part, the basal Bida Formation (com-
prising the Doko and Jima members) have Lokoja Formation
as its lateral equivalent in the southern part [24]. This forma-
tion consists mainly of very poorly sorted pebbly arkose, sub-
arkose and quartzose sandstones), and thought to have been de-
posited in a braided alluvial fan setting based on the submission,
while the latter is dominated by cross-stratified quartzose sand-
stones, siltstones and claystones. Adeleye and Dessauvagie
[25] used evidence of leaf impression to assign late Cretaceous
age (Campanian—Maastrichtian) for the Bida Formation. The
overlying Sakpe Formation on the Bida Formation, comprises
mainly of oolitic and pisolitic ironstones with sandy-claystones
found locally at the base, and then followed by dominantly
oolitic ironstone which exhibits rapid facies changes across the
basin [24]. The Enagi Formation overlies the Sakpe Forma-
tion, and it was described by Adeleye [25] to be comprises
of siltstone with subordinate amounts of sandstones, siltstone-
sandstone admixtures and claystone which correlates with the
Patti Formation in the southern Bida sub-Basin. Other lithofa-
cies that can also be found include sandstone-siltstone interca-
lation and claystone. Maastrichtian age is assigned by Adel-
eye [25] because of its stratigraphic position between the Sakpe
ironstone and Batati ironstone. The Batati Formation is the
youngest Cretaceous unit in the northern part of the Basin, and
it is laterally correlated with the Agbaja Formation in the south-
ern Bida Basin. It consists of argillaceous, oolitic and goethitic
ironstones with ferruginous claystone and siltstone intercala-
tions and shaly beds occurring in minor proportions, some of
which have yielded nearshore shallow marine to fresh water
fauna [25].

3. Methodology

The fieldwork was conducted at five locations (Share-SHA;
Tshonga-TSH; Kutigi-KUT; Shegba-SHE; and Doko-DOK)
within the northern Bida Basin, where lithological descriptions
of vertical profiles were created (Figures 3a and 3b). The study
area was mapped using equipment such as topographic maps,
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Figure 1. Geological map of Nigeria showing the position of northern Bida Basin, as the area covered for this study.

GPS, clinometer compass, geologic hammer, chisel, measur-
ing tape, digital camera, field notes, hand lens, marker, and
sample bags. At each location, the lithological sections were
analyzed by measuring bed thickness and identifying textures,
colors, and sample distribution. Photographs of outcrops and
notable structures were taken for reference.

Ten (10) representative claystone samples (SHA-1 & SHA-
1; TSH-1 & TSH-2; KUT-1 & KUT-2, SHE-1 & SHE-2, and
DOK-1 & DOK-2) were selected for geochemical analysis at
MS Analytical, Canada (Figure 4). A 50-100 g portion of
each sample was crushed and pulverized using a mortar and
agate tool. Major oxides were analyzed via X-ray fluores-
cence (XRF), while trace and rare earth elements were analyzed
through total digestion (fusion followed by HF+HNO; diges-
tion) using Laser Ablation Multicollector Inductively Coupled
Plasma Mass Spectrometry (LAM-MC-ICPMS). The resulting

geochemical data were further processed with multivariate sta-
tistical methods, including Factor Analysis and Principal Com-
ponent Analysis, using SPSS software, to gain insights into the
environmental factors influencing the sedimentary packages.

4. Field result and dataset presentations

4.1. Lithological description and field data interpretations

The studied claystones were described and classified into
facies using standard Miall [26] classification scheme as fol-
lows: (i) finely laminated claystone (Fl) and (ii) massive clay-
stone (Fm). These sub-facies exhibit color variations from
whitish, brownish, to greyish, with thicknesses ranging from
2.0 to 10.0 m. They are arranged in distinct cycles and exhibit
sharp, planar boundaries within each bed unit (Figures 3a and
b). Both Fl and Fm sub-facies show evidence of deposition
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Figure 2. General stratigraphic framework of the Bida Basin (Modified after Akande et al. [29]).

from suspension settling of silt- and clay-sized particles, and
they were likely flocculated in overbank and floodplain envi-
ronments. As noted by Rhee er al. [27], preserved lithological
successions observed within the study area are interpreted as
overbank deposits, with evidence of extensive sheet-like splays
formed during large flood events.

4.2. Geochemical datasets

The bulk geochemical datasets, including major oxides,
variables, as well as trace and rare earth elements, analyzed
from selected studied samples are comprehensively presented
in Tables 1 to 3. These tables offer a detailed overview of
the composition and characteristics of the studied samples, en-
abling further analysis and interpretation of the geochemical
processes involved. The values of the major oxides (SiO;;
Al,O3; Fe,03; CaO; MgO; Na,0; and K,O) are critical for un-
derstanding the fundamental chemical composition of the sam-
ples. The calculated weathering indices (WI), which reflect the

degree of chemical alteration that has occurred in the claystones
are also provided. These indices are critical in evaluating the
extent to which the parent material has been weathered or mod-
ified by external factors. The inclusion of WI allows for a more
comprehensive assessment of the geochemical evolution of the
samples and their suitability for specific applications.

Further, the trace elements, especially those that play im-
portant roles in geological processes, are detailed in the Table 2.
These elements offer valuable information on the geochemical
history of the studied claystone samples. Their concentrations
can be used to trace specific geological events, such as the for-
mation of certain types of minerals or the influence of particular
geochemical environments. The rare earth elements (REEs) are
also presented in Table 3. The distribution and concentration
of these elements in the analyzed samples provide further in-
sight into the geological processes that led to their enrichment
or depletion.
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Figure 3. (a) Lithological log of exposed section at Share (SHA) with arrow showing the position of sample collection (Longitude: 004°58 26.9"E;
Latitude: 08°49'30.3"N) (b) Lithological log of exposed section at Tshonga (TSH); with arrow showing the position of sample collection (Longi-
tude: 005°08'50.1"E; Latitude: 09°01'27.4"N).

(b)

Figure 4. Field photograph showing; (a) grey massive claystone (Fm) sub-facies from exposed section at Tsonga, and (b) whitish laminated
claystone (F1) sub-facies exposed at Kutigi, Share, Tshonga, Shegba and Doko.

Chemical Index of Alteration (CIA) =
ALO3/(A10s + Ca0 + NaxO + K20) x 100 Chemical Tndex of Weathering (CIW) =
(After Nesbitt and Young 1982). (1) ALO3y(ALO; + Ca0 + Nay0) x 100
(After Harnois, 1988). (2)



Adepoju et al. / J. Nig. Soc. Phys. Sci. 7 (2025) 2041 6

Table 1. Major oxides compositions of the studied samples.

Sample Si02 A1203 F6203 CaO MgO NazO KQO MnO Ti02 P205

Code

DOK-1 78.58 12.17 1.98 0.25 0.18 0.16 0.94 0.01 0.72 0.02

DOK-2 47.58 32.92 2.17 0.01 0.04 0.01 0.15 0.01 1.58 0.06

KUT-1 48.14 34.35 1.85 0.05 0.08 0.01 0.57 0.01 1.95 0.04

KUT-2 64.65 22.65 1.34 0.09  0.06 0.01 0.36  0.01 1.67 0.05

SHE-1 57.98 18.70 7.11 0.30  0.66 0.23 1.74  0.08 0.97 0.03

SHE-2 59.80 18.33 6.98 0.30 0.64 0.22 1.76  0.06 0.96 0.03

SHR-1 54.85 30.34 0.78 0.02 0.07 0.01 0.52 0.01 1.74 0.07

SHR-2 51.94 32.46 0.63 0.02  0.06 0.01 0.37 0.01 1.84 0.06

TSH-1 76.94 12.46 1.63 0.03  0.06 0.01 0.37  0.01 1.84 0.06

TSH-2 54.85 30.34 3.78 0.12  0.07 0.01 0.52 0.01 1.74 0.07

PAAS 62.80 18.90 4.52 1.30  2.20 1.20 370  0.11 1.00 0.16

UCC 66.60 14.40 4.04 3.59 248 3.27 2.80 0.10 0.64 0.15

Table 2. Major oxides variables, and Weathering Indices (WI) values of the studied samples.

Sample A1203/ Fe203+ K20+ SIOZ/ A]203/ KzO/ CIA CIwW PIA
Code S102 MgO NagO A1203 TlOz A1203
DOK-1 0.69 2.21 0.16 1.45 20.84 0.00 99.49 99.94 99.03
DOK-2 0.15 2.16 1.10 6.46 16.86 0.08 90.01 96.72 83.07
KUT-1 0.71 1.93 0.58 1.40 17.62 0.02 98.20 99.83 96.57
KUT-2 0.35 1.40 0.37 2.85 13.56 0.02 98.01 99.56 96.45
SHE-1 0.32 7.77 1.97 3.10 19.34 0.09 89.18 97.24 80.88
SHE-2 0.31 7.62 1.98 3.26 19.05 0.10 88.94 97.24 80.40
SHR-1 0.55 0.85 0.53 1.81 17.44 0.02 98.22 99.90 96.54
SHR-2 0.62 0.69 0.38 1.60 17.64 0.01 98.78 99.91 97.66
TSH-1 0.16 1.69 0.38 6.17 6.77 0.03 96.81 99.68 93.94
TSH-2 0.55 3.85 0.53 1.81 17.44 0.02 97.90 99.57 96.22
PAAS 0.30 6.72 4.90 3.32 18.90 0.20 75.30 88.32 60.56
ucCcC 0.22 6.52 6.07 4.63 22.50 0.19 59.85 67.73 48.21

Plagioclase Index of Alteration (PIA) =
(A1203 - KzO)/(Aleg, + CaO + Na20 - KzO) x 100

(after Fedo et al., 1995). (3)

4.3. Statistical analysis (Factor analysis and principal compo-
nent analysis)

The raw geochemical datasets of the analyzed samples were
primarily subjected to Principal Component Analysis (PCA) to
identify elemental associations and explain the variance within
the data sets. Several previous studies (e.g. Reimann et al. [28],
Pearce et al. [29], Svendsen et al. [30], Pe-Piper et al. [31],
and Filzmoser et al. [32]) have emphasized the effectiveness of
multidimensional data analysis, including PCA, in determining
element associations and uncovering hidden patterns. PCA is a
widely used multivariate statistical method, particularly suited
for geochemical data analysis, as it identifies underlying fac-
tors that explain correlations among variables and reduces data
dimensionality while retaining key variations.

The major oxide composition PCA Eigen plot for the stud-
ied claystone reveals similarities in compositions (Figure 5).

6

Though, two major elemental associations (F1-F2) were identi-
fied as significant in relation to geological processes. The Scree
plot which corroborates above deductions on the relationship
between the Eigenvalue and cumulative variability, is also pre-
sented in Figure 5. Detail explanation on the relations among
the factors are presented below.

Factors F1-F2: Factor 1 (F1) explained 71.985% of the to-
tal variance (Table 4), with a high loading of 7.199 (greater
than 0.75), indicating significant contributions from multiple
geological processes, with weathering being the dominant fac-
tor. Factor 2 (F2) also showed high loadings (1.875 eigenvalue,
>0.75) and explained a cumulative variance of 90.734% (Table
4), reinforcing the dominance of the weathering process. The
major oxides linked to weathering, as identified by F1 and F2,
include SiO; and Al,Os.

Factors F3-F9: Factors F3 through F9, with eigenvalues be-
low 0.75 (ranging from 0.521 to 0.002), indicate minimal con-
tributions from other major oxides (Fe,O3, CaO, MgO, Na,0,
K5,0, MnO, TiO,, and P,0s) during sediment formation.
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Table 3. Trace element compositions (ppm) and ratios of the studied samples.
Sample DOK-1 DOK-2 KUT-1 KUT-2 SHE-1 SHE-2 SHR-1 SHR-2 TSH-1 TSH-2
Code

Cu 11.90 10.34 2.76 3.30 30.00 30.00 1.22 0.87 0.87 1.22
Zn 12.00 24.89 2.50 2.30 60.00 60.00 1.00 0.20 0.20 1.00
Ni 7.50 6.62 1.60 2.30 30.00 30.00 0.30 0.40 0.40 0.30
Co 6.60 4.87 0.60 0.70 16.00 14.00 0.10 0.10 0.10 0.10
U 9.06 2.11 1.91 2.28 5.70 5.60 1.00 0.90 0.90 1.00
Th 39.32 2.44 9.70 20.00 17.60 18.60 1.80 2.10 2.10 1.80
Sr 38.60 21.04 3.20 4.70 71.00 75.00 3.00 1.60 1.60 3.00
v 135.00 17.61 30.00 23.00 116.00 111.00 5.00 5.00 5.00 5.00
Cr 188.00 460.70 22.00 10.70 90.00 120.00 5.30 6.60 66.00 53.00
Ba 121.50 199.70 11.80 12.20 479.00 451.00 8.00 7.40 7.40 8.00
Sc 15.20 3.24 3.50 4.70 15.00 15.00 3.00 2.80 2.80 3.00
Rb 7.20 16.11 1.90 1.20 107.00 108.00 0.80 0.20 0.20 0.80
Zr 115.00 121.80 5.40 8.60 459.00 485.00 3.20 4.50 4.50 3.20
La 162.00 5.15 44.30 16.60 62.40 62.60 19.80 20.40 20.40 19.80
Ni/Co 1.14 1.36 2.67 3.29 1.88 2.14 3.00 4.00 4.00 3.00
Cu/Zn 0.99 0.42 1.10 1.43 0.50 0.50 1.22 4.35 4.35 1.22
U/Th 0.23 0.87 0.20 0.11 0.32 0.30 0.56 0.43 0.43 0.56
V/Cr 0.72 0.04 1.36 2.15 1.29 0.93 0.94 0.76 0.08 0.09
V/(V+Ni) 095 0.73 0.95 0.91 0.79 0.79 0.94 0.93 0.93 0.94
Rb/Sr 0.19 0.77 0.59 0.26 1.51 1.44 0.27 0.13 0.13 0.27
St/Ba 0.32 0.11 0.27 0.39 0.15 0.17 0.38 0.22 0.22 0.38
Sr/Cu 3.24 2.03 1.16 1.42 2.37 2.50 2.46 1.84 1.84 2.46
La/Sc 10.66 1.59 12.66 3.53 4.16 4.17 6.60 7.29 7.29 6.60

Table 4. Rare Earth Element compositions of the studied samples.

Sample Code DOK-1 DOK-2 KUT-1 KUT-2 SHE-1 SHE-2 SHR-1 SHR-2 TSH-1 TSH-2

La 162.00 5.15 44.30 16.60 62.40 62.60 19.80 20.40 20.40 19.80
Ce 200.90 13.37 78.70 21.70 131.00 115.00 27.30 27.90 27.90 27.30
Pr 23.97 1.78 8.07 2.82 12.90 13.00 6.60 6.65 6.65 6.60
Nd 77.40 7.41 33.39 10.26 46.70  48.40 26.98 26.66 26.66 26.98
Sm 10.45 1.69 5.10 1.21 9.00 9.20 545 4.83 4.83 5.45
Eu 1.83 0.42 0.91 0.30 1.62 1.75 1.13 1.01 1.01 1.13
Gd 9.30 1.70 3.55 1.13 6.90 7.40 4.86 4.74 4.74 4.86
Tb 1.33 0.28 0.41 0.12 1.10 1.10 0.88 0.69 0.69 0.88
Dy 7.14 1.62 2.45 0.86 6.60 6.70 3.53 3.16 3.16 3.53
Ho 1.64 0.33 0.41 0.12 1.13 1.30 0.70 0.57 0.57 0.70
Er 4.58 0.90 1.17 0.36 3.80 4.00 1.70 1.52 1.52 1.70
Tm 0.60 0.08 0.15 0.04 0.58 0.59 0.23 0.19 0.19 0.23
Yb 3.75 0.93 0.99 0.31 3.50 3.90 1.26 1.06 1.06 1.26
Lu 0.55 0.13 0.12 0.03 0.54 0.57 0.17 0.14 0.25 0.25
Total REE 505.44 35.78 179.72  55.86 287.77 27551 100.59  99.52 99.63 100.67
YLREE 474.72 29.40 169.56  52.59 262.00 248.20 86.13 86.44 86.44 86.13
> HREE 28.89 5.97 9.25 297 24.15 25.56 13.33 12.07 12.18 13.41
> LREE/Y>HREE 16.43 4.93 18.33 17.71 10.85 9.71 6.46 7.16 7.10 6.42
Eu/Eu* 0.57 0.75 0.65 0.78 0.63 0.65 0.67 0.65 0.65 0.67
La/Lu 30.60 4.00 38.31 57.58 12.00 11.41 12.10 15.13 8.48 8.23
La/Yb 29.13 3.73 30.15 36.18 12.02 10.82 10.59 12.98 12.98 10.59

5. Discussions

5.1. Paleodepositional conditions and provenance
In provenance studies, elemental distribution in clastic sed-
imentary rocks, including claystone, is primarily controlled by
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Figure 5. Field photograph showing; (a) Eigenvector plots from the Principal Component Analysis showing SiO, and Al,O; as the major con-
tributors during geological process (b) Scree plot of major oxides showing F1-F2 as significant contributions whereas F3-F9 have minimal

contributions.
Table 5. Factor loading and corresponding Principal Component Analysis values of Major oxides.
Factor Loadings F1 F2 F3 F4 F5 F6 F7 F8 F9
Eigenvalue 7.199 1.875 0.521 0.199 0.112 0.067 0.021 0.004 0.002
Variability (%) 71985 18.749 5.214 1.994 1.125 0.670 0.205 0.040 0.018
Cumulative % 71.985 90.734 95948 97942 99.067 99.737 99.942 99982  100.000

Table 6. Range of trace elemental ratios for the studied sediments compare with the ratios in similar fractions derived from '?Felsic and Mafic rocks [44], ’PAAS

[45] and *UCC [45].

Element Average values in Published range of values for sediments
Ratio Studied Sediments

1 2 3 4
Th/Sc 0.60-4.26 0.84-20.50 0.05-0.22 0.90 0.79
Th/Co 0.50-28.57 0.67-19.40 0.04-1.40 0.63 0.63
Th/Cr 0.01-1.87 0.13-2.70 0.018-0.046  0.13 0.13
La/Sc 1.59-12.66 2.50-1630 0.43-0.86 2.40 2.21

geological processes [33], and their geochemical signatures
provide valuable insights into the influence of provenance on
the depositional system. Several plots from the major oxides to
trace with rare earth elements and their ratios, have been widely
used to unravel provenance and paleotectonic settings in vari-
ous geological contexts (e.g., Bhatia [34], Roser and Korsch
[35], Kroonenberg [36], Condie [37], Bracciali et al. [38]).
Also, some sensitive trace elements (e.g., U, Th, Cu, Zn, Ni,
Co, V, and Cr) and their ratios are commonly used geochemi-
cal indicators to better understand the paleoredox conditions of
sediments during deposition [39]. For example, Nath et al. [40]
suggested that U/Th ratio less than 0.75 indicates oxic condi-
tions, values between 0.75 and 1.25 suggest dyoxic conditions,
and ratios greater than 1.25 reflect suboxic to anoxic conditions.
Jones and Manning [41] proposed that Ni/Co values below 5.0

represent oxic conditions, values between 5.0 and 7.0 indicate
dyoxic conditions, and values above 7.0 are associated with
anoxic conditions. Additionally, Deng and Qian [42] found
that low Cu/Zn and V/Cr values correspond to oxic conditions,
while higher values are indicative of anoxic conditions. Wang
[43] further identified that a V/(V+Ni) ratio above 0.84 signals
euxinic conditions, values between 0.54 and 0.84 correspond to
anoxic conditions, and ratios below 0.46 reflect oxic or dyoxic
conditions. In this study, paleodepositional indicators such as
Ni/Co (1.14-4.00), Cu/Zn (0.42-4.35), U/Th (0.11-0.87), V/Cr
(0.04-2.15), and V/(V+Ni) (0.73-0.95) all indicate oxic pale-
odepositional conditions for the studied sediments.

In this study, the average values of some provenance indi-
cators in the studied samples (Tables 1-3), such as Al,O3/TiO,
(6.77-20.84), Th/Sc (0.60-4.26), Th/Cr (0.01-1.87), La/Sc
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Table 7. Comparison of average values of major oxide composition in the studied claystone with other published data.

Oxides (%)  Present Study 1 2 3 4
SiO; 59.53 45.90-48.50 51.70 67.50 68.48
Al O3 24.47 33.50-36.10 25.44 26.50 14.94
Fe, 05 2.83 0.30-0.60 0.5-1.20 0.5-1.20 8.96
MnO 0.01 0.00 ND 0.30 0.00
MgO 0.19 0.00 0.2-0.70 0.10-0.19 1.14
CaO 0.12 0.0-0.50 0.1-0.20 0.18-0.30 1.62
Na,0 0.07 0.0-1.6 0.8-3.50 0.20-1.50 0.03
K,0 0.73 0.0-1.6 0.00 0.20-1.50 2.05
TiO, 0.75 0.0-1.70 1.0-2.80 0.10-1.0 0.00
P,0s5 0.05 0.00 0.00 0.00 0.00
LOI 9.45 0.00 0.00 0.00 0.00

NB: (1) Paper [52], (2) Refractory Bricks [53], (3) Ceramics [54], and (4) Refractory bricks

and Ceramics [54].

(1.59-12.66), Eu/Eu* (0.57-0.78), and (La/Lu)cy (4.00-57.58),
are similar to the Post-Archean Australian Shale [44] and Upper
Continental Crust [45], therefore, suggesting an igneous rock
source (Table 5). Also, the bivariate plot of Th/Co versus La/Sc
(Figure 6a) after Cullers [44], and ternary plots of La-Th-Sc and

V-Ni-Th*10 (Figures 6b & c) after Bracciali et al. [38], point to
a felsic source rock. In addition, the Th/Sc versus Sc plot (Fig-
ure 6d) after Condie and Wronkiewicz [46], and ternary plots
of Si0,/10-(Ca0+MgO)-(Na,0+K,0) (Figure 6e) after Taylor
and McLennan [45], indicate granitic rocks as a potential prove-
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Passive Margin.

nance for the claystone samples. The chondrite-normalized
REE pattern in Figure 6f show an overall enrichment of light
rare earth elements (LREE) and depletion of heavy rare earth
elements (HREE), further supporting an igneous source. For
paleotectonic settings, the bivariate plots (Figures 7a-c,) includ-
ing SiO,/Al,03 versus K,O/Na, O, and log(K,0O/Na;0) versus
Si0, after Roser and Korsch [46], and La-Th-Sc after Bhatia
and Crook [47], offer additional insights.

10

5.2. Weathering Indices and their relevance to sourcing indus-
trial raw materials

Weathering indices (WI) are crucial tools in the mining and
materials sourcing industries, providing insights into the com-
position and quality of raw materials. Therefore, application
of key weathering indices (WI) in assessing the degree of al-
teration of claystone samples are vital in sourcing for industrial
raw materials. These indices namely; the Chemical Index of Al-
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weathering; (b & ¢) Discriminant ternary A-CN-K {Al,05-(Na,0+Ca0)-K,0} and A-CNK-FM {Al,03-(CaO+Na,0+K,0)-Fe,0;+MgO} plots
after [56] showing weathering trends for the studied claystone compared with some typical source rocks.

teration (CIA), the Chemical Index of Weathering (CIW), and
the Plagioclase Index of Alteration (PIA) described in previ-
ous studies by authors [48], [49], and [50], and other standard
bivariate and ternary plots serve as fundamental tools for inter-
preting the chemical changes that occur in rocks due to weath-
ering processes. Generally, these indices can complement each
other in assessing material suitability for industrial applications
and geochemical exploration, particularly in locating weathered
rocks with valuable minerals.

Geochemical analysis of the studied samples revealed
higher composition of SiO, and Al,Oj;, but depletion in CaO
and TiO, (Table la, Figure 5a), thereby, indicating intense
chemical weathering in the source area. The calculated pa-
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leoweathering indices, including CIA (88.94-99.49%), CIW
(96.72-99.94%), and PIA (80.40-99.03%), are consistently high
(Table 1b), suggesting highly weathered claystone with poten-
tial use as raw materials in related industry. Comparison of geo-
chemical compositions of the claystones in this study with other
published data reveal Silica (SiO,) content above 46.5% which
typically indicates presence of free quartz [51], which enhances
ceramic properties. The geochemical data also aligns with stan-
dard data for paper [52], refractory bricks [53], and ceramics
[54], suggesting its suitability for these applications (Table 6).
While higher iron oxide (Fe,O3) content could be a limitation, it
may be mitigated through beneficiation, allowing for potential
use. The bivariate plots of SiO, versus (Al,03+Na,0+K,0)
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[55] and the A-CN-K with A-CNK-FM ternary diagrams [56]
further confirm this trend, showing a marked increase in weath-
ering (Figures 8a, b, & c), which points to intense weathering
during formation. These findings confirm that the studied clay-
stone is of secondary origin, and its enrichment in kaolinite, has
applications in ceramics, construction, and waste management,
therefore, balancing economic interests with environmental re-
sponsibility is vital for sustainable resource extraction.

6. Conclusions

A field-based study and sedimentological analysis of the
claystone in the northern Bida Basin revealed massive and lam-
inated claystone sub-facies, with colors ranging from white,
stained-white, brown, to grey. These claystones are believed
to have been deposited from suspension settling in an over-
bank fines architectural element within floodplain environ-
ments. Principal Component Analysis identified two major
oxides as primary contributors to the Basin, sourced mainly
from weathering of surrounding Basement rocks. Geochemi-
cal proxies and plots suggested that the claystones originated
from igneous source rocks and were deposited under oxic con-
ditions. Higher paleoweathering index values (CIA, CIW, and
PIA), along with A-CN-K and A-CNK-FM ternary plots, indi-
cated intense weathering, resulting in kaolinitic secondary clay
types. These claystones are suitable as raw materials for the
ceramic, paint, and chemical industries.

Data availability

Data used in this study are available upon request from the
corresponding author.
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