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Abstract

Agbaja Plateau is one of the mesas that dotted the topography of north centrally located Bida Basin. Seventeen shale samples from the exposed
Maastrichtian Patti Formation at Agbaja Plateau were analyzed using x-ray fluorescence (XRF) and inductive coupled plasma mass spectropho-
tometry (ICPMS) with the aim of unroofing the provenance, weathering and paleotectonic history of the basin. The provenance-sensitive elemental
ratios; Al,O3/TiO, , Cr/Ni, Th/Cr, La/Sc, Th/Sc and Th/Co and the binary diagrams of Al,O5 vs TiO,, TiO, vs Zr, reveal that the shales originated
from felsic source rock. The Light rare earth elements (LREE) enrichment, Flat heavy rare earth elements (HREE) model, a negative Eu anomaly
and positive Ce anomalies, and La/Yb-REE bivariate diagram also reveal sediments derivation predominantly from felsic protolith. The plots of
Si0, versus K,O/Na,Oand Ti/Zr versus La/Sc, and Ti/Zr—La/Sc, Th-Sc-Zr/10, Th—Co-Zr/10, and La-Th-Sc discrimination diagrams show that the
shales plotted in the passive margin. The Zr/Sc and Th/Sc ratios and low ICV values show first cycle recycling with heavy mineral enrichment.
LREE, with flat HREE distributions, as well as the normalized Gd/Yb and La/Yb enrichment indicate similarity with the post-Archean Australian
Average Shales (PAAS). The high values of chemical index of weathering, chemical index of alteration and Plagioclase Index of Alteration indi-
cate that the protolith experienced strong chemical weathering. In conclusion, the study suggest that the investigated shales were derived mainly
from felsic source rocks and deposited in passive margin setting similar to the adjacent sedimentary basins in Nigeria and west Africa.
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1. Introduction This paper focusses on the shale samples exposed at the Ag-
baja Plateau in the southern arm of the Bida Basin (Figure 1),

The Nigerian government’s renewed focus on increasing  central Nigeria. The Bida Basin was linked to Anambra Basin
petroleum reserves by exploring inland basins, including the by the Trans-Saharan Seaway and their propagating line con-
Bida Basin, motivated this study. this present investigation. tinued westward all the way to the Atlantic Ocean [1]. Several
researchers have contributed to the unravelling of the geologi-
cal dynamics that controlled and shaped the sedimentation style
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Rifts (WCARS) basins using paleoweathering, paleoclimatic,
paleosalinity, paleoredox and paleoenvironmental conditions.
Generally, the pioneer works on provenance research includes;
Dickinson and Suczek [2], Bhatia [3], Bhatia [4], Dickinson
et al. [5], Dypvik [6], Taylor and McLennan [7], Bhatia and
Crook [8], Suttner and Dutta [9], Pettijohn et al. [10], McLen-
nan [11], Dera et al. [12], McLennan et al. [13], Kroonen-
berg [14], Weltje et al. [15], Armstrong-Altrin ef al. [16] and
Armstrong-Altrin and Verma [17] underscore the critical role
of geochemical tools in unraveling provenance, tectonic set-
tings, and depositional environments, significantly advancing
the fields of sedimentary and tectonic research. These studies
have laid the groundwork for advancements in sedimentary and
tectonic research, providing a solid foundation for this current
study to build upon.

Some researchers have carried out studies related to the pet-
rography and sedimentary geochemistry of sandstones from the
Bida Basin for the purpose of determining the provenance of
the sediments and the tectonic origin. Ojo et al. [18] described
sandstones of the Patti Formation as dominantly quartzarenites
and litharenite with minor arkosic form. Nton and Adamolekun
[19] employed petrographic and geochemical studies of the out-
cropped sandstone of Patti Formation, and concluded that they
are more mature than sandstones of Lokoja Formation. Bankole
et al. [20] inferred highly immature sediments for the sand-
stones of Lokoja Sandstones, and more mature Patti Formation
sandstones. Ojo et al. [21] described the Lokoja Formation
sandstones as arkosic and that they were sourced dominantly
from felsic rocks and passive margin setting.

The Agbaja Plateau is a prominent geological structure
within the Southern Bida Basin, known for its ironstone de-
posits and stratigraphic significance. Recently, however, thick
shales associated with coals were discovered interbedded below
the ironstones at various part of the plateau. The newly discov-
ered shales of the Patti Formation in this region offer a unique
opportunity to investigate the geochemical characteristics that
can reveal the provenance, depositional history, and tectonic
processes that influenced the basin’s development. To date,
the geochemical composition of these shales and their signif-
icance for understanding the basin’s origin and tectonic history
remain unexplored. This approach is particularly significant, as
shales represent a more comprehensive archive of geochemical,
and paleoenvironmental due to their finer grain size and higher
organic matter content. By examining the geochemical signa-
tures and depositional conditions of these shales, this study will
offer a more nuanced understanding of sediment provenance,
paleoenvironmental dynamics, and organic matter enrichment
within the Patti Formation. In this context, the study aims to
provide a comprehensive geochemical analysis of the shales at
the Agbaja Plateau, with the following objectives; to determine
the paleotectonic setting of the Southern Bida Basin, to deter-
mine the protolith of the shales, to unravel the maturity and
weathering history, and to compare the geochemical character-
istics of the shales with other similar formations in the region
and globally and placing the findings within a broader geologi-
cal context. This novel emphasis will not only address gaps in
the existing literature but also contributes to refining regional

geological models and improving our understanding of Creta-
ceous sedimentary environments in West Africa.

2. Origin and geological settings

The southern Bida Basin is part of the larger structure,
called Bida Basin. Different hypotheses have been put forward
by several authors to explain its evolutionary history; King [22],
Kennedy [23] and Adeleye [24] described the Bida Basin as
a rift-bounded tensional structure produced by faulting asso-
ciated with the Benue Trough system and drifting apart of the
South American and African plate. Ojo and Ajakaiye [25] inter-
preted Landsat imageries and borehole log data and suggested
that the basin is bounded by a system of linear faults trending
Northwest-Southeast. Geophysical data by Kogbe et al. [26]
and Ajakaiye and Burke [27] supported the rift model earlier
proposed. Ref. [28] proposed that the Bida Basin evolved as
a result of post-Santonian shallow cratonic sag while Ref. [29]
suggested a wrench fault tectonic model for the origin of the
Bida Basin. The gravity studies by Ojo [30] point to series of
central positive anomalies flanked by negative anomalies, simi-
lar to the adjacent Benue Trough and typical of rift structures.

The stratigraphic chart of the Bida Basin is presented in
Figure 2. The northern Bida Basin consists of the Bida For-
mation, Sakpe Formation, the Enagi Formation and the Batati
Ironstone Formation whereas the Southern Bida Basin consists
of the Lokoja Formation, the Patti Formation and the Agbaja
Formation [31, 32]. In the southern Bida basin, the oldest unit
is the Campanian Lokoja Formation and it is stratigraphically
equivalent to the Bida Formation in the northern part of the
Basin. It is succeeded by the Maastrichtian Patti Formation (the
lateral equivalent of the Enagi Formation). The Agbaja Forma-
tion which is the lateral equivalent of the Batati Ironstone in the
northern part of the Basin capped the entire sequence.

3. Methodology

3.1. Fieldwork and sampling

For this study, lithologic sequences of the Patti Formation,
exposed along the Agbaja Plateau, were systematically sam-
pled. GPS devices were used to record sample locations, and
the coordinates were subsequently applied in map creation. The
two lithological sections examined, consisting of sandstone,
siltstone, shale, and coal, were measured, described, and sam-
pled at appropriate intervals (Figure 3). Only shale samples
were selected for analysis to align with the study’s specific aims
and objectives.

3.2. Sample preparation, and analytical techniques

In order to achieve the aim and objectives of this research,
seventeen shale samples were selected for a whole rock inor-
ganic geochemical analysis. This was done to determine the
major oxides, trace and rare earth elements composition using
X-ray fluorescence (XRF) and inductively coupled plasma mass
spectrometry (ICPMS) analyses. Prior to the analysis at the MS
Analytical Laboratory Canada,approximately 50-100 g of each
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Figure 1. Map of Nigeria showing Bida Basin (Modified after [33]).

sample was reduced to 2—4 mm chips and pulverised using a
mortar agate mill to prevent contamination.

For the XRF analysis, 0.20 g aliquot was weighed
into a graphite crucible and it was mixed with 1.50 g of
LiBO,/Li,B40O7 flux.The crucibles were heated at 980°C for 30
minutes, and the resulting bead was dissolved in 5% ACS-grade
HNO3 diluted in deionised water. The major oxides data from
each sample were generated and then recorded. Replicate anal-
yses of the samples, conducted twice along with the associated
standards used in the study, reveal an error margin of 1 to 2%.

To evaluate the trace and rare elements composition, 50.0
mg of each sample was digested with mixture of 3.0 ml of con-
centrated hydrogen fluoride (HF), 1.0 ml of concentrated hy-
drogen nitrate (HNO3) and 1.0 ml of concentrated hydrogen per
chlorate (HCIO,) for 48 h in a tightly closed Teflon vessel on a
hot plate at temperature <150 °C. Later, the solution was evapo-
rated to dryness and extracted with 60.0 ml of 1% HNOj3. Each
sample was run against a standard reference material (SRMs)
viz., GSR 4, GSR 6, GXR-6 to correct long-term instrument
drift. Accuracy of the trace and REE element analyses is within
5%.

4. Results

4.1. Major oxides

The bulk elemental composition the shale samples in form
of major oxide, trace and rare earth elements and their calcu-
lated ratios are presented in Tables 1 to 3. Higher concen-
trations of major oxides (Tables 1 and 2) were recorded for
Si02 (2.64-79.65%; Avg. 53.31%), A1203 (0.95-23.80%;
Avg. 12.78%), and Fe203 (1.12-24.51%; Avg. 6.21%). Other
oxides showed lower concentrations; CaO (0.02-0.04%), MgO
(0.03-0.32), Na,O (0.01-0.15%), K,O (0.02-1.07%), MnO
(0.01-0.26%), TiO, (0.01-0.55), and P,0s (0.10-1.74%).

4.2. Trace elements

For the trace elements, the relative abundance, average con-
centration, and calculated ratios, as detailed in Tables 3 and 4,
were utilized in the binary and ternary plots to assess their geo-
chemical patterns. The concentrations of these trace elements
in the studied shale samples are consistently lower than the av-
erage values reported for the Upper Continental Crust (UCC)
and Post-Archean Australian Shale (PAAS) as referenced by
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Figure 2. Stratigraphic framework of the Bida Basin (Adapted from [34]).

Ref. [35], suggesting that the shales may have experienced spe-
cific geochemical processes or sources distinct from the typical
continental shale composition.

4.3. Rare earth elements

The concentrations of rare earth elements (REEs) in the an-
alyzed shale samples range from 39.40 ppm to 1607.37 ppm
(Table 5), indicating a wide variability in their distribution
across the samples. The ratios of light rare earth elements
(LREEs) to heavy rare earth elements (HREEs) range from
5.89 to 11.12, reflecting a general enrichment in LREEs. The
Eu/Eu* ratio, which is a key indicator of redox conditions dur-
ing sedimentation, varies between 0.41 and 0.69, suggesting
moderate fractionation between Eu and other REEs, likely in-
fluenced by depositional environments. The Ce/Ce* ratio, rang-
ing from 0.93 to 1.26, further supports this interpretation, in-
dicating variations in the oxygenation conditions of the paleo
environment. Other ratios, including (La/Lu)y, (La/Yb)y, and
(Gd/Yb)y, range from 4.64 to 11.99, 4.11 to 10.78, and 0.70 to
1.71 respectively, providing additional insights into the patterns
of REE fractionation and the tectonic and depositional settings

of the shales. These geochemical markers collectively enhance
our understanding of the provenance and paleoclimatic condi-
tions under which the shales were deposited.

5. Interpretation and discussion

5.1. Chemical maturity and weathering history

The chemical classification of the studied shales was at-
tempted in order to evaluate the degree of their compositional
maturity. From the submission of Rollinson [36], the contents
of alkali (Na,O+K,O) constitute an important chemical matu-
rity index and the values of their ratios are interpreted as fol-
lows; less than 2.0 indicates little or no feldspar contents which
invariably signify high chemical maturity, while values greater
than 2.0 indicate feldspar-rich which suggests low chemical
maturity. The alkali content of the shale samples (0.03-1.20%;
mean 0.63) reflects high chemical maturity. Potter [37] also
submitted that ratio of Si0,/Al,Oj5 in clastic rocks are sensitive
to sediment recycling and weathering processes and hence use-
ful as maturity indicator. According to Roser and Korsch [38]
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Table 1. Major oxide composition of the Patti formation shales at Agbaja Plateau.

Sample SiO, AlLbO; Fe,03 CaO MgO Na,O K,O MnO TiO, P,0s5 LOI
IM1C 63.46 14.24 5.15 0.02 0.10 0.04 0.52 0.04 1.65 0.06 11.63
JIMID 50.72 8.60 10.94 0.02 0.06 0.10 0.51 0.06 1.23 0.04 23.7
JIMIE 67.08 12.34 5.95 0.03 0.11 0.03 0.71 0.06 1.60 0.04 9.99
JMIH 59.30 16.20 3.48 0.04 0.07 0.06 0.32 0.03 1.29 0.04 17.84
JIMI1F 73.77 11.70 3.41 0.02 0.05 0.04 0.45 0.03 1.20 0.04 7.26
IM1K 67.51 14.01 2.95 0.03 0.06 0.05 0.32 0.03 1.25 0.05 13.65
IM2A 49.75 23.80 4.90 0.04 0.32 0.05 0.94 0.03 1.74 0.12 16.68
IM2C 52.38 16.00 5.23 0.16 0.26 0.15 1.05 0.04 1.67 0.06 16.91
JM3B 65.31 11.57 5.35 0.03 0.11 0.04 0.93 0.05 1.26 0.04 15.60
IM3C 56.17 12.67 5.86 0.16 0.22 0.10 1.07 0.05 1.40 0.07 19.11
O0G2A 48.55 9.55 24.51 0.40 0.16 0.04 0.55 0.05 1.43 0.55 12.25
OG2B 65.16 10.51 8.09 0.03 0.13 0.06 1.07 0.04 1.56 0.07 8.55
OG2E 49.60 23.78 2.39 0.03 0.09 0.03 0.48 0.02 1.40 0.08 19.99
OG2H 6.67 2.20 1.12 0.09 0.03 0.01 0.02 0.01 0.18 0.02 89.74
OG2L 48.59 20.60 13.17 0.06 0.18 0.04 0.62 0.26 1.49 0.09 15.7
O0G2M 2.64 0.95 1.15 0.16 0.04 0.01 0.05 0.02 0.10 0.01 94.06
0G2U 79.65 8.56 1.86 0.06 0.06 0.02 0.21 0.02 1.48 0.04 6.03
Min. 2.64 0.95 1.12 0.02 0.03 0.01 0.02 0.01 0.10 0.01 6.03
Max. 79.65 23.80 2451 0.40 0.32 0.15 1.07 0.26 1.74 0.55 94.06
Table 2. Some calculated geochemical proxies for the Patti formation shales at Agbaja Plateau.
Sample A1203/ Fez O3+ K20+ SlOz/ A1203/ KzO/ FGQO3/ A1203/ A1203/ CIA CIW PIA
Si02 MgO Na20 A1203 Ti02 A1203 MnO MgO CaO
IMIC  0.22 5.25 0.56 4.46 8.63 0.04 128.75 14240 712.00 96.09 99.58 92.58
JMID  0.17 11.00 0.61 5.90 6.99 0.06 18233 14333 430.00 93.17 98.62 87.65
JMIE 0.18 6.06 0.74 5.44 7.71 0.06  99.17 112.18 411.33  94.13 99.52 88.71
JMIH  0.27 3.55 0.38 3.66 12.56 0.02 116.00 23143 405.00 9747 9939 95.55
IMIF 0.16 3.46 0.49 6.31 9.75 0.04 113.67 23400 585.00 9582 99.49 92.14
JMIK  0.21 3.01 0.37 4.82 11.21 0.02  98.33 233.50 467.00 97.22 99.43 95.00
IM2A 048 5.22 0.99 2.09 13.68 0.04 16333 7438 595.00 9585 99.62 92.07
IM2C  0.31 5.49 1.20 3.27 9.58 0.07 130.75 61.54 100.00 92.17 98.10 86.12
JM3B  0.18 5.46 0.97 5.64 9.18 0.08 107.00 105.18 385.67 92.04 99.40 84.65
IM3C  0.23 6.08 1.17 4.43 9.05 0.08 117.20 57.59 79.19 90.50 97.99 82.86
OG2A  0.20 24.67 0.59 5.08 6.68 0.06  490.20 59.69 23.88 90.61 95.60 85.39
OG2B 0.16 8.22 1.13 6.20 6.74 0.10  202.25 80.85 350.33  90.06 99.15 80.89
OG2E 048 2.48 0.51 2.09 16.99 0.02 11950 26422 792.67 97.78 99.75 95.81
OG2H 033 1.15 0.03 3.03 12.22 0.01 112.00 73.33 24.44 94.83 95.65 93.97
OG2L 042 13.35 0.66 2.36 13.83 0.03  50.65 114.44 34333 96.62 99.52 93.71
OG2M 0.36 1.19 0.06 2.78 9.50 0.05 57.50 23.75 5.94 81.20 84.82 76.92
OoG2U 0.11 1.92 0.23 9.30 5.78 0.02  93.00 142.67 142.67 96.72 99.07 94.35
PAAS  0.30 6.72 4.90 3.32 18.90 0.20 41.09 8.59 14.54 7530 88.32 60.56
uUCC 0.22 6.52 6.07 4.63 22.50 0.19 4040 5.81 4.01 59.85 67.73 48.21




0T9¢ €69 0r'vc 00°T#0E  00°9LI €e el L8617 01°L9 088y 0CTTII 0L6L 09°¢e  00°Sey 08°ELe 0€9¢ 06'9¢ XN
0€9 S6'1 0c9 00°s¢ 00¥I 8¢°0 12 X4 06CI 091 00v o'l 08¢l 00°1¢ 0097 081 0Le U
0001 L9TI 0C6 00°6¢6l 00°6¥ 88 L8'6C 0r'6¢ 089 09cr  09°I¢S 08¢l 009¢l 0698 oL’L 068 NTOHO
0€9 So'1 0T9 00°S¢ 0061 8¢°0 124 0coc 091 06°S o'l 0S°1¢ 00°'IC 08091 08T 0y INTDO

S 08°CI 91'v 0981 00CSS 00001 68'S 86'CC oL’ 1y 0L's¢ 00°LE (49! 069C 00901 0¥ SCC 0811 09°LT  TO0
o 0cel Sv'e 001 009L 00¥I1 Il 00°¢ 06CI 0T 00'v 0r'c ocel 00°8¢ 0097 0Ce 0L'¢  HIHOHO
S 0Ll ¢1r9 0S'Ic  00+08 00726 LYL r6¢ 00'vy 0881 0s'sy  0L'1¢ 09°¢e  00°LET  09°6¢€T 081 08°LT  HOO
N4 9L°01 0€IT 009¢CT 0096 00°€l 10°6¢ o1y 09°6¢ 0¢0s 06'¢9 0TSl 00¢el  0OCTvie 0S¢l 09°¢c <D0
5 097l L89 090 00°I+0c  009LI €eee L86V 01°L9 01°1¢ 0S¢ oL'eL 01°'0c  009SI  080¢C 0L'1¢ 0€<¢l  VIbOo
¢ 09°¢€ 14&4% 0€'€C 00°¢€9T1T 00°SL 6801 91'9¢ 01°¢9 or'se  0CTIl 08'6¢ 08'1C 00'6cE 08'¢LE 0C1I 0€9¢  DEINI
£ 0S1C 65 0S°ST 00°¢sel 0009 LL'8 STIC 09°LE 00°6¢ or'ie 09°¢ce 0S8  00'1¢E 00°SSC 0L'8 09°¢T  deINI
w 08'¢ce c6'cC 0v'1C 000781 00°L8 9681 SLE 0508 08y 06'6S 00'1v 08'¢Cc  006¢C 069LC 0r°'s¢ 069¢  DTINL
% 00°9¢ el'rl 09°0Cc 00198 00°LCI 7Ll (4043 09°LS 088y 008y  09'1¢ 0r'se  00°LEC 0£6LC 0c9¢ 00vC  VIANI
M 08¢l ¢6'8¢ 00°ST 00°6L01 00°19 10°L L1TC 0v'LC 0SvI oreyr  0CTvC 0Tec  00°LcTe  0g7Cll 086 009  IINf
W 09°CI (4842 0ccr  00°0SS 00709 69'Y crvl 01°8¢ 0091 0r'Le 0611 0¢'LT  008YC 06°SE1 (I 06y  AINI
s 096 1448 or'vc  00°0L6 00'8L 0’6 91°C¢ 0¢'Le 00°ST 06'ly  060¢ 01'sc  009¢Cc 0OL101 00¥1 099 HINI
S 086 8L'6 06 00998 00°6S ¥9'9 I8°L1 00've 08¢ oLcy  08'1¢ 0S'LT  00vIT OvvPe 0L'8 0901 AIINL
00°0¢ €69 0L°LT 00¥961 00°SL 6101 S0°s¢ 06'¢C 00°0¢ 09cy  009% orvl  00°Sey  OL8VI 0€'8 or'tr  drng
0S°LI C0'LE 06'v1 00°SYLI 00°S9 1001 (4814 0s°'6¢ 06°0¢ 0C°09 09°8¢ 0861 00vLT OCTVLI 0811 orer  DIINS
IN ON no Z A n UL ) 94 IN JH €D D ed o) 0) orduwreg

‘neaje| eleq3y Je soeys uoneuLoy med y) Jo uonisodwod JuUsWa[d AdeI], *¢ JqeL,



Ojo et al. / J. Nig. Soc. Phys. Sci. 7 (2025) 2376

9¢'9  8CO 0¢'ISC  9¢0  6¢¢ €er'g  06v  SSv 09¢l TCO0  IS¢E 1€ 88¢ L6 €C0 8LTC 0¢£0 8I'T NIOO
9601  S9'1 #vvel 060 8¢V 8’1 C0e LC8 cge  CI'0 090 ywe Iyl vpe 800 II'l €0 0ST INTDO
9L'9  LLO 0¢LE ¥60 06¢ 9¢c I8L I9v 88 CCO0 I€1 eLe  SS1 voy 790 90T  9T0 €L0  T¢DO
9¢'9  €CT sSve 0S50 OLT e 90T eg6  cIc 110 180 L8C 9¢'T 16¢c 610 00C LEO LSE HIODO
00 190 OLer L90 ¥8¢ 90 98¢ 99 €L8 IT0 SO 90¢ 09T 68v <0 o6Vl 9C0 880 HIDO
IT°L  L90 €9°¢91 <TL0 697 [0€ LTS 08¢ I€L 920 8¥I €0Cc 65T LTS 980 6¢l LEO LLO ICDO
g 6o vr'ovt €'t  vI7¢ ¥89C Lol cI't 8ell €0 SOV 99 0¢gC I1TSI 1€0 680 L¥VO <COT VIDO
0L9 660 ¥8¢0l €CT0 ¢€VT ovc €CC el 6L6 800 101 8T 9¢C €96 950 e6t¥v  I¥0 8CTT  DOCENI
069 €L0 T¢SSST 610 Tre 9¢'c  6LT TI'ST €671  LOO 9¢1 19C v¥Cc 8¢9 LLO SE€S  I¥0  8¢T  dCNI
ev'e  CL0 vhdL  8¢0 861 gee  LST  0I'9 8L9 910 6¢1 orc 81 6S¢ 960 €9C IS0 9T1  DOTAI
eg8r 690 vLce vS0 00T €9¢  Ige 189 6€9 CI'0 SvI 88¢ CE€Tl ¥wI'G 680 L8T 0S50 IST VIAI
9 LTO oI'oIT  LTOo  9l'¢ 0L'6 88¥ ¥Col OI8 O0I'0 O0L¢ €9C 9TT v6'S €S0 TLE  Ce0 80T  ATINIL
Iv'L S€0 06L9 ¥C0 10¢ €eL  9Lv 9SLT 8961 900 88T vee vLl v LSO €Iy €e0 LST AINI
LSS 0€0 6769 S€0  9PT POl €I'8 0T0I ¥sec  O0I'0  9¢¢ Ire 8T ¢y sS0 06C Iv0 Sv'1 HIN
8L9 090 ¥S66 CSO 89T gey ¢09  0F9 €911 910 891 65C S0C 0gS  €L0 €6l  LEO 60  HINI
Y06 v¥0 €99¢Cc  LIO 9¥VT ev's 08T LELT 0OSvYI 900 9T°T Iyec e LTL ¥80 08¢ Iv0 OLT dINI
IS 9¥0 88Lvl  ¥T0  S87T Sy ILe 196 99ST  0OI'0  8IT 0S¢ e S09 IL0 <TCy S€0 vl DI
9S/A UL/0D 9SAZ  ID/A QML 0D/eT  IN/A ULAD INAD IDML O0D/ML  UL/eT 9S/MUL 9S/e1 IS/Q¥  AMD  ul/A 0D/IN  o[duweg

‘neaje|d eleq3y Je sofeys uonewio] nied ayj JO Orjel JUSWI[S 9deI], “H 9[qe],



Ojo et al. / J. Nig. Soc. Phys. Sci. 7 (2025) 2376

LELOOT  98C 9v'IC  ¥8C 68 ¥l  €SL c0'Le 98¢ 9¢'6c 096 Lcer 0C06¢ 8I'0L 0C9CL 0I'0¢e XN
or'ec 900 g0 v00 €90 0¢€0 SI't v20 yL0  ¥CO0 Y91 08'L LL'T 0081 0T9 U
eseve Tl 108 101 8¥'L  SETC ol 961 196 I¢€1 666 0L°09 96 vl  06°SPl 01°69 neobo
or'6e 900 g0 ¥00 €90 C€0 SI'tT 920 vLo  vCo Y91 08°L LL'T 00781 0C9 OO0
LES0E 990 867 990 6CS Tl €e'8 Yl 108 S8 €501 09'vS 00¥I  OT'I¢€l 0.9 T1¢O0
9L9v €10 eLo  ¢Io 860 0£0 (472 B A0 SS'T  v€0 6L'1 088 9C'C 0s6l 098 H?OO
69°cly  6L°0 6L9 980 9¢’L  0I'C LETT €91 8C0l  9CC [T°€l 0ccL YL'8T  OT9LI 00°06 q4¢O0
€09LE  OF'1 9911 8v'1 666 SC¢ ISvl  ¥6'1 8001  LOC 124! 0Lv9 IS91  08vSI OI'TL d¢D0
LELO9T  98C v’ IC  ¥87T 68Vl  €SL o'Le 98¢ 9¢'6e 096 L6y  0C06¢ 81'0L 0C9CL 01'0ge Vibo
€69I¢  SO'1 669 L60 999  ¥I'C ooor  sS'1 e v0C 6L01 OL'LS 9Tvl  050¢l 00°¢€9 DI
€e6Le YOI 69 S60 €9  90¢C e Lyl 688 991 €C'6 08'6v 8CCl 0TVl 08°SS NI
e¢8°0sy  8C'1 9101 €671 €86 9I'¢c 9vl 61T 0cel  8CT oSl 08°LL YO'IC  0L'88I 01°06 JINI
8¥'0S9  6C'1 SV LTI L8 00°¢ YO ST ST SSLT ST 66’61 00°STIT L1'8C 0I'06C 0I'S¢El VNI
yeeLc  LLO vI's  8L0 s 8910 8I'8  0¢'1 L8 vl [4N¢ 00'6v vrel 08911 0T°8S AATINC
LELOT  LYVO ¢8C vv0 88C 860 vSv  €L0 6y  S60 (A4 01°6¢ 178 0'0L 06°S¢ JTINS
8I'0LE 101 199 €01 L69  9CC 60'TT €81 vI'er  8I'C 09°CI 089 90°8T  0¢'LSI 06'89 HTINI
y1'8¢C 980 6cS  6L0 STs L9 6L'L 1T 8CL  9G1 I8°L oLey €S0l 066 (Y% HTINL
CLLOE  SETT o8 0Tl 8L'L  9¥'C 00 1T ¥9°1 SL6  8el 2001 09°¢S veel  06°6¢l 0€'09 AdTINL
acBre LT €8  o6l'l SL'L  ¥S8T YOIT  OL'1 €901  8S'I YI'TIL 0009 LTI 08Tyl ov' 1L OTINL
HAY [BI0L ng 9A WL, e oH £a qL PD nq ws PN id 8 e  odweg

‘neajeld eleqSy Je so[eys uoneuLo Nied y) Jo SUONENUIUOD (FH ) USW[H Y ey G 9[qeL,



Ojo et al. / J. Nig. Soc. Phys. Sci. 7 (2025) 2376 9

LITHOLOGY

%,

0*&1}
% |

L

LITHOLOGY

AGBAJA

PATTI

Celitic/pisalithic
bronstons
=gy
stone
Coal
Shale
Sistone

Sandstone

Figure 3. Vertical lithologic profiles of the investigated Patti Formation exposed at Agbaja Plateau, southern Bida Basin, Nigeria.

and Roser et al. [39], the values less than 3.00 (mafic), 3.00-
5.00 (felsic), while values greater than 5.00 indicate progressive
maturity. In the present study, Si0,/Al,O3 ranges from 2.09 to
9.30% (Mean-4.52) indicating an intermediate to felsic rocks
and progressive maturity. Index of Compositional Variability
(ICV) proposed by Cox et al. [40] and calculated using the for-
mula; (Fe;03+K;0+Na,0+Ca0 +MgO+MnO+TiO;)/Al,03
was also employed in this study. According to the authors, ICV

values greater than 1.00 (>1) indicate more rock-forming min-
erals, whereas, rocks with lesser clay minerals will show ICV
values less than 1.00 (<1). In this study, the relatively high ICV
values of the studied shales range from 0.19 to 284 with a mean
of 0.80 suggests progressive compositional maturity. Figure 4a
after Crook [41] displays the Na20-K2O bivariate classifica-
tion plot, which shows that the shales are high in quartz, and
Figure 4b after McLennan et al. [13] displays their relatively
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Table 6. REE calculated ratios, anomalies, and normalized values of the Patti Formation shales at Agbaja Plateau.

Sample YLREE YHREE YLREE/ EuEu* Ce/Ce*  (La/Lu)y (La/Yb)y (Gd/Yb)y
S HREE
JMIC  301.61  45.03 6.70 0.44 0.95 5.84 5.79 1.03
JMID 26276 43.58 6.03 0.43 0.97 4.64 4.84 0.94
JMIE 20634  30.24 6.82 0.63 1.00 5.57 5.77 1.09
JMIH 32506 42.94 7.57 0.54 1.05 7.09 7.03 1.48
JMIF 14904  17.38 8.58 0.59 0.93 7.93 8.49 1.27
IMIK 24656 31.34 7.87 0.50 0.95 7.85 7.63 1.31
JM2A 58836  57.87 10.17 0.69 1.01 10.88 10.78 1.68
IM2C  392.14  56.43 6.95 0.50 0.99 5.92 5.98 1.06
IM3B 24101  36.66 6.57 0.56 0.96 5.54 5.74 1.10
IM3C 27625  38.64 7.15 0.61 0.96 6.23 6.48 1.20
OG2A 146595 131.82  11.12 0.67 1.03 11.99 10.37 1.48
OG2B  319.65 5431 5.89 0.56 1.01 5.27 4.11 0.70
OG2E 37025  41.18 8.99 0.60 0.93 11.84 8.94 1.22
OG2H  40.95 5.47 7.49 0.62 1.03 6.87 7.95 1.71
OG2L 27293  30.59 8.92 0.62 0.98 9.87 8.49 1.30
OG2M  35.41 375 9.44 0.67 1.26 10.75 7.60 1.09
0G2U 300.65 4157 7.23 0.41 0.99 6.41 5.82 0.97
Min. 3541 3.75 5.89 0.41 0.93 4.64 4.11 0.70
Max. 146595 131.82  11.12 0.69 1.26 11.99 10.78 1.71

high compositional maturity based on Zr/Sc and Th/Sc ratios.
Chemical weathering and maturity trend of sediments
from the source area can also be assessed using various
geochemical proxies including; CIA calculated as [Al,Os/
(Al,03+Ca0+Na,O+K,0)]x100 after Nesbitt and Young
[42], CIW calculated as [Al,O3/(Al,03+Ca0+Na,0)]x100
after Harnois [43] and PIA calculated as: [(Al,O3-
K>,0)/(Al,03+Ca0+Na,0-K,0)] x100 after Fedo et al. [44].
According to Fedo et al. [45] and Descourvieres et al. [46],
CIA values between 50.0 and 60.0 indicate low chemical
weathering degree, whereas, values between 60.0 and 80.0 in-
dicate moderate weathering, while values greater than 80.0 in-
dicate intense chemical weathering. Similarly, Depetris and
Probst [47] proposed CIW values less than 50 for chemically
un-weathered source rock, values ranging between 51 and 75
for moderate weathering and values greater than 75 is an indi-
cation of strong weathering in the source area. The high CIA
(81.20-97.78), CIW (84.82-99.75), and PIA (76.92-95.81) val-
ues indicate strong chemical weathering in the source area. This
is probably because the rocks have been exposed to weathering
agents for a long time in humid conditions in the source area.
In an effort to further determine the degree of chemical
weathering of the studied shale samples, bivariate plots of
SiO, versus (Al,O3+Na,O+K;0) after Suttner and Dutta [9],
Si0, (%) versus CIA after [42], and Al,O3 (%) versus CIA af-
ter Ref. [48] were constructed, and the diagrams reveal sample
clustering within intense weathering zone (Figures 4c, 4d, &
4e) which confirm increasing chemical weathering and maturity
trend for the investigated shales. Ternary diagrams of A-CN-K
{Al,O3—(CaO+Na,0)-K,0} after Ref. [49] and A-CNK-FM
(Al,03-CaO*+Na, 0+K,0-Fe,03+MgO) after [50] also indi-
cating high weathering intensity for the studied shales (Figure
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4f and 4g). Therefore, the results show that the Patti Forma-
tion’s depositional characteristics align with a source area that
experienced intense weathering in tropical to subtropical cli-
mates.

5.2. Provenance

The provenance history of the silica rich sediments, accord-
ing to Bhatia and Crook [8], can be revealed from their detri-
tal framework grain composition. Garcia et al. [51] opined
that Al,03/TiO; ratios are useful for clastic source rock com-
position identification. Certain range of values were suggested
as provenance discriminants; 3.00-8.00 for mafic sourced ig-
neous rocks, 8.00-21.00 for an intermediate sourced igneous
rock, while 21.00-70.00 for felsic sourced igneous rocks. The
values of Al,O3/TiO, for the shales from Agbaja range from
5.78-16.99 (Mean 10.00) indicating an intermediate source rock
(Table 2). The values of the studied samples also compare rel-
atively well with the standard published values (PAAS - 18.90,
and UCC - 22.50), therefore indicating similar source rock sig-
nature. Meanwhile, the elements-based provenance discrimi-
nant bivariate plots of SiO; (%) versus Al,O3/TiO, after Le Bas
et al. [52], Zr versus TiO, and Ni versus TiO, after Hayashi et
al. [53], indicate that the shales were derived from the felsic
igneous rocks (Figures Sa, 5b, and 5c).

The contrasting behavior and characteristics of some trace
elements (e.g. Ba, Rb, Th, Sc, Co, Cr, Nb and La) in clas-
tic sediments are helpful provenance indicators [13]. Condie
and Wronkicwiez [54] stated that immobile trace elements in-
cluding Sc, Co and Cr with lower concentration of the mo-
bile trace elements like La and Th are significantly higher in
concentration within basic source rocks whereas felsic source
rocks comprise of lower immobile trace elements concentration
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Figure 4. (a) Bivariate classification plot Na,O (%) versus K,O (%) after Crook [41] showing quartz rich sediments (b) Bivariate compositional
maturity plot of Th/Sc versus Zr/Sc after McLennan et al. [13] indicating higher compositional maturity (c) Bivariate paleoweathering plot of
Al,O3+K;0+Na,0 (%) versus SiO, (%) after [9] showing increasing in the chemical weathering and maturity trend (d) Bivariate paleoweathering
plot of SiO, versus CIA after [42] showing the weathering trends and likely mineralogical composition in the studied samples (e) Bivariate
paleoweathering plot of AlO,0O3 versus CIA after [48] indicating intense weathering conditions during deposition of the Patti Shale. (f) Ternary
paloweathering plot of A-CN-K {Al,05-(Na,0+Ca0)-K,0} after [49] showing advance weathering trends of the investigated shale compared
with some typical source rocks (g) Ternary paleoweathering plot of A-CNK-FM {Al,0;-(Na, O+Ca0+K;0)-(Fe,03;+MgO)} after [50] showing
advance weathering trends of the investigated shale compared with some typical source rocks.

with higher concentrations of mobile trace elements. Taylor
and Mclennan [7], Cullers [55, 56], Condie and Wronkiewicz
[57] and many others have also employed trace element ra-
tios (e.g. La/Th, La/Co, Th/Co, La/Sc, Th/Sc, Cr/Th, Th/Co,
Ba/Rb, Zr/Nb, Zr/Hf and Zr/Th) and considered them to be sen-
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sitive to variations in the basic and silicic source rocks prove-
nance. Basu ef al. [58] opined that differences between felsic
and mafic sources can be ascertained using the ratios such as
La/Co, La/Sc, Th/Sc and Th/Co. Most calculated trace element
ratios for the studied shales (Tables 3 and 4) conform with the
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Figure 5. (a) Bivariate provenance discrimination plot SiO, versus Al,O3/TiO; after [52] showing dominance of intermediate to felsic source rocks.
(b) Bivariate provenance discrimination plot Zr (ppm) versus TiO, after [53] showing sediments derivation from felsic igneous rocks. (c) Bivariate
provenance discrimination plot of Ni (ppm) versus TiO, after [53] indicating acidic source rocks (d) Bivariate provenance discrimination plot Hf
(ppm) versus La/Th after [61] indicating felsic source rocks (e) Bivariate provenance discrimination plot Y/Ni versus Cr/V after [61] indicating
felsic igneous rocks derivation (f) Bivariate provenance discrimination plot of Th/Co versus La/Sc after [62] indicating felsic igneous rocks
derivation (g) Ternary provenance discrimination plot of La-Th-Sc after [62] showing felsic field for the investigated sandstones (h) Ternary
provenance discrimination plot of V-Ni-Th*10 after [63] showing felsic fields.

published data, and this therefore support the inference of sedi-
ments derivation from felsic source rocks. Several discriminant
plots; e.g. bivariate (Figures 5d, Se, and 5f) and ternary (Fig-
ures S5g and 5h) also show samples clustering within felsic rock
source field.

Rare earth elements data were also employed in this work
to corroborate the major oxide and trace elements in the deter-
mination of the provenance of the shales. According to Bhatia,
M.R., and Crook [8], Cullers [55], Condie and Wronkiewicz
[57], and McLennan et al. [59], felsic rocks are usually en-
riched in LREE and LREE/HREE ratios, whereas mafic rocks
normally exhibit low LREE and LREE/HREE ratio. Taylor
and Mclennan [7], McLennan et al. [13], and Cullers and
Graft [60] had suggested that europium anomaly (Eu/Eu*) in
the sedimentary rocks provide clues for the source rock char-
acteristics because felsic rocks are characterized by negative
Eu/Eu* (<1.0) whereas the mafic rocks exhibit positive but low
Eu/Eu* (>1.0). All the samples show pronounced negative Eu
anomalies, which indicated granitic source, whereas, values of
Ce anomalies reflect an oxidizing to weak reducing environ-
ment. Tables 5 and 6 indicate high }'REE, LREE enrichment
than HREE, high LREE/HREE ratios and negative Eu/Eu* in
the shale samples from Agbaja which corroborate other proxies
of felsic protolith. The calculated values of some REE geo-
chemical proxies in this study are also consistent with the pub-
lished data of PAAS and UCC which also support felsic source
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rocks origin with a suggestion that the sediments could have
been eroded from the adjacent granitic crystalline basement.
The mean values of normalized La/Yb (La/Yb)y, and Gd/Yb
(Gd/Yb)y are also in support of felsic source rocks in the south-
ern Bida Basin.

5.3. Tectonic setting

The tectonic setting is an important aspect of the basin ana-
lytical studies as it controls the geological structures, sedimen-
tation styles and mineral resources. Good number of authors
including Bhatia [4], Bhatia and Crook [8], Roser and Korsch
[38], Maynard et al. [64], and Roser and Korsch [65] have used
sediment composition to infer the tectonic settings of sedimen-
tary rocks. For example, Floyd and Leveridge [61] and McLen-
nan and Taylor [67] have employed major and trace element
compositions to determine the tectonic settings of sedimentary
rocks. They opined that concentrations of SiO, and ratio of
K,0O/Na,O of sedimentary rocks are sensitive indicators of pa-
leotectonic settings, for instance, the magmatic island arcs are
characterized by quartz-poor greywackes with 58% SiO, and
K;0/NayO of <1.00 while Andean-type continental margins
quartz with intermediate greywackes are composed of 68-74%
SiO; and <1.00 K,0O/Na,O and this is also indicative of upper
continental crust, whereas, sediments in Atlantic-type continen-
tal margins are characterized by quartz-rich greywackes with
89% SiO, and >1.00 K,O/Na,0O. The mean value of SiO, and
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Figure 6. (a) Bivariate paleotectonic plot of SiO, versus K,O/Na,O after [38] indication Passive Margin settings (b) Bivariate Paleotectonic plot of
Fe,03;+MgO versus TiO, after [4] (c) Bivariate Paleotectonic plot of Fe,O;+MgO versus Al,O/SiO, after [4] (d) Ternary paleotectonic plot of
Si10,/20-(K,0+Na,0)-(TiO,+Fe, 0;+MgO) after [14]. Note, the investigated shales fall within the passive margin field (e) Ternary paleotectonic
plot of Th-Sc-Zr/10 after [4]. Note that the investigated shales fall within the passive margin field.

K;0/Na,O in this study (Table 1 and 2) relatively fits into pas-
sive paleotectonic setting. Trace elements compositions and the
ratios are also very useful for past tectonic settings reconstruc-
tion in sedimentary rocks [8]. According to Bhatia and Crook
[8], low content of Sc with high Zr/Th ratio in sandstones are
typical of a recycled passive tectonic margin setting. In this

study, the values of Sc and Zr/Th (Tables 5 and 6) conform with
the characteristics of sediments of the passive margin paleotec-
tonic settings. Similarity of rare earth element (REE) values in
this study with the PAAS and UCC also indicate passive conti-
nental margin tectonic settings (Tables 5 and 6).

Various paleotectonic discrimination plots; including

13
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log(K,O/NayO) versus SiO,(%) after [38], TiO,(%) versus
Fe, 03 +MgO(%) after [4], Al,O3/Si0; versus Fe,034+MgO(%)
after [4], and SiO,/20-K;0+Na, O(%)-TiO,+Fe, O3 +MgO(%)
after [14] have been employed in previous studies for paleotec-
tonic settings determination (e.g. passive continental margin-
PM, active continental margin-ACM, continental island arc-
CIA, and oceanic island arc-OIA) of sedimentary rocks and
these are adopted in this present work. Based on the discrim-
inant diagrams presented in Figures 6a, 7b, and 7c, the Ag-
baja shales were sourced from the passive margin paleotec-
tonic settings. Also, the discriminant ternary plots of SiO,/20-
(K20+Na;0)-(TiO,+Fe, 03 +MgO) after [14], La-Th-Sc and
Th-Sc-Zr/10 after [8] also substantiate the inferred passive con-
tinental margin tectonic setting for the investigated shales (Fig-
ure 6d, and 6e).

6. Regional correlation with some other rifted basins

gross geochemical characteristics of the shales from the
Bida basin (major trace, and rare earth elements) reflect a pas-
sive margin basin which are typically formed after tectonic rift-
ing and are characterized by long-term subsidence. Generally,
the following characteristics which have been documented in
some passive margin related sedimentary basins in Africa are;
lower levels trace elements like Cr, Ni, and Fe like which sug-
gests more stable margin like in Anambra basin and Iullemme-
den, quartz-rich sediments and the presence of aluminosilicates
(Al,O3) which reflects a stable cratonic provenance, dominated
by weathering of older continental rocks like in Tano basin,
Ghana. Relatively high Zr and Ti enrichment: zirconium (Zr)
and titanium (Ti) which are probably due to the concentration
of heavy minerals like zircon and rutile, which are resistant to
weathering suggesting accumulation of mature sediments after
prolonged transport and sorting process. Other features of the
investigated shales are enrichment of Light REEs (LREESs) in
light rare earth elements (LREEs) compared to heavy rare earth
elements (HREEs) and negative europium (Eu) anomaly. This
pattern also suggests felsic source provenance. The shales from
Agbaja are typically rich in silicates (SiO,) from quartz and
aluminosilicate minerals (Al,O3), reflecting a felsic continental
crustal source. It is interesting to note that the above character-
istics obtained from the Bida Basin show compelling similari-
ties with the very well know passive margin basins Niger Delta
(Nigeria) [68], the Amazon Fan (South America) [69] and Tano
basin [13]. Zobah et al. [70] reported that the shallow marine
sourced sediments from Voltaian Basin, Ghana have a felsic
source with some inputs from metasedimentary rocks within a
semi-humid climate condition. The sediments were suggested
to have been derived from recycled sedimentary rocks in a pas-
sive continental margin with possible sediments from the Pan
African Orogeny. Within the context of gross geochemistry and
the thick sequences of continental to marine shales and sand-
stones, there is little tectonic activity, typically after rifting pro-
cesses have ceased and a stable phase would have been attained
in the Bida Basin suggesting passive margin and high weather-

ing.
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7. Conclusions

The present study employed bulk inorganic geochemical
compositions to reconstruct the paleotectonic and provenance
history of the studied lithologies from the Patti Formation ex-
posed at the Agbaja Plateau, in the southern Bida Basin, Central
Nigeria. The study suggests that the shale samples were pre-
dominantly derived from the adjacent Pan African reactivated
felsic igneous rocks.

The elemental proxies such as relatively high Al,O3, CIA,
CIW and PIA values, with low Na,O/Al,O3, Na,O/K,O and
Na,;O/TiO; ratios as well as other discrimination plots indicated
that the sediments had undergone intense chemical weathering
at the source areas and they are highly mature compositionally.

Several paleotectonic proxies applied (e.g. The La-Th-Sc
diagram) indicates that the sediments originate from a passive
margin tectonic setting, with the negative Eu anomaly pointing
to the felsic composition of the source rocks. The tectonic his-
tory of the Bida Basin therefore compares closely with other
rift basins from West Africa like Tano, Voltaian Ghana.

Overall, the geochemical data indicates that the shales are
compositionally mature, sourced from an area subjected to in-
tensive chemical weathering. This suggests a stable tectonic
environment and significant sediment recycling.
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