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Introduction

The Bida Basin is an intracratonic sedimentary basin 
located in the central part of Nigeria (Fig. 1) . It is a NW-
SE trough that is bordered in NW by Sokoto Basin and 
SE by the Anambra Basin. The palaeoenvironmental 
reconstruction is pivotal to basin analysis as it gives 
insight into past geological and climatic conditions 
under which the sediments were deposited.  The 
sedimentary geochemistry as a tool has been widely 
applied in unravelling the geological history of 
sedimentary basins across the world. Sarki Yandoka et 
al. (2015) and Omietimi et al. (2022) used inorganic 
geochemistry to unravel the palaeoenvironmental 
conditions of Yola sub-basin and Anambra Basin 
respectively in Nigeria. Since the stratigraphy of the 
Anambra Basin has been correlated with the Bida Basin 
by Akande et al. (2005) using facies characteristics, it is 
p o s s i b l e  t h e  t w o  b a s i n s  s h a r e  s im i l a r  
palaeoenvironmental history. The sedimentary 
geochemistry of the Bida Basin is used in this work to 
unravel the provenance, palaeotectonic setting and 
palaeoenvironmental conditions of the basin. Previous 
studies revealed that abundances and ratios of some 
trace elements can be used to probe sedimentation 
history and palaeoenvironmental condition (Jones and 
Manning, 1994; Song et al., 2012; Bai et al., 2015) . 
Elements including rare-earth element (REE) , Sc, La, 

Th, and Co are less mobile. Hence, they are likely well 
preserved in the clastic sediments during sedimentation 
processes. These elements are thereby useful to infer the 
provenance composition (McLennan et al., 1993; 
Armstrong-Altrin et al., 2014; Bai et al., 2015) .Song et 
al. (2018) used geochemistry to determine provenance, 
diagenetic imprint and palaeoclimatic history of 
siliciclastic sediments. Chang et al. (2013) used Rb/Sr 
for palaeoenvironmental deduction and palaeotectonic 
of Tarim Basin.The varying properties of Rb and Sr in 
geological processes are useful in determining the 
provenance and chemical weathering intensity (Chen et 
al., 2000; Xu et al., 2010) as Sr, just as Ca, is more 
reactive than Rb. Chang et al. (2013) reported that the 
Rb/Sr ratio of sediments is largely determined by the 
source which may also rely on the climate. Convers 
(2020) used major element and their proxies to predict 
the nutrient quality of sediment and palaeoclimatic 
condition in the early Cenozoic. The study predicted 
multiple dynamic global warming events.Chen et al. 
(2021) also reported that the weathering intensity of 
sediments can be greatly influenced by grain size and 
source rock. 

Climate controls several environmental factors such as 
rainfall which determines palaeoproductivity, sea level, 
detritus influx and salinity. Calvert et al. (1992) 
suggested that organic matter preservation depends on 
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sediment deposition rate, water depth, and paleoredox 
conditions. Sea-level variation, which is a function of 
climatic condition, mostly control water redox 
conditions and organic productivity (Werneet al., 2002) 
. Previous studies revealed that sea-level rise enhances 
supply of water nutrients which may spike marine 
productivity via emerging anoxic condition (Rohlet al., 
2001; Frimmel et al., 2004) . The tendency of organic 
matter preservation is also dependent on the paleoredox 
condition. Song et al. (2018) also reported that a hot and 
very dry climate involves a relatively low rainfall which 
may result in overall lower lake-level and higher 
palaeosalinity. They suggested that saline sedimentary 
environment may inhibit the survival of microflora and 
microfauna which may result in low palaeoproductivity. 
A warm–humid palaeoclimate condition might increase 
the rainfall and melting of polar region thereby leading 
to increase in palaeowater which may increase the 
terrigenous nutritional minerals supply and microbial 
boom. 

Prior to this present study, fossils have been the only 
source of palaeoenvironmental deduction in the Bida 
Basin and the studies have been restricted to only the 
argillaceous rocks (Jan du Chene et al., 1978; Mebradu 
et al., 1986; Agyingi, 1993; Ojo and Akande, 2006; 
2008; Ojo, 2010; Ojo and Akande, 2012) . Compared 
with the sandstone facies which are wide spread in the 
basin, the argillaceous rocks are limited both in space 
and time and therefore, the palaeogeographic 
deductions reported may not be representative enough. 
Hence, there is need to have a wider knowledge of the 
palaeoenvironmental conditions such as palaeosalinity, 
p a l a eoba t hyme t r y,  p a l a eohyd rodynamic s ,  
palaeoproductivity, detrital influx and palaeoclimate 
from the non-fossiliferous but widely distributed 
sandstones in the Bida Basin. This work focusses on 
detail palaeoenvironmental studies via sedimentary 
geochemistry of sandstone facies which make up more 
than 70% of the Bida Basin stratigraphy.

Fig. 1: Generalized geological map of Nigeria with emphasis on the Bida Basin (adapted from Adegoke and Layade, 2014; Obaje, 2009) 
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Geological Setting of the Bida Basin

The evolution of the Bida Basin is linked to the 
emergence of the south Atlantic Ocean sequel to 
fragmentation of the Pangea and subsequent drifting 
apart of the African and south American plates. The 
Bida Basin is a rift basin that originated from faulting 
associated with the Benue Trough System and drifting 
apart of the African and Brazilian plates in the 
Cretaceous (King, 1950; Kennedy, 1965; Salawu et al., 
2021) . Kogbe et al. (1983) reported that the southern 
Bida Basin is dominated by NW-SE trending faults 
which support a rift model for the basin. This is 
corroborated by Ojo and Ajakaiye (1989) . However, 
Braide (1992) suggested a wrench fault or strike-slip 
tectonic model for the basin. The basin comprises about 
3.5km thick of sediments (Udensi and Osazuwa, 2004) . 
The stratigraphy of the Bida Basin has been described 
by several authors (Jones, 1958; Adeleye and 
Dessauvagie, 1972; Idowu and Enu, 1992; Agyingi, 
1991; 1993; Akande et al., 2005, Rahaman et al., 2019; 
Ojo and Akande, 2020) . The stratigraphy in southern 
part of the basin comprises of basal Lokoja Formation 
which comprises conglomerate, sandstone and 
claystone. The Lokoja Formation is overlain by Patti 
Formation which comprises dominantly sandstone and 
other lithologies which include siltstone, shale, 
claystone, concretional ironstone and lignite. The 
sequence in capped by ironstone facies which is 
described as Agbaja Formation. In the northern Bida 
Basin, the basal formation is Bida Formation, which is 
the stratigraphic equivalent of Lokoja Formation. The 
Bida Formation comprises conglomerate, sandstone 
and claystone members. This is overlain by Sakpe 
Formation which is contains mainly ironstone facies. 
The Sakpe Formation is overlain by Enagi Formation 
which is stratigraphic equivalent of Patti Formation. 
The Enagi Formation comprises sandstone, siltstone 
and claystone. The northern sub-basin stratigraphy is 
capped by ironstone facies referred to as Batati 
Formation (Fig. 2).

Materials and Methods

The Agbaja Plateau cliff face provides an excellent 
representation of southern Bida Basin stratigraphy. The 
section was compositely logged from base to the top 
through road cuts, taking cognizance of lithology, 
texture, mineralogy and sedimentary structures. The 
fresh and representative sandstones were sampled up-
section. Nine selected samples of the sandstones were 
analyzed for bulk elemental composition; major oxides, 
trace elements and REEs using both X-ray Fluorescence 

(XRF) and aqua regia ultra-trace Inductively Coupled 
Plasma Mass Spectroscopy (ICP-MS) analyses which 
were carried out at MS Analytical Laboratory, Canada. 
The samples selected for XRF analysis were pulverized 
to 85% passing 200mesh (75μm) in a mild-steel ring-
and-puck mill following the dryness at 60° C followed 
by pulverization via a jaw crusher to 70% passing a 10 
mesh (2 mm) . A 0.2 g aliquot was weighed into a 
graphite crucible and mixed with 1.5 g of LiBO /Li B O  2 2 4 7

flux. The crucibles were heated in a 980° C oven for 30 
min. The resulting bead was dissolved in 5% HNO  3
(ACS grade nitric acid diluted in dematerialized water) . 
Samples and calibration reagent blanks were aspirated 
into an XRF (SpectroCiros Vision or Varian 735) to 
determine the set of major oxides and elements. Loss on 
ignition (LOI) was determined by igniting a 1.0 g 
sample split at 950° C for 90 min, then measuring the 
weight loss. Samples for ICP-MS analysis were 
pulverized to 95% passing 150mesh (100μm) in a mild-
steel ring-and-puck mill. A 0.2 g aliquot was weighed 
into a graphite crucible and mixed with 1.5 g of 
LiBO /Li B O  flux. The crucibles were heated in a 980° 2 2 4 7

C oven for 30 minutes. The resulting bead was dissolved 
in 100 mL 5% HNO  (ACS grade nitric acid diluted in 3

demineralized water) . An aliquot of the solution was 
poured into a polypropylene test tube. Samples and 
calibrated reagent blanks were aspirated into an ICP-
MS (PerkinElmer Elan 6000 or 9000) and a digested 
split of 0.5 g in Aqua Regia aspirated into an ICP-MS to 
determine the suite of major elements, trace elements 
and rare earth elements.

Fig. 2: Lithostratigraphic successions of the Bida Basin (Ojo and 
Akande, 2009)
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Results and Discussion

Lithological Description

The composite lithologic profile is shown in Fig. 3. The 
entire sedimentary sequence of Agbaja Plateau is 
dominated byfining upward sequences. The basal 
conglomerate and sandstone units (beds A-E) are 
slightly feldspathic, massive and dominantly poorly 
sorted. The upper part (sandstone beds F-Y) is less 
feldspathic, dominantly fine to medium grained 
sandstones with siltstone and claystone interbeds. These 
sandstones are moderately to well sorted. The entire 
section is capped with oolitic ironstone.

Geochemistry

The major, trace and rare earth elemental data of Agbaja 
Plateau sandstones is shown in Tables 1-3 while the 
calculated values of geochemical proxies are shown in 
Table 4. The graphical representation of the 
geochemical data is shown in figures 4a-c. The three 
major oxides in the sandstones are SiO  (73.3% to 2

97.49%) , Al O  (1.41% to 15.75%) and Fe O  (1.51% to 2 3 2 3

6.31%) . The alumina content of the sandstones also 
reduces up the section. In sandstone beds AA – AL, 
alumina content varies from 9.4% to 15.75%. while 
from AQ to AW, their alumina ranges from 0.73% to 
2.02%. The Fe O  content across the section is relatively 2 3

stable and low, ranging from 1.51% to 6.31%. The SiO  2
content of the sandstone at the lower part of the section 
varies from 73.3% to 82.69%) while the sandstone at the 
upper part of the section are more enriched in SiO  2
(92.06% to 97.49%) . When compared and normalized 
to PAAS data of Taylor and McLennan (1985) , the trace 
elements concentrations and REE concentration are 
generally low. There is 38.1ppm Molybdenum (Mo) 
spike at the uppermost bed. The sandstones are enriched 
in SiO , Al O , Fe O  and TiO  while they are depleted in 2 2 3 2 3 2

Na O, K O, MgO and CaO. The depleted oxides indicate 2 2

probable high intensity of weathering. Also, feldspar-
related trace elements such as Ba, Rb, Sr are dominant in 
the lower part of the section. They are also depleted in 
Ni, Zn, Cu, Ce, Nd and Sm while they are enriched in Cr, 
Zr, Th, U, Nb, Yb, La, Eu, Gd, Dy and Er (Figs. 5 to 7).

Fig. 3: Litholog of the Agbaja Plateau section showing rock
successions from the base to the top

Fig. 4: (I) – Histogram showing major element distribution in Agbaja 
Plateau sandstones (II) – Composite bar chart showing trace element 
distribution in Agbaja Plateau sandstone (III)  Composite bar chart 
showing rare earth element distribution in Agbaja Plateau sandstones.
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Fig. 5: Plot of major element oxides normalized to PAAS of Taylor and 
McLennan (1985) showing depletion in Na O, K O, MgO and CaO.2 2

Fig. 6: Plot of trace elements normalized to PAAS of Taylor and 
McLennan (1985) showing depletion in Rb and St which are mostly 
associated with feldspar. There is also depletion in Zn and Cu.

Fig. 7: Plot of rare earth elements normalized to PAAS of Taylor and McLennan (1985) showing negative anomaly for Ce and Nd.

Table 1: Major element data of Agbaja Plateau sandstones (AA is sample from bed A, AC is sample from bed C and so on. 
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Table 2: Trace elements data of Agbaja Plateau sandstones

Table 3: Rare earth element data of Agbaja Plateau sandstones

Discussion

Provenance and Paleotectonic setting

Felsic rocks are characterized by high ∑ LREE/∑
HREE ratios and negative Eu anomaly whereas mafic 

rocks usually show low ∑LREE/∑HREE ratios and no 
Eu anomalies (Taylor and McLennan, 1985; Bai et al., 
2015; Song et al., 2018; Ojo et al., 2021) . The 
investigated Agbaja Plateau sandstones generally show 
high ∑ LREE/∑ HREE ratio which indicates felsic 
origin (table 4) . This conforms with the submission of 
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sandstones have felsic source with Cr/V less than 8. The 
high values of Zr/Cr (0.84 to 2.77) also suggest felsic 
provenance which is applicable to Agbaja Plateau 
sandstones, as Cr is mainly associated with mafic source 
and Zr mostly with felsic source (Table 4) . The 
provenance discrimination plot of Al/Ti vs SiO  after Le 2

Bas et al. (1986) (Fig. 8) indicates felsic source. TiO  vs 2

Zr provenance discrimination plot after Hayashi et al. 
(1997) shows origin of felsic igneous rock (Fig. 9a) . 
Palaeotectonic bivariate plot of log (Na/K) vs Si after 
Roser and Korsch (1986) shows that the sandstones 
were deposited in passive margin tectonic setting (Fig. 
9b).

Maturity, Palaeoweathering and Palaeoclimate

The plot of CIA vs SiO Fig. 10a) shows that the 2 (

sandstones are mainly kaolinitic which indicates their 
intense weathering history. The palaeoclimatic plot of Si 
vs (Al+Na+K) , (Fig. 10b) shows variation in humidity 
in the history of Bida Basin with less humidity in the 
early history (Campanian) and increasing humidity later 
in Maastrichtian. The plot of PIA vs CIA after Abedini 
and Calagari (2017) also shows extreme silicate 
weathering (Fig.11a) . The high SiO  (varies from 2

92.06% to 97.49%) and lower alumina (0.73% to 
2.02%) of the upper sandstones suggest higher 
mineralogical maturity compared to the sandstones at 
the lower part of the section (SiO  varies from 73.3% to 2

82.69% while alumina varies from 9.4% to 15.75%) . 
Generally, the palaeoweathering indices (PIA, CIA, 
CIW in Fig. 11b) are high, therefore, corroborating high 
in tens i ty  weather ing .  The  seemingly  low  
palaeoweathering indices, despite being unfeldspathic, 
upsection is due to very low Al O  and generally low 2 3

Na O, K O and CaO almost across the section. The 2 2

15.75% peak alumina in bed F may be due to clayey 

Nton and Adamolekun (2016) ; Ojo et al., (2015; 2021) 
on provenance of sandstones in the southern Bida Basin. 
The Europium anomaly Eu/Eu* or Eu (anom) ) was 
calculated as:

1/2Eu/Eu*=Eu / (Sm +Gd )  – according to McLennan N N N

(1989) .

Liu et al. (2015) stated that Eu/Eu* greater than 1 
indicates positive anomaly which is typical of highly 
feldspathic rock while Eu/Eu* less than 1 connotes 
negative anomaly which signifies depletion of feldspar. 
The Eu/Eu* for Agbaja Plateau sandstones are less than 
1 which shows that there is depletion of feldspar in the 
sandstones investigated (Table 4) andthis indicates that 
the sandstoneshave been subjected to weathering. This 
is corroborated by dominantly low concentrations of 
Na O, K O and CaO. Yu et al. (2022) suggested that Eu 2 2

(anom) less than 0.85 indicate that the protoliths are 
mainly granites formed during Late Archean with 
admixture of Archaean sediments.This suggests that 
Agbaja Plateau sandstones,with dominantly Eu/Eu* 
less than 0.85, were sourced from largely granitic 
provenance.Andersson et al. (2004) proposed Al/Ti 
ratio ranging from 21 to 70 for felsic protoliths and 8 to 
21 for intermediate. High Al/Ti ratio (dominantly above 
21) was obtained for the sandstones which supports 
dominant felsic provenance. The basal sandstones also 
show high Al/Ti ratio indicating high alumina probably 
sequel to presence of feldspar and some clay minerals 
which may have resulted from weathering of feldspar or 
probably diagenesis suggesting short transportation 
history. High concentration of Zr and its associated Hf 
also indicate dominant felsic detritus.McLennan et al. 
(1993) suggested that Cr/V less than 8 is indicative of 
felsic provenance while Cr/V greater than 8 indicates 
mafic provenance. Based on this proxy, Agbaja Plateau 

Table 4: Geochemical proxies for Agbaja Plateau sandstones
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Table 4 continued: Geochemical proxies of Agbaja Plateau sandstones continued

content arising from weathering of feldspar. The low 
Si/Al obtained from the basal sandstones may also be 
attributed to weathered feldspar or probably short 
period of transportation which allows preservation of 
feldspar and probably other aluminosilicate minerals. 
High Si/Al also indicate higher mineralogical maturity 
for the sandstones upsection compared to the sandstones 
at the lower part of the section.

Fig. 8: Provenance discriminatory plot of Al/Ti vs Si (after Le Ba et al., 
1986) showing felsic provenance for the investigated Agbaja Plateau 
sandstones.

Fig. 9a: Plot of Ti vs Zr (after Hayashi et al., 1997) showing felsic 
source for the sandstones

Fig. 9b: Paleotectonic plot of log (K/Na) vs Si (after Roser and Korsch, 
1986) indicates the sandstones were deposited in passive margin 
setting



Journal of Mining and Geology Vol. 58(2) 2022. 103

Jones and Manning (1994) . Similarly, Cu/Zn is used for 
paleoredox indicator. The ratio is generally low which 
signify oxic condition. The high values mean reducing 
condition (Fig. 12) . Hallberg and Xannbepr (1976) 
proposed (Cu+Mo) /Zn greater than 2 as indicative of 
oxic and vice versa.  Wignall and Myers (1988) provide 
reference via U-Th/3 and used it to estimate paleoredox 
condition. In this present study, the V/Cr is generally 
below 2 which signify oxic condition (see Table 4 and 
Fig. 12) . U/Th is also less than 0.75 indicating oxic 
condition except the spike at the upper part of the 
section. Cu/Zn is also generally low suggesting oxic 
depositional condition. The low values of U- (Th/3) and 
(Cu+Mo) /Zn greater than 2 indicate dominant oxic 
condition. U/Th profile shows spike towards the 
transition zone and the upper part of the section 
supporting less oxic condition at the transition zone and 
the upper section. Ojo et al. (2020) reported occurrence 
of shale below the ironstone cap at Agbaja Plateau. This 
may be why U/Th spike is suggesting probable brief 
anoxic condition at the upper part of the section. The 
restricted spikes of other proxies in the upper part of the 
section suggest changing paleo-oxygenation condition 
to probably less oxic.

Rb seems more stable than Sr in the course of 
weathering. Hence, Rb is easier to retain than Sr (Chen 
et al. 2000) . Sr is easily weathered in humid climate. 
Hence, increase in the Rb/Sr ratio may be typical of 
humid setting. In dry climate, there is less rainfall and 
low weathering, Sr retention may be high due to reduced 
or aborted weathering. This can lead to a decrease in 
Rb/Sr value. Hence, low Rb/Sr value indicate dry 
palaeoclimate while high Rb/Sr indicate wetness. The 
profile plots of Th/U and Rb/Sr (Fig.11b) were used to 
constrain the palaeoweathering interpretation. The 
Th/U values are generally low showing humid condition 
as evident in the slight variation ranging from semi-
humid to humid along the vertical section shows 
probably a mild palaeoclimatic variation in the 
sedimentation history of the Bida Basin. This may be 
connected with global temperature rise in the 
Cretaceous which might have favoured weathering at 
various stages. Rb/Sr was keenly studied by Chang et al. 
(2013) for palaeoenvironmental deduction. They 
suggested high Rb/Sr for low weathering rates while 
low Rb/Sr mean high weathering rate. They argued that 
due to weathering, Sr gets leached more during periods 
of strong weathering than Rb. The Rb/Sr is generally 
low showing high intensity of weathering and 
dominantly humid and oxic condition of deposition. 

When Sr/Cu is greater than 5, it means dry and hot 
climate, 1.3 to 5.0 means warm and humid (Wang et al., 
1997; Liu and Zhou, 2007) . The warm, humid climatic 
condition promotes more weathering which is the case 
for upper sandstones unlike the basal sandstons which 
plot mainly at hot and dry palaeoclimatic condition. The 
profile plot also shows variation in palaeotemperature in 
theearly history of the basin. The boundary between the 
immature sandstones and the more mature upper 
sandstones bears a low temperature regime at Campano-
Maastrichtian boundary. The plot also reaveals 
increasing palaeotemperature in the Maastrichtian 
which is consistent with the submission ofBodin et al. 
(2015).

Paleo-Oxygenation

Elements such as Fe, U, Co, Cr, V, Ni are some of the 
redox sensitive elements (Omietimi et al., 2022) as most 
of them are immobile after deposition and burial. V/Cr 
greater than 4.25 is an indication of anoxic depositional 
setting, 2.0 to 4.25 is dysoxic while less than 2 is oxic 
(Jones and Manning, 1994) . U/Th greater than 1.25 is 
anoxic, 0.75-1.25 is dysoxic, less than 0.75 is oxic 
(Jones and Manning, 1994) . The U/Th is generally less 
than 0.75 which signify oxic condition according to 

Fig. 10a: Plot of CIA vs SiO2 after Suttner and Dutta (1986) . The 
sandstones plot in kaolinitic field suggesting high maturity probably 
due to intense weathering

Fig. 10b: Plot of Si vs (Al+Na+K) after Suttner and Dutta (1986) . The 
basal sandstones plot in less humid field while others plot in more 
humid field  showing humidity variation in the history of Bida Basin.
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Paleohydrodynamics and Paleodepth

Zr/Rb has been used to predict paleo-water depth and 
paleohydrodynamics (Pehlivanli, 2019) . Zr/Rb less 
than 0.92 implies weak paleohydrodynamic regime, 
1.25-4.76 means immediate, greater than 4.76 suggest 
high hydrodynamic regime (Teng, 2004) . Fe/Mn (Wang 
et al., 2020) is also good for paleodepth indicator. The 
high ratio indicates shallow water depth.From Fe/Mn 
profile (Fig. 14) , the paleowater depth is deeper 
upsection compared to the lower part of the section 
probably due to marine incursion in the Maastrichtian. Fig. 11a: Plot of PIA vs CIA (after Abedini and Calagari, 2017) 

showing the sandstones have undergine intense weathering

Fig. 11b: Paleoweathering profile plot (CIA, PIA, CIW) showing intense weathering (with values greater than 90%) and paleoclimatic (Th/U, 
Rb/Sr, Sr/Cu) profile plot showing dry and less humid condition in the early history of the basin and domiant warm to humid condition in the latter 
stage

Fig. 12: Paleo-oxygenation profile plot showing more oxic aondition in the Campanian and brief less oxic phase in the Maastrichtian
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This is supported by stronger paleohydrodynamics 
(Zr/Rb profile plot – Fig. 14) in the Maastrichtian than in 
the Campanian. The marine incursion increases the 
paleohydroenergy of the depositing medium. This 
supports the documented shale at Agbaja Plateau by Ojo 
et al. (2020).

Paleohydrodynamics and Paleodepth

Sediment Deposition Rate, Terrestrial Detritus Influx 
and Glaciation

Wang et al. (1989) postulated that (La/Yb) n, n-
normalized to PAAS of Taylor and McLennan, (1985) , 
is a proven proxy to infer sediment deposition rate. The 
low values of (La/Yb) n suggest low deposition rate and 
high values suggest high depositional rate.High Ti/Al 
may also suggest low deposition rate and vice versa. Al 
and Ti are higher in regressive system showing likely 
high detritus influx than in a transgressive system (Song 
et al., 2018) . This means high Al and Ti indicate high 
derital influx and probably high sedimentation rate.The 
concentration of aluminum in sediments may indicate 
supply of terrigenous clasts because Al is sourced 
mostly from clay minerals (Lezin et al., 2013; Algeo and 
Maynard, 2004) . At times the Al in sediments may be 
authigenic, but Ti is not (Wei et al., 2003) . The high sum 
of REEs may amount to high terrigenous deposition 
(Venancio et al., 2018) . This can be attributed to very 
low sea-level (Waelbroeck et al., 2002) .This agrees 
with low temperature and relatively low sea level at 
Campanian-Maastrichtian  boundary  proposed 
(Fairhead and Binks, 1991; Binks and Fairhead, 1992; 
Skelton et al., 2003; Bodin et al., 2015; Edegbai et al., 
2019) . Hence, the Campanian-Maastrichtian may be a 
period of glaciation that led to high regression. The 
glacial period can also be recorded at low (near zero) 
Ti/Ca profile according to (Govin et al, 2012; Nace et 
al., 2014) (Fig.15) . This is corroborated by 
palaeotemperature inference from Sr/Cu (Fig.11b) . In 
Figure 15, the high values of (La/Yb) n, (La/Sm) n at the 
lower part of the section suggests high deposition rate 
and lower deposition rate for sandstones upsection.

Zr/Ti spikes mean increased detritus input which may 
also signify climatic change. As Zr is strictly restricted 
to zircon which is mostly associated with acid igneous 
rocks and some metamorphic. V/Ni canbe used to probe 
the origin and the depositional environment of the 
organic matter. V/Ni values less than 1.9, 1.9 to 3 and 
greater than 3 indicate terrestrial organic matter, organic 
matter of mixed marine and terrestrial source and 
marine organic matter respectively (Akinlua et al., 
2016; Zhao et al., 2017) . The V/Ni are dominantly 
greater than 3 (Fig. 16) showing dominance of marine 
organic matter, even in the Campanian sandstones, 
thereby suggesting brief marine incursion in the 
Campanian as well. The Maastrichtian upper sandstones 
show higher V/Ni and support more marine incursion 
(probably tidal setting as reported by Ojo and Akande, 

Fig. 13: Paleosalinity profile plots showing marine incursion at the 
upper part of the section in the Maastrichtian

Fig. 14: Profile plots for paleohydrodynamics and paleowater depth 
showing variation in paleowater depth with dominant shallow water 
depth ad stronger hydroeneergy in the Maastrichtian probabaly due to 
marine incursion



Paleoproductivity 

Paleoproductivity depends on organic matter supply by 
surface water and presence or absence of microbes that 
can degrade the organic matter (Cheng et al., 2021) . 
Paleoproductivity is the basis for the enrichment of the 
organic matter in marine sediments. Elements such as P, 
Ba, Si, Cu, and Ni are essential trace elements for 
biological life activities. The availability of these 
elements in sediments can signify paleoproductivity 
(Tribovillard et al., 2006; Algeo et al., 2011; Schoepfer 
et al., 2015) . Ba/Al and P/Ti can reveal nutritional 
conditions and paleoproductivity. Organic matter 
availability is not unconnected to P and Ba availability 
(Tribovillard et al., 2006) . P/Ti less than 0.34 means low 
productivity, 0.34 to 0.79 is intermediate while values 
greater than 0.79 means high paleoproductivity (Li et 
al., 2020) .

Furthermore, Ni/Al, Zn/Al and Cu/Al can all be used as 
proxies for paleoproductivity (Algeo and Maynard, 
2004) . The low values of these proxies point to low 
paleoproductivity while the high values will signal high 
paleoproductivity. The three proxies show generally 
l ow  v a l u e s  i n d i c a t i n g  d om i n a n t l y  l ow  
paleoproductivity.

In Figure 17, P/Ti, Zn/Al and Ba/Al are generally low 
but increased at the upper part of the section, suggesting 
high paleoproductivity and organic richness. Also, 
Ni/Al, Cu/Al and Na/Al are generally low for 
sandstones at the lower part of the section but spiked 
mainly at the upper part of Agbaja Plateau which may 
suggest surge in paleoproductivity which might have 
resulted from inferred marine incursion and subsequent 
less oxic setting. The dominantly low paleoproductivity 
support dominant oxic and humid setting across the 
section.

Diagenesis, Maturity and Sediment Recycling 

Trueman and Tuross (2002) suggestedthat enrichment 
of Chromium to Vanadium may signify a level of 
diagenesis. They recommended V/Cr less than 2 
(Fig.18) to mean a certain degree of diagenesis while 
V/Cr greater than 2 may indicate low diagenesis. The 
profile plot shows that the sandstones have been 
subjected to diagenesis. High ratios ofZr/Ti can be used 
to interpret progressive maturity (Zhang et al., 2004) . 
Armstrong-Altrin et al. (2014) recommended K/Na 
ratio greater than 1 for high chemical maturity and 
sediment recycling. The spike in K/Na at the transition 
zone might have resulted from the presence of K-rich 
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2009) rather than continental detritus at the time the 
upper sandstones were deposited.

At Agbaja Plateau (Fig. 15) , Al and Ti profiles show 
higher detrital at the lower part of the section than 
upsection. This supports more marine influence 
upsection as inferred by Sr/Ba. The reduced detritus 
upsection also supports inferred less oxic condition 
upsection. Zr/Ti also show the basal sandstones are 
more of regressive deposits while the upper sandstones 
are transgressive (sediments trasported into the basin 
from afar) . The Zr/Ti profile support intrabasinal 
sediment source for basal sandstone and extrabasinal 
source for upper sandstone. This supports marine 
incursion in the upper sandstone. It also shows that the 
transgression changed the sedimentary facies in the 
Bida Basin. This is supported by more pervasive tidal-
related sedimentary structures were seen at Agbaja 
Plateau (earlier reported by Ojo and Akande, 2009) . The 
high Zr/Ti upsection indicates more maturity. This 
concurs with paleosalinity interpretation.The regressive 
glacial peak period is suspected in low Ti/Ca  (as used in 
siliciclastic system by Govin, et al, 2012; Nace et al., 
2014) where the profile plot tends to zero thereby 
suggesting near zero deposition and probably a thermal 
low – period of glaciation. EREE (supported by La/Yb, 
La/Sm – all normalized to PAAS of Taylor and 
McLennan, 1985).

Fig. 15: Profile plots showing sedimentation rate was faster upsection 
and slower for the lower part of the section. HSR – High Sedimentation 
Rate. MOM – Marine Organic Matter



Fig. 17: Paleoproductivity profile plots showing spike in paleoproductivity at the upper part of the section which corroborates inferred less oxic 
condition and high sedimentation rate which might have aided preservation of organic matter
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Fig. 16: Profile plots showing higher terrestrial influx at the lower part of the section and lower influx at the upper part of the section.
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clay minerals sequel to weathering and diagenesis. 
Roser et al. (1996) suggested Si/Al less than 3 means 
basic igneous, 3 to 5 means acid igneous rocks while 
greater than 5 in clastic sediment suggests high 
sediment maturity.

High sediment recycling may also be inferred from 
elevated values of (Gd/Yb) n in sandstones as 
demonstrated by (McLennan, 1989; Kandemir et al., 
2022) .  This corroborates sediment recycling 
interpretation from K/Na profile plot. Also, high sum of 
REEs was suggested as high sediment recycling and 
possible control by different amount of accessory 
minerals (Zou et al., 2016) .  In all, the transition zone 
seems to be the period of highest sediment recycling and 
this may also indicate that this is a zone of intense 
weathering. Other climatic inputs such as moist 
sediment deposition, high precipitation and erosion may 

also be responsible for increased REEs (Sousa et al., 
2022) . Less ∑ REE may imply high sea level and 
probably high temperature. Increase in the sea level 
reduces continental materials. High Fe O  may also 2 3

signify high continental detritus input (see table 1) V/Cr 
indicate values indicate that the sandstones from Agbaja 
Plateau have been subjected to a degree of diagenesis 
(Fig. 18) . Notably the uppermost sandstones have 
undergone  more  diagenesis  than  the  lower  
sandstonesand this may be due to longer transportation 
and marine reworking. Alumina, K and Al reduces 
upsection which is in line with increasing diagenesis. 
The low ∑REE also support marine incursion and higher 
temperature later in the Maastrichtian than Campanian. 
High Si/Al upsection support high chemical maturity 
and it further supported by high Zr/Ti and low La/V 
(Fig. 18).

Fig. 18: Profile plots of diagenesis and sediment recycling shwing that the sandstones have undergone a degree of diagenesis and sediment recycling 
was more pervasive in the lower part of the section compared to the upper part. HSR – High Sediment Recycling

Conclusions

Agbaja Plateau sandstones were deposited in 
dominantly oxic condition with brief anoxic phase 
recorded at the upper part of the section during the 
Maastrichtian. The less oxic phase may be responsible 
for spike in organic matter richness in the Late 
Maastrichtian. The basal sandstones are characterised 
by low paleoproductivity while the sandstones at the 
upper  part  of  the section showed spike in  
paleoproductivity. The marine organic matter 
composition of the sandstones was diluted by high 
terrigenous input and high sediment recycling. 

The boundary between the basal sandstone and upper 
sandstone probably represents a low-temperature 
regime. 

The sandstones are of felsic origin and were deposited in 
passive margin setting. The  sandstones at the upper 
partof the section are more weathered and mature than 
the basal sandstones which suggests relatively low 
humidity in the Campanian and high humidity in the 
Maastrichtian and therefore indicate changing 
paleoclimate, paleotemperature and paleosalinity over 
time in the late Cretaceous.
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The sandstones at the upper part of Agbaja Plateau 
section experienced more marine incursion in the 
Maastrichtian, probably via connected Tethys and south 
Atlantic Ocean. This also reflects a stronger 
hydrodynamic regime in the Maastrichtian time.
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