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Abstract

The petrography and geochemistry of major and trace elements distribution pattern for the Lokoja Sandstones, Southern Bida Basin,
Nigeria; were used to interpret their provenance, weathering conditions and paleotectonic setting. A total of seven (7) representative
sandstone samples were selected for petrographic, heavy minerals and inorganic geochemical analyses; that is X- ray diffraction (XRD),
X-ray fluorescence (XRF) and Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Results of the petrographic
analysis showed 52.14 % quartz, 39.29 % feldspar, 2.00 % rock fragments, 5.14 % matrix and cement fraction as well as 1.43 % unfilled
voids. Results of major elements and oxides suggests intermediate to felsic source rocks while the dominance of Na-rich feldspar to the
k-feldspar and high value of Fe203+MgO shows contribution from ferromagnesian minerals of mafic igneous source provenance and
oceanic island arc region. Average concentrations of designated trace elements in the studied sandstones are low in concentrations. The
lower concentrations of Cr, Co, and Ni and higher concentrations of Zr, Ba, and Sr suggest a felsic progenitor rock. But significantly
high values of Ni (7.02 ppm), La/Co (7.99), and Ni/Co (3.28) as well as the low concentration value of Y, (3.23 ppm) suggests contribu-
tions from mafic source rocks. Low average ratios for La/Co, Th/Co, Th/Sc, Ni/Co, Cr/Ni, Cr/Sc, Cr/Th, Ni/Co, Cr/Ni, Cr/Th, Cr/Sc,
Th/Sc, La/Co and Th/Co also suggest a felsic source provenance. An average CIA value of 78.04% is indicative of an intense recycling
in the source area while an average MIA value of 56.13% suggests a moderate degree of weathering. The high clay matrix and feldspar
content have been used to classify the sandstones as feldspathic greywackes deposited in dry arid climatic conditions under a basement
uplifted tectonic setting.
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1. Introduction

The Bida Basin is one of Nigeria’s inland sedimentary basins, which is situated in the central part of Nigeria. This basin has variously
been studied by workers like Adeleye (1974, 1975), Jan du Chene et al. (1978), Mebradu et al. (1986), Ojo, S. B. and Ajakaiye (1989),
Braide (1992a & 1992b), Ojo, O. J. (1992, 2009, 2012), Idowu and Enu (1992), Ladipo et al. (1994), Olaniyan and Olobaniyi (1996),
Akande et al. (2005), Ehinola, et al. (2006), Okoro (2007), Obaje et al. (2004, 2006, 2011, 2013, 2015). Most of these studies concentrat-
ed on the stratigraphy/biostratigraphy, basin geometry and facies analysis and hydrocarbon potentials with little attention given to the
petrofacies, geochemistry, provenance and tectonic setting of the sedimentary fill. Nton and Adamolekun (2016) integrated sedimento-
logical and geochemical data from the Lokoja and Patti Formations to deduce the provenance, palaeo-depositional characteristics and
tectonic history of the sediments. The study concluded that the sediments were sourced from the adjacent felsic rocks within the south-
western and north-central basement complex of Nigeria and were deposited in a fluvial setting. Madukwe et al. (2014) used petrography
and major and trace elements geochemistry to interpret the provenance and tectonic settings of the Lokoja Sandstones. They concluded
that the sandstones were mainly mature lithic arenites, subgreywackes and protoquartzites derived from felsic igneous rocks within oce-
anic Island Arc setting. Noting the difference in rock types, climatic conditions and tectonic settings, interpreted by previous authors
(Madukwe et al. 2014; and Nton and Adamolekun, 2016); this paper focussed on petrography and geochemistry, using major and trace
elements to re-evaluate and classify the sandstones of the Lokoja Formation and interpret their provenance and tectonic setting.

Provenance studies are key elements of any basin analysis as it provides basic information regarding their tectonic origin (Miall, 2000;
Sanni et al. 2016). Bhatia (1983); Bhatia and Crook (1986); Roser and Korsch (1986) used the chemical compositions of sandstones to
discriminate their tectonic settings. Dickinson and Suczek, (1979) used framework composition to classify sandstone suites into three
tectonic provenances, viz: continental block provenances, where sediments sources are shields and platform faulted basement blocks in
craton interior, as well as transitional and uplifted basements. The other is magmatic arc provenance where sediments sources are active
Island Arc orogens or active continental margins. They comprise un-dissected, transitional and dissected provenances while the last is the

Copyright ©G. U. Ozulu et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unre-
Y stricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/3.0/

280 International Journal of Advanced Geosciences

recycled orogen provenance, where sediments sources are deformed with uplifted stratal sequences in subduction zones along collision
orogens or within foreland fold-thrust belts (Dickinson and Suczek, 1979; Dickinson, 1985; Igwe et al. 2013).

This study focussed on petrography and geochemistry of major and trace elements of the Lokoja sandstones, Southern Bida Basin; using
data from mineralogy and elemental distribution pattern to interpret the provenance and tectonic setting of the sandstones.

2. Geological setting of the bida basin

The geologic setting and origin of the Bida Basin is controversial and has been a subject of discussion over the years. The Bida Basin is a
NW-SE trending inland basin, stretching from Shegwa in Niger State to Dekina in Kogi State (Rahaman et al. 2019). It is situated be-
tween the Precambrian Northern Nigeria Massif and the West African Craton (Braide, 1992b). This basin merges with the Anambra and
Sokoto basins in terms of its sedimentary fill in the SE and NW ends respectively (Adeleye, 1974, Ladipo, 1988, Ojo, 2009, and Obaje et
al. 2011). While Ojo and Ajakaiye (1989) estimates the areal coverage of the basin as about 7,000 km?, stretching extensively from the
confluence of the Niger-Benue Rivers in the north-western part of Nigeria with a maximum width in the middle Niger area at160 km.
Zaborski (1998) is of the opinion that the basin is approximately 350 km in its longest axis and varies from 75 to 150 km in width (fig.
1). Gravity studies put the maximum thickness of the sedimentary successions at about 3.5 km in the central axis (Ojo, 1984). Benkhelil
(1989 and Obaje et al. (2011) believe that the basin is a gently down-warped trough whose origin is closely related to the Benue Trough
and part of the West and Central African Rift System.

&
Agbaja & Batati Formation
|Patti & Enagi Formation
Sakpe Formation

Bida Formation

Lokoja Formation
Basement Complex

Fig. 1: Simplified Geological Map of the Bida Basin (After Braide, 1992c).

Three tectonic models have been proposed for the origin of the Bida Basin. Firstly is the Rift model, where the basin is described as a rift
bounded, tensional structure that produced an aulacogen (a failed rift) during the opening of the South Atlantic Ocean and separation of
African and South American plates (Wright, 1968; Grant, 1971; Burke et al. 1970, 1971; Adeleye, 1973; Kogbe et al. 1981; Adeniyi,
1984; Agyingi, 1993). Landsat imageries of the basin indicated that the basin is controlled by NW-SE trending faults in the surrounding
basement (Kogbe et al. 1981). This is further subdivided into three major sets oriented in N-S, NE-SW and NW-SE direction. Agyingi
(1993) suggests a post-Santonian origin as sediments in the basin are seen to be generally undisturbed. Likkason (1993), however, be-
lieved that the basin formed from a mantle plume located at the south-eastern part of the basin close to the confluence between the Benue
and Niger rivers.

In the second model, the Simple Sag model; Whiteman (1982) disagrees with the aulacogen (triple rift system) based on the structural
features. He submits that the basin is probably a Campanian-Maastrichtian feature in origin and that the sedimentation in the basin ac-
tively started during the Late Campanian transgression. He thus suggested a simple Post-Santonian intra-cratonic sag and pull-apart ba-
sin. Ojo, S. B. and Ajakaiye, (1989) support the isostatic subsidence hypothesis based on the great differences in width of the basin. Their
support for the isostatic subsidence hypothesis is also coupled with the fact that major phenomena associated with rifts such as volcan-
ism, igneous intrusions, major faulting and intermittent uplifts; are conspicuously absent in the basin. The basin is thought to be associat-
ed with isostatic readjustments and gentle down-warping or subsidence of the granitic Basement Complex as a result of the removal of
mantle materials during the emplacement of the Younger Granite Ring Complexes in the Jurassic (Whiteman, 1982; Ojo, S. B. and
Ajakaiye, 1989).

The third model is the Wrench Fault/Srike-Slip Tectonic model advanced to explain the origin of the Bida Basin (Braide, 1990, 1992b).
It is considered as a graben resulting from the sinistral movements along the bounding Chain and Charcot fracture systems of the Benue
Trough.The basin formed as a pull-apart basin with multiple phases of transtension and basin infilling with little internal deformation and
irregular bottomed basin floor of graben and horst structures (Braide, 1990, 1992a).It is thought to have developed at an angle to the ma-
jor principal fault movements in which the horizontal movements translated to vertical movements leading to basement fragmentations
(Benkhelil, 1989 and Braide, 1990, 1992b).

The tectonics responsible for the basin genesis seems to be closely connected with the Santonian orogenic movements of south-eastern
Nigeria in the Benue Trough (Adeleye 1989; Kogbe, 1989). Wright et al. (1985) and Ojo, and Ajakaiye, (1989); while agreeing with the
cratonic sag model proposition, suggested that a rift origin may not be ruled out. A generally held opinion, however, is that the basin
originated as a simple intracratonic sag basin (Okoro, 2007).Based on the fact that there are no clear evidences of rifts associated activi-
ties such as volcanism, igneous intrusions, major faulting and intermittent uplifts in the basin, the simple intracratonic sag model seems
more plausible.
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3. Method of study

The methods of investigation involved both field study and laboratory analyses. Preliminary megascopic identification of minerals in
rocks was done in the field while the laboratory analyses included those for mineralogical studies — [petrography and heavy minerals
analysis]and inorganic geochemistry — [X- ray diffraction (XRD), X-ray fluorescence (XRF) and Laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS)].

3.1. Mineralogical studies

a) Petrographic Analysis
A total of seven (7) representative sandstone samples were selected for petrographic analysis. The procedures described by Sorby, (1882)
and cited in Reed and Mergner, (1945) were followed for the petrographic analysis. Seven thin sections were prepared and studied using
petrographic microscopes for minerals identification under plane polarized light (PPL) and cross polarized light (XPL). Sandstone classi-
fication was done using the ternary diagram for mineral-based apexes of quartz (Q), feldspar (F) and rock (RF) after Folk, (1974) and
Pettijohn, (1975).

b) Heavy mineral analysis
A total of seven (7) representative sandstone samples processed for their heavy mineral composition. The method used for the heavy
mineral separation was the gravity settling method as prescribed by Milner, (1962) and the heavy minerals were identified using a reflect-
ing microscope. The Zircon, Tourmaline, Rutile (ZTR) Index was calculated using the percentage of the combined zircon, tourmaline
and rutile grains for each sample (Hubert, 1962).

c) X- ray diffraction (XRD) analysis
The X-Ray diffraction (XRD) was used for bulk mineral and clay mineral analysis of the sandstones. A Philips PANalytical instrument
with a pw 3830 X-ray generator operated at 40 kV and 25 mA was used for this analysis. The pulverized samples were oven dried at 100
°C for 12 hours to remove the adsorbed water. The samples were pressed into rectangular aluminium sample holders using an alcohol
wiped spatula and then clipped into the instrument sample holder. The samples were then scanned on 2 theta scale at intervals of 0.02 sec
and counted for 0.5 sec per step from 5 to 85 degrees. The XRD machine generated only intensity plot as a function of 26 while the dif-
fraction patterns recorded by XRD machine were like a “fingerprint” of crystalline materials and compared with standard patterns for
identification of unknown materials. Results of this analysis are reflected in the x-ray diffractogram showing the spectra signatures of the
minerals present.

3.2. Geochemical analysis

The inorganic geochemistry was done by X-ray fluorescence (XRF) and laser ablation-inductively coupled plasma-mass spectroscopy
(LA-ICP-MS)

a) X-ray fluorescence (XRF) analysis
X-ray fluorescence (XRF) was carried out on seven (7) sandstone samples to determine their major elements composition. The sandstone
samples were pulverized and analyzed using the Philips Empyrean PANalytical Machine with a 2.4 kW Rh X-ray tube. In the analytical
procedures for major element analysis, 1.00 g of the sample was weighed and placed in the oven at 110 °C to dry for 1 hour. 10.00 g
Claisse flux was then added and fused in the Claisse fluxer for 23 minutes. 0.2 g of Na2COz was then added to the mix. You now have
the sample + flux + Na2COs pre-oxidized at 700 °C before fusion. The flux type employed was Ultrapure Fused Anhydrous Li-
Tetraborate-Li-Metaborate (66.67 % Li2B4O7 + 32.83 % LiBO2) and a releasing agent, Li-lodide (0.5 % Lil). The technique reports ma-
jor elements concentration as percentage (%) oxides. This analytical method yielded data for ten (10) major elements - [Silicon (Si), Al-
uminium (Al), Iron (Fe), Calcium (Ca), Magnesium (Mg), Potassium (K), Sodium (Na), Titanium (Ti), Manganese (Mn) and Phosphorus
(P)], as oxides percentages.

b) Laser ablation-inductively coupled plasma-mass spectroscopy (LA-ICP-MS)
Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analysis was carried out also on the seven (7) sandstone
samples to determine their trace elements composition using the Analytik Jena Varian ICP-MS machine. LA-ICP-MS is a sensitive ana-
lytical technique for multi-elemental analysis where the laser is used to vaporize the surface of the solid sample. The vapour from the
surface of the solid sample and other particles are then transported by the carrier gas flow to the ICP-MS and the trace element composi-
tions reported in parts per million (ppm). In the experimental method called the pressed pellet method for trace elements analysis, 8 g of
milled powder was weighed and mixed thoroughly with 3 drops of Mowiol wax binder. The pellets were then pressed with pill press to
15 ton pressure and dried in the oven at 100 °C for 30 minutes before analyzing. This method yielded data for eighteen (18) trace ele-
ments -[Lead (Pb), Arsenic (As), Cadmium (Cd), Chromium (Cr), Thorium (Th), Copper (Cu), Nickel (Ni), Scandium (Sc), Cobalt (Co),
Yttrium (Y), Mercury (Hg), Barium (Ba), Calcium (Ca), Latium (La), Strontium (Sr), Zirconium (Zr), Zinc (Zn) and Phosphorus (P)],
reported as mg/kg (ppm).

c) Losson ignition
Loss on ignition (LOI) is a test where samples of the material being analyzed are strongly heated at a specified temperature, thereby al-
lowing volatile substances to escape. Oxygen is added until its mass ceases to change. The prepared samples were oven-dried overnight
at specified temperature (105°C), to determine their natural moisture contents. The samples were then placed overnight again in an oven
at another specified temperature (800 °C) and the difference in weight was determined to obtain the Loss on ignition (LOI). The LOI
consists of contributions from the volatile compounds of H20, OH-, CO2, F, CI-, S; in parts also K* and Na* (if heated for too long); or
alternatively added compounds of oxygen (O2) by oxidation, e.g. (FeO to Fe203), and later carbon-dioxide (CO>), e.g. (CaO to CaCOs).

4. Results

4.1. Petrology and mineralogy

Result of the petrographic analysis show quartz and feldspar as the dominant minerals with some lithic (rock) fragments as framework
elements. Photomicrographs for the petrographic analysis are shown in figs. 2-8, while petrographic analysis data and summary of the
mineralogical composition for the sandstone samples is presented in tables 1a & 1b. The void-filling minerals consist of clay, iron oxide
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and silt/clay size quartz and mica. The matrix is composed of unrecrystallised clay and silt size quartz while iron oxide act as the binding
cement. Majority of the quartz minerals display straight to undulose extinction, under cross polarized light; while the margins of most
individual quartz grains are fractured and have sutures, indicative of tectonic activities. Some plagioclase minerals are untwined making
them difficult to differentiate from each other and from quartz as well.

(A)

(A)

Fig. 3:Photomicrograph of LKJ 2 Sandstone Sample — (A) PPL and (B) XPL Showing Sub-Rounded Quartz, Microcline, Plagioclase and Orthoclase
Feldspar.

(A) (B)

Fig. 4:Photomicrograph of LKJ 3 Sandstone Sample — (A) PPL and (B) XPL Showing Sub-Rounded Quartz, Microcline, Plagioclase and Orthoclase
Feldspar.

(A) (B)
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Fig. 5:Photomicrograph of LKJ 4 Sandstone Sample - (A) PPL and (B) XPL Showing Sub-Rounded Quartz, Microcline, Plagioclase and Orthoclase Feld-
spar.

(A)

Fig. 6:Photomicrograph of LKJ 5 Sandstone Sample - (A) PPL and (B) XPL Showing Sub-Rounded Quartz, Microcline, Albite and Orthoclase Feldspar.

(A) ()
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Fig. 8:Photomicrograph of LKJ 7 Sandstone Sample — (A) PPL and (B) XPL Showing Sub-Rounded Quartz and Feldspar.
Key: Qtz - Quartz, Or — Orthoclase, Pl — Plagioclase, Mc — Microcline, Alb — Albite, and Mtx — Matrix
Tables 1a and 1b show the modal composition of the sandstones and detrital framework composition respectively. Quartz vary from
36.81- 46.67% with an average of 42.42%, feldspar from 28.58-37.36% with an average of 32.44%, rock fragments from 3.13- 4.42%
with an average 0f3.72%, matrix and cement from 15.32-20.33% with an average 0f17.96%, while unfilled voids vary from 2.10- 4.43%
with an average of 3.47%. Monocrystalline quartz constitutes about 90% of the total quartz while the polycrystalline quartz is 10%.

Table 1: A) Petrographic Analysis Data Showing Total Composition of Sandstone in the Study Area (%)

Sample No. Quartz% Feldspar% Rock Fragments% Matrix & Cement % Unfilled Void%
LKJ1 41.76 37.36 3.46 15.32 2.10
LKJ 2 36.81 35.71 4.42 18.63 4.43
LKJ 3 37.77 35.00 4.07 19.64 3.56
LKJ 4 41.67 29.76 4.08 20.33 4.16
LKJ5 46.67 29.70 3.45 17.13 3.05
LKJ 6 46.42 28.58 3.42 18.24 3.34
LKJ7 45.84 30.95 3.13 16.42 3.66
Average Value 42.42 32.44 3.72 17.96 3.47

Key: LKJ 1 - Felele, LKJ 2 - Felele, LKJ 3 - Nataco, LKJ 4 - Nataco, LKJ 5 - Oworo Estate, LKJ 6 - Banda, LKJ 7 - Banda.

Table 1: B) Summary of Mineralogical Composition of Sandstone Samples (%) from Re-Calculated Framework of the Sandstone Samples for Study

Area.

Sample Nos. Quartz Feldspar Rock Fragments MMI
LKJ1 50.57 45.24 4.17 1.02
LKJ 2 47.84 46.41 5.74 0.92
LKJ3 49.15 45.55 5.30 0.97
LKJ 4 55.18 39.41 5.40 1.23
LKJ5 58.47 37.21 4.32 141
LKJ 6 59.19 36.44 4.36 1.45
LKJ7 57.36 38.73 3.92 1.34
Average

Value 53.98 41.28 4.73 1.17

4.1.1. Textural and mineralogical maturity

Two lines of interpretation, (textural and mineralogical maturity), have been used to describe the composition of the Lokoja Sandstones.
Textural maturity was evaluated on the basis of Folk, (1974) and PettiJohn, (1975) textural maturity flow charts. Table 1a shows that the
sandstones contain average matrix (clay) and cement percentage of 17.96% which is > 15%. Therefore the Lokoja Sandstone is interpret-
ed as texturally immature based on poor sorting and clay content of over 5% (Folk, 1974). The sandstones classification scheme of Petti-
John, (1975) and Bogg (2006) recognizes the importance of matrix in subdividing sandstones into the arenite and wacke clans. Sand-
stones with less than 15% belong to the arenite clan while those with 15% or more matrixes belong to the wacke clan. Matrix is a textural
parameter which affects the porosity of the sandstone and reflects the fluidity of the transporting medium (Pettijohn, 1975). The average
matrix content of over 15% in the Lokoja Sandstones suggests that they belong to the wacke clan. The re-calculated framework composi-
tion with an average feldspar of 41.28% (table 1b), classifies the sandstones as feldspathic (arkosic) wacke (fig. 9a). However on the
basis of Folk (1974) classification scheme, which completely discards matrix as an important element in sandstone classification, the
Lokoja Sandstone is classified as an arkosic or feldsparthic arenite (fig. 9b).

The mineralogical maturity was deduced using the mineralogical maturity index (MMI) of Nwajide and Hoque, (1985). The mineralogi-
cal maturity index (MMI) values of the Lokoja Sandstone, range from 0.92 - 1.45 with an average of1.17 (table 1b). Since MMI value is
< 3.0 but > 1.0, the sandstones are interpreted to be mineralogically immature. Mineralogically, the Lokoja sandstone averagely compris-
es 42.42 % quartz, 32.44 % feldspar, 3.72 % rock fragments, 17.96 % matrix and cement fraction and 3.47 % unfilled voids (see table
1a).MI > 19 is super-mature, Ml ranging between 19 — 9 is mature, MI between 9 - 3 is sub-mature, MI between 3 - 1 is immature and
MI < 1 is extremely immature (Nwajide and Hoque, 1985).

MMI = Mineralogical Maturity Index

Average MMI = Quartz (Q) =53.98, Feldspar (F) = 41.28, Rock Fragments (RF) = 4.73 (see table 1b).

MMI =53.98/41.28 + 473 = 1.17
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Fig. 9: A). QFRF Ternary Diagram for Sandstone-Mineral Base Classification in Study Area, (After Pettijohn, 1975).
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Fig. 9: B). QFRF Ternary Diagram for Sandstone-Mineral Base Classification for Study Area, (After Folk, 1974).
4.1.2. Heavy mineral analysis

Results of the heavy mineral suites for Lokoja Sandstones have been presented in table 2 while the photomicrographs are shown in figs.
10a — 10e. The results reveal zircon, tourmaline, rutile, opaque minerals and non—opaque minerals. The presence of the zircon and tour-
maline is indicative of igneous source (e.g. granite, pegmatite, syenite); while the presence of rutile shows metamorphic provenance (e.g.
schist or gneiss) (Boggs, 2006). The zircon, tourmaline and rutile (ZTR) index, which is a quantitative definition of these mineral grain
assemblages in percentage, is used to infer the provenance rock source (Hubert, 1962). These heavy mineral suites occur as Basement
Complex of igneous and metamorphic rocks sediments derivatives (Gideon et al. 2014). The zircon, tourmaline and rutile (ZTR) index
calculated from the result of heavy mineral analysis range from 50 — 83.30%. The calculated average ZTR index (67.99%) is suggestive
of mineralogically immature to submature sediments while the averagely low ZTR index value is indicative of a short distance of trans-
portation from the source area. The heavy mineral grains appear euhedral in shape and are angular to subrounded indicative of a short
travel distance and most likely igneous and metamorphic source origin. Stable heavy minerals like zircon and rutile can survive multiple
recycling episodes and usually become well rounded thereafter. This commonly implies that the last provenance source was sedimentary
(Ikhane et al. 2013). The degree of roundness, therefore, is usually a reflection of the sediment travel distance. ZTR < 75% imply imma-
ture - sub-mature sediments and ZTR > 75% imply mineralogically matured sediments (Hubert, 1962 cited in Ikhane et al. 2013).

Table 2:Heavy Mineral Composition of Sandstones in the Study Area

Heavy Mineral Composition of Sandstone in the Study area

eSgrrple ID/Mir- i con Tourmaline Rutile Others ’C\l)ggque Opaque é/I)R ces
LKJ 1 3 2 1 4 10 14 60.00
LKJ 3 3 1 1 1 6 2 83.30
LKJ 4 3 - 1 1 5 5 80.00
LKJ 6 - 1 1 2 4 3 50.00
LKJ7 2 1 1 2 6 7 66.67
Avg. 11 5 B 67.99
Fo?]l:lr:j(i%dgtr(:iisr:{b Brown colour. Reddish . S Clanlatalily
OPTICAL exhibithigh bire- ~ Goodpris- ~ iowm N fin - Unidenifiable oceur asblack - Z+T+R
PROPERTIES fringence, blue, matic cleav- S S e S o dag Loy
green, pink, yellow  age prismatic section oured grains in - Non
crystals thin section. Opaque

in thin section

ZTR Provenance Ratio: 7:2:17 =4:1:9
Z= ZirconR= RutileT= Tourmaline O= Opaque Minerals NO= Non-Opaque

A (B)

© (D)
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Fig. 10:Photomicrograph of Lokoja Sandstone: [ A- Lokoja 1, B- Lokoja 3, C- Lokoja 4, D- Lokoja 6, E- Lokoja 7.
4.1.3. X-Ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis shows that the mineral assemblage is dominated by quartz and feldspar suggesting a low weathering
profile for the Lokoja Sandstones. The feldspars include: orthoclase, microcline and albite, while other associated minerals are musco-
vite, kaolinite, enstatite and rutile (see fig. 11).

4.2 Major Elements Geochemical Results

The major element concentrations of the sandstones in the study area have been reported as oxide percent by weight in table 3. These are
Silicon (Si), Aluminium (Al), Iron (Fe), Calcium (Ca), Magnesium (Mg), Potassium (K), Sodium (Na), Titanium (Ti), Manganese (Mn)
and Phosphorus (P). The elemental compositions of the samples were determined via X-ray Fluorescence (XRF) while the concentration
of three major oxide groups - silica, alumina and alkali oxides in conjunction with iron oxides and magnesia were used to classify the
sandstones. The results show that the sandstone is enriched in SiO2, Al203, Fe203, CaO, MgO, Na20, and depleted in MnO2and P20s. The
potassium oxide (K20) content — (0.82-0.98) with average value (0.91), is < unity (1) indicating a slightly lower concentration of K-
feldspar compared to the plagioclase feldspar. The enrichment of CaO and Na2O > unity (1) in all samples is indicative of Ca-rich and
Na-rich plagioclase feldspars possibly derived from basic and felsic igneous or metamorphic rocks. The low value of K20 compared to
CaO and Na20 may be due to low concentration of the oxide in the source area. The plagioclase is seen to predominate in the thin sec-
tions when compared to the orthoclase feldspar. The high values of Silica (SiO2) and alumina (Al20s3) is reflected mainly in the large
presence of quartz and kaolinite as constituents. The slightly high titanium oxide (TiOz) content (1.10 - 2.41%) is suggestive of abundant
felsic materials in the source rocks (Condie et al. 1992). Titanium is relatively immobile compared to other elements during various sed-
imentary processes (Nton, and Adamolekun, 2016).Therefore, its presence in the sandstone in high concentration suggests abundance of
the progenitor (source) rock. The high iron (Fe20s)content may be due to the presence of the heavy minerals observed while the source of
magnesium oxide (MgO) may be linked with biotite, a ferromagnesian mineral. It has been widely reported that geochemical signatures
of clastic sediments can be utilized in inferring their provenance characteristics (Taylor and Mclennan, 1985; Condie et al. 1992; Cullers,
1995; Armstrong-Altrin et al. 2004; Okunlola and Idowu, 2012).The average major elemental oxides ratios show the relationships of the
major elements — SiO2/Al203 (2.47), Na2O/K20 (1.51), K2O/Na20 (0.71) and Fe203+MgO (9.79) (see table 3). The Al203/Ti20 ratio
range for the sandstones (9.19 - 22.36) suggests intermediate to felsic source rocks. Hayashi et al. (1997) pointed out that Al.Os/Ti2O
ratio increases from 3 - 8 for mafic igneous rocks, 8 - 21 for intermediate rocks and 21 - 70 for felsic igneous rocks. The comparative
values of sodium/potassium alkali ratio (Na20/K20) (1.51) and that of potassium/sodium alkali ratio (K20/Naz0) (0.71) show the domi-
nance of Na-rich feldspar to the k-feldspar while high value of Fe203+MgO indicates contribution from ferromagnesian minerals from a
mafic source provenance.
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Fig. 11:X-Ray Diffractogram Showing the Sandstone Mineral Spectra.
Table 3:Major Elemental Oxide Composition for the Sandstones in the Study Area (%)
Sample SIOZ A|203 F9203 CaO MgO Kzo NaZO TIOz MnOz PzOs LOI
Lokoja 1 57.50 24.60 7.90 4.70 1.55 0.88 1.25 1.10 0.04 0.28 0.41
Lokoja 2 57.46 23.78 7.89 4.67 1.50 0.98 1.30 112 0.05 0.27 1.08
Lokoja 3 57.60 23.68 8.78 3.86 1.78 0.97 1.32 1.44 0.02 0.35 0.69
Lokoja 4 56.78 23.77 8.67 3.88 1.77 0.98 1.30 1.45 0.03 0.33 1.55
Lokoja 5 57.67 24.56 7.89 4.67 1.56 0.89 1.26 112 0.05 0.26 0.57
Lokoja 6 59.36 22.06 6.63 427 2.47 0.82 1.52 2.40 0.02 0.43 0.22
Lokoja 7 58.98 22.12 6.46 424 2.40 0.88 1.56 241 0.03 0.43 0.85
Min. 56.78 22.06 6.63 3.86 1.50 0.82 1.25 1.10 0.02 0.26 0.22
Max. 59.36 24.60 8.78 4.70 2.47 0.98 1.56 241 0.05 0.43 1.55
Average 57.91 23.51 7.75 433 1.86 0.91 1.36 1.58 0.03 0.34 0.77

Several geochemical diagrams have been used to show the chemical classification of the Lokoja Sandstones, their provenance and tecton-
ic setting. These include those of Pettijohn, et al., (1972), Blatt, et al. (1972), Suttner and Dutta, (1986), Roser and Korsch, (1986. 1988),
Lindsey, (1999) and Al-Juboury, (2007). The geochemical classification of the Lokoja Sandstones were investigated using the log ratios
of Na20/Kz0 plotted against the log ratios of SiO2/Al20s (Pettijohn et al. 1972) and the log ratios of SiO2/Al203 plotted against the log
ratios of K2O/NazO (Lindsey, 1999) (figs. 12 & 13).
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Fig. 12:Chemical Classification of Lokoja Sandstones Based on Log Ratios of Na,O/K,0 Vs. Log Ratios of Sio,/Al,050f PettijohnEt Al. (1972).



288 International Journal of Advanced Geosciences

T =g |

Quartzarenite

Log (Si0,, Al,0;)

Graywacke

-1 -0.5 o 0.5 1 is5 2
Log (SiO,,; AlLO3)

Fig. 13: Compositional Fields for Major Classes of Sandstones Using Log Ratios of Sio,/Al,O3vs. Log Ratios of K,O/Na,O of Lindsey, (1999).

The SiO2 content and SiO2/Al20s ratio are the most commonly used geochemical criteria for differentiating mature and immature sedi-
ments which also reflect the abundance of quartz, feldspar and clay contents (Potter, 1978). The Lokoja Sandstones plotted as greywacke
on the Pettijohn et al., (1972) diagram. Lindsey (1999) modified the diagram of Pettijohn et al. (1972) using the log ratio of SiO2/Al.03
along the Y-axis instead of log Na2O/K20 and this equally plotted the sandstones in the greywacke region. The most peculiar characteris-
tic in the geochemical classification of the sandstones is in their corresponding compositions and all are scattered around the greywacke
region. Greywackes are immature sandstones with their matrix value > 15 % of the total sandstone composition (Potter, 1978); thus, the
percentage matrix content > 15 % helped in classifying the sandstones as greywacke. The QFL Ternary diagram by Pettijohn, (1975)
helped to classify the sandstone as feldsparthic greywacke because of the high feldspar content (fig. 9a). The presence of high feldspar
content (potassic and plagioclase), indicate relatively immature sand sediments (Malick and Ishiga, 2016).

Using the classification guide of Lindsey (1999), the sandstone was classified as greywacke. Average value of log SiO2/Al20s3 is 0.39.
This is < 1 while that of log K2O/Naz20 is -0.17 which is < 0 (see table 4). According to Lindsey, (1999) classification guideline: Log
(SiO2/Al203) > 1.5 is for quartz arenites; log (SiO2/Al203) < 1 and log (K20/Naz20) < 0 is for greywackes. Log (SiO2/Al203) < 1.5 and
log (K20/Na20 > 0 and log (Fe203+MgO)/(K20+Naz20) < 0 is for arkoses (including sub-arkose); while log (SiO2/Al203) < 1.5 and either
log (K20/Naz20) < 0 or log (Fe203+MgO)/(K20+Na20)> 0 if log (K20/Na20) < 0 is for lithic arenites (sub-greywacke, including pro-
toquartzite). The ternary diagram of Blatt et al. (1972) was further used to confirm the sandstone type. Potassium oxide (K20) and sodi-
um oxide (Naz20) in conjunction with iron oxide (Fe20s)and magnesia (MgO) were used to classify the sandstone as sodic sandstones
rich in plagioclase feldspars (fig. 14). The calculated ratios of sandstone oxides and logs for chemical classification as well as the recal-
culated oxides for the chemical classification of the Lokoja Sandstone have been shown in tables 4 & 5.

Table 4: Calculated Ratios of Sandstones Oxides and Logs for Chemical Classification from the Study Area

Fe,0 (FeaOst o os L L e

Sio/  TiOJ  ALOJ KOl  NaOl Fe0Os 2% NaO  MgO) (Fe;0s 9 0d (Fe:0s

Sample  ALO,  ALO; TiO,  NaO KO /K0 +KO Na0+ MOV (S0 (KOl MgOy
a=& =€ 2 d 2 2 MgO 2 K 20 NazO A|203) NaZO) NaZO +

z K,0

LKJ 1 2.34 0.05 22.36 0.70 142 8.98 9.45 2.13 4.44 7.56 0.37 -0.15 0.65

LKJ 2 2.38 0.05 22.56 0.75 1.33 8.05 9.98 2.28 4.38 7.68 0.38 -0.12 0.64

LKJ 3 243 0.06 16.44 0.73 1.36 9.05 10.56 2.29 461 8.00 0.39 -0.14 0.66

LKJ 4 247 0.08 17.98 0.75 1.33 8.85 10.44 2.28 4,58 8.03 0.39 -0.12 0.66

LKJ5 244 0.91 16.56 0.71 142 8.87 9.87 2.15 4,59 7.85 0.39 -0.15 0.66

LKJ 6 2.69 0.11 9.19 0.54 1.85 8.09 9.10 2.34 3.89 5.99 0.43 -0.27 0.59

LKJ7 2.56 0.14 10.01 0.56 177 7.34 9.14 244 N5 5.86 0.41 -0.25 0.57

Min. 2.34 0.05 9.19 0.54 1.33 7.34 9.10 213 3.75 5.86 0.37 -0.27 0.57

Max. 2.69 0.14 22.36 0.75 1.85 9.05 10.56 2.44 4.59 8.03 0.43 -0.12 0.66

Avg. 2.47 0.20 16.44 0.71 1.50 8.46 9.79 2.27 4.32 7.28 0.39 -0.17 0.63

Table 5: Recalculated Oxides (%) for Chemical Classification of the Lokoja Sandstone

Sample No Fe, 05+ MgO (%) Na,O (%) K20 (%)

LKJ1 81.61 10.79 7.60

LKJ 2 81.40 10.61 7.99

LKJ3 82.18 10.27 7.55

LKJ 4 82.08 10.22 7.70

LKJ5 82.11 10.48 7.41

LKJ 6 79.54 13.29 7.17

LKJ7 78.93 13.47 7.60
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Fig. 14:Ternary Plot for the Lokoja Sandstone (After Blatt Et Al.1972).

For provenance interpretation, SiO2 was plotted against K2O/Naz2O in Roser and Korsch (1986) diagram while the discriminant function

diagram of Roser and Korsch (1988) was plotted using major elemental oxides as variables — [Al20s, TiO2, Fe203, MgO, CaO, Naz20,
and K20] (figs. 15 & 16).

100
10
o
o
o
= a
B PM (Passive Margin)
o
=
0.1 A
OIA (Oceanic Island
Arc) = &
ACM (Active Continental
0.01 + + + + + + + + + + 1
50 55 60 65 70 75 80 85 90 95 100
Sio,

Fig. 15: Tectonic Discrimination Plot for the Lokoja Sandstone (After Roserand Korsch, 1986).
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Fig. 16: Tectonic Discrimination Plot for the Lokoja Sandstone (After Roserand Korsch, 1988).

Computed parameters for Discriminant Functions 1 (DF1) and 2 (DF2), for the Lokoja Sandstone; have been presented in tables 6 & 7.
The computed parameters for the discriminant plots were designed to discriminate among four sedimentary provenances. These are the
mafic igneous provenance (oceanic island arc); intermediate igneous provenance (mature island arc); felsic igneous provenance (active
continental margin); and the recycled granitic-gneissic (sedimentary source). The result shows that the Lokoja Sandstone was deposited
in oceanic island arc provenance field while in the discrimination diagram; it plotted the sandstones in the mafic igneous provenance. The
ratio of K2O/Naz20 versus SiOz is generally used for distinguishing between sediments deposited in the passive continental margin and
oceanic island arc margin (Roser&Korsch, 1986). The QFRF chart for tectonic provenance by Dickinson (1985) plots most of the sam-
ples in a basement uplifted tectonic setting and a few in a slightly transitional continental setting (fig. 17).
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Fig. 17: QFRF Ternary Diagram for Sandstone in the Study Area (After Dickinson, 1985).

Table 6:Computed Parameters for Discriminant Function 1 (DF1) for Lokoja Sandstone

Sample -1.773TiO, 0.607Al,04 0.76Fe;03 -1.5MgO 0.616Ca0 0.509Na,0 -1.224K,0 -9.09 F1
LKJ 1 -1.95 14.93 6.00 -2.33 2.90 0.64 -1.08 -9.09 10.02
LKJ 2 -1.98 14.43 6.00 -2.25 2.88 0.66 -1.20 -9.09 9.45
LKJ3 -2.55 14.37 6.67 -2.67 2.38 0.67 -1.19 -9.09 8.59
LKJ 4 -2.57 14.43 6.59 -2.55 2.39 0.66 -1.20 -9.09 8.66
LKJ5 -1.99 14.91 6.00 -2.34 2.88 0.64 -1.09 -9.09 9.92
LKJ 6 4.25 13.39 5.04 -3.71 2.63 0.77 -1.00 -9.09 3.78
LKJ7 4.27 13.43 4.91 -3.60 2.61 0.79 -1.08 -9.09 3.67
Table 7: Computed Parameters for Discriminant Function 2 (DF2) for Lokoja Sandstone

Sample -0.445TiO, 0.07Al,03 -0.25Fe;03 -1.142Mg0O 0.438Ca0 1.475Na,0 1.426K,0 -6.861 F2
LKJ 1 0.49 1.72 -1.98 -1.77 2.06 1.84 1.25 -6.861 -3.25
LKJ2 0.50 1.66 -1.97 -1.71 2.05 1.92 1.40 -6.861 -3.01
LKJ 3 0.64 1.66 -2.20 -2.03 1.69 1.93 1.38 -6.861 -3.79
LKJ 4 0.65 1.66 -2.17 -2.02 1.70 1.92 1.40 -6.861 -3.72
LKJ5 0.50 1.72 -1.97 -1.78 2.05 1.86 1.27 -6.861 -3.21
LKJ 6 1.07 154 -1.66 -2.82 1.87 2.24 17 -6.861 -3.45
LKJ7 1.07 1.55 -1.62 -2.74 1.86 2.30 1.25 -6.861 -3.19

4.3. Trace elements geochemical results

Results for the geochemical analysis of trace element for the Lokoja Sandstones have been presented in tables 8 & 9. Eighteen trace ele-
ments were identified and their concentrations given in ppm or mg/kg. Eighteen trace elements - [Lead (Pb), Arsenic (As), Cadmium
(Cd), Chromium (Cr), Thorium (Th), Copper (Cu), Nickel (Ni), Scandium (Sc), Cobalt (Co), Yttrium (Y), Mercury (Hg), Barium (Ba),
Calcium (Ca), Latium (La), Strontium (Sr), Zirconium (Zr), Zinc (Zn) and Phosphorus (P)], was reported as mg/kg (ppm) of trace ele-
ments and trace elements ratios. The results show a slight variation from those from the major oxides reported. Trace elements such as
Cr, Ni, Co, and V have been used to determine mafic and ultramafic source rocks (Wronkiewicz and Condie, 1987; Huntsman-Mapila et
al. 2005). The average concentrations of the following useful designated trace elements in the studied sandstones are: Cr, 2.10 ppm, Co,
2.14 ppm, Sc, 1.90 ppm as against these other ones of higher values: Zr, 126.85 ppm; Ba, 178.56 ppm and Sr, 62.67 ppm.. The lower
concentrations of Cr, Co, and Sc and higher concentrations of Zr, Ba, and Sr, observed in the studied sandstones suggest felsic source
rock. Felsic source rocks usually contain lower concentrations of Cr, Co, Ni, and V and higher concentrations of Ba, Sr, Y, and Zr than
mafic and intermediate source rocks (Wronkiewicz and Condie, 1987; Spallettti, et al. 2008). A significantly high value of Ni, (7.02
ppm) and low value of Y, (3.23 ppm); as well as low concentration of Cr, Co, and Sc suggest very minimal contributions from mafic
source rocks. Furthermore, ratios of Th/Sc, La/Co, Th/Co and Cr/Th are significantly different in mafic and felsic source rocks and can
therefore, provide information about the provenance of sedimentary rocks (Amstrong- Altrin et al. 2004). Although the lower average
ratios of Cr/Ni (0.32), Cr/Th (0.42), Cr/Sc (1.31), Th/Sc (2.49), and Th/Co (2.14), points to felsic source rock for the studied Lokoja
Sandstones; values of La/Co (7.99), and Ni/Co (3.28), however, suggest contributions from mafic source rocks.

4.4. Weathering indices results

Weathering indices are useful tools to illustrate weathering profiles and establish the extent of weathering (Cingolani et al. 2003). The
degree of chemical weathering is a function of the climate and rates of tectonic uplift (Wronkiewicz & Condie, 1987), thus chemical
weathering intensity suggests a decrease in tectonic activities and or change of the climate towards warm and humid conditions in source
regions. Weathering indices of sedimentary rocks can therefore provide useful information of tectonic activity and climatic conditions in
the source area. Results of the value ranges for the weathering indices in percent have been presented in table 10. The chemical Index of
Alteration (CIA) (Neshitt and Young, 1982) and the chemical index of weathering (CIW) (Harnois, 1988) were used to evaluate the in-
tensity of weathering in the provenance area and for paleoclimatic interpretation of the Bida Basin. The Plagioclase Index of Alteration
(PI1A), can substitute for CIW, as it was used to evaluate the degree of weathering of rocks in the sedimentary basins (Fedo et. al. 1995);
(Nadlonek and Bojakowska, 2018); while Mineralogical Index of Alteration (MIA) (Voicu, et. al.1997, 2002); was used to establish a
quantitative relationship between intensity of weathering and mobility of elements in the rock during weathering.

Chemical index of alteration (CIA), range from 76.94 - 79.38, chemical index of weathering (CIW), from 79.21-82.05, plagioclase index
of alteration (PIA), from 78.58 - 81.43 and mineralogical index of alteration (MIA), from 53.63 - 58.76. Low CIA values of approximate-
ly 50% imply an unweathered upper crust or weak weathering, but high values (i.e. 76 - 100%) indicate intense weathering with a com-
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plete removal of alkali and alkaline earth elements and an increase inAl2O3 (McLennan, 1993, Fedo et al. 1995; Duplus et al. 2006 cited
in Madukwe et al. 2014). An intense weathering in a source area is reflected by the removal of mobile or unstable cations of calcium
(Ca?"), sodium (Na*) and potassium (K*) relative to the highly immobile or stable residual constituents of aluminium (AI®*) and titanium
(Ti%*) during weathering (Nesbitt and Young, 1982). Conversely, low CIA values indicate near absence of chemical alteration and conse-
quently may reflect cold and or arid conditions (Nesbitt & Young, 1982). CIA =50 - 60 indicates an incipient weathering, CIA = 60 - 80
an intermediate weathering and CIA > 80 extreme weathering (Nesbitt & Young, 1982). The average CIA value of 78.04 % is indicative
of an intermediate weathering condition (see table 10). Furthermore, the different ranges of MIA values are: incipient (0 - 20 %), weak
(20 — 40 %), moderate (40 — 60 %), and intense to extreme (60 — 100 %) degree of weathering.

Table 8: Trace Element Concentration (Ppm) for the Lokoja Sandstones

glaem' Pb As Cd C Th Cu NS¢ Co Y Hg Ba ca La S zr Zn P
Lokoja 18 15 10 20 54 50 84 18 21 30 19 2010 301 170 672 1430 150 380
1 8 9 0 2 5 0 0 0 4 0 0 0 0 0 0 0 0 0
Lokoja 18 15 11 21 50 51 79 17 22 31 18 2121 301 169 644 1424 146 3656
2 o 5 2 2 5 1 2 7 0 5 1 0 2 5 3 5 7 7
Lokoja 18 15 12 20 43 60 86 15 24 20 12 2000 266 191 620 1352 120 410
3 6 2 0 5 0 0 4 2 2 0 5 0 0 0 0 0 0 0
Lokoja 17 15 12 21 44 57 78 15 24 23 15 2120 267 189 613 1352 121 402
4 g8 7 0 6 4 8 9 9 9 3 6 3 2 4 8 2 3 3
Lokoja 16 14 11 20 46 56 53 18 20 24 16 1783 272 189 623 1342 132 472
5 6 8 7 8 4 8 4 8 6 5 1 4 2 4 0 1 4 2
Lokja 16 14 o 21 38 10 47 24 18 50 19 120 210 151 603 goo0 110 610
6 2 6 Y 5 5 o 0o 0o 3 o0 0 0 0 0 0 909 0
Lokoa 17 14 11 21 43 43 62 23 18 46 18 1244 246 153 610 go00 113 600
7 5 9 4 2 1 4 2 71 1 1 1 s 9 5 6 98y 3
vin 16 14 10 20 38 10 47 15 18 20 12 1220 210 151 603 gg0 110 380
2 6 0 2 5 0 o0 2 3 0 5 0 0 0 0 90 g 0
v 18 15 12 21 54 60 86 24 24 50 19 2010 301 191 672 1430 150 610
© § 9 0 5 5 0 4 0 2 0 0 0 0 0 0 0 0 0
~ 17 15 11 21 45 47 170 19 21 32 17 1785 266 173 626 1268 127 463
% 6 2 9 0 8 0 2 0 4 3 2 6 4 5 7 5 7 1
Table 9: Trace Element Ratios for the Lokoja Sandstones
Rati- Cr/Zz La/C Ci/T Cu/lZz Ni/C Th/IC Th/IC 2Zr/[S Th/S Sc/T Cr/S CrIN La/ La/T
BSr ZrlY .
oSample r 0 h n 0 0 r c c h c i Y h
: 2.9 476 79.4
Lokojal 57 o001 794 037 033 393 255 270 | 303 033 112 024 567 312
Lokojaz ~ 2® 003 %% 767 028 035 346 257 288 [°° 312 o041 116 017 555 284
Lokoja 3 2'2 0.02 37'6 780 048 050 357 178 210 28'9 283 035 135 024 955 444
Lokojas o2 003 °° 812 044 048 347 197 213 0% 245 046 125 034 878 3%
Lokoja5  2° 002 3°° 788 037 o040 287 179 246 5! 266 051 128 038 787 362
Lokoja 6 g.o 0.02 égj 825 056 009 257 218 179 ‘1"1'2 160 062 090 046 302 392
Lokoja7 2% 001 2 816 047 016 310 212 190 57 176 057 210 044 425 323
Min. 20 o017 767 028 o009 257 178 179 ;% 160 033 090 017 302 284
Max. 2'2 0.03 87'6 825 056 050 393 257 270 28'9 312 062 210 046 955 444
Aver. ?'7 002 ¢ 799 042 033 328 214 224 0 249 046 131 032 638 359
Table 10: Weathering Indices of Alteration for the Study Area (%)
Sample CIA Clw PIA MIA
LKJ 1 78.27 80.52 79.95 56.54
LKJ 2 76.89 81.24 79.35 56.77
LKJ3 79.38 82.05 8143 58.76
LKJ4 78.66 82.39 80.88 58.65
LKJ5 77.56 80.12 80.01 54.66
LKJ6 76.94 79.21 78.58 53.88
LKJ7 78.58 80.02 78.90 53.63
Min. 76.94 79.21 78.58 53.63
Max. 79.38 82.05 81.43 58.76
Aver. 78.04 80.79 79.87 56.13

The value of 100 % means complete weathering of a primary material into its equivalent weathered product (VVoicu and Bardoux, 2002).
An average MIA value of 56.13 % is suggestive of a moderate degree of weathering (see table 10). The CIA and MIA values of the sand-
stones of the Lokoja Formation suggest that the source area underwent intense recycling with a moderate or intermediate degree of chem-
ical weathering.

The bivariate plot of SiO2 (quartz content) against Al203 + K20 + Na20O (feldspar content) representing chemical maturity trend as a
function of climate proposed by Suttner and Dutta (1986); is shown in fig. 18. The plotted samples show an arid climatic condition in the
area tending towards increasing chemical maturity. This shows the low amount of chemical weathering experienced and the level of ma-
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turity of the quartz and feldspars in the sandstones. The bivariate plot of the quartz-matrix ratio SiO2/Al203 against the mineralogical
maturity index (MMI) by Al-Juboury, (2007) (fig. 19); also show the immaturity of the samples. Mineralogical maturity index (MMI) is
given as Qtz/(Fsp + Lf), that is (total quartz)/(feldspar + lithic fragments).
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Fig. 18: Bivariate Plot for Chemical Maturity of the Lokoja Sandstone (After Suttner and Dutta, 1986).
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Fig. 19: Bivariate Plot for Chemical Maturity of the Lokoja Sandstone (After Al-Juboury, 2007).

5. Discussion

The essence of the petrography and inorganic geochemical studies of the Lokoja Sandstones was to identify and interpret their prove-
nance, source area weathering as well as their paleoclimatic and tectonic setting. Provenance studies are key elements of any basin analy-
sis as they provide basic information regarding their tectonic origin (Miall, 2000; Sanni et al. 2016).Petrography, on the other hand, pro-
vide useful clues on how to identify the progenitor source rocks of sandstones with the detrital feldspars acting as key indicators to their
paleoclimatic conditions (Folk, 1974; Igwe et al., 2013).

5.1. Provenance evaluation

Provenance types and derivatives of sandstone suites have been classified into three - continental block, magmatic arc and recycled oro-
gen based on framework composition of sandstones. Dickinson and Suczek (1979) and Dickinson et al. (1983) also used the QFRF ter-
nary diagrams to discriminate tectonic provenance of sandstone. The abundance of monocrystalline quartz, zircon and tourmaline suggest
plutonic rather than supracrustal parentages (Folk, 1974). However, the predominance of rutile over zircon and tourmaline suggests sub-
stantial contribution of mineral detritus from metamorphic rocks such as schist or gneiss (Boggs, 2016). Stable heavy minerals like zir-
con, rutile and tourmaline can indicate maturity of the sandstones.ZTR Index less than 75 % imply immature - sub-mature sandstones
while ZTR Index greater than 75 % imply mineralogically matured sandstones (Hubert, 1962; Ikhane et al., 2013). The zircon, tourma-
line and rutile (ZTR) index calculated from the result of heavy mineral analysis range from 50 — 83.30 %. The calculated average ZTR
index (67.99 %) is suggestive of mineralogically immature to submature sediments while the averagely low ZTR index value is indica-
tive of a short distance of transportation from the source area. Two lines of interpretation, (textural and mineralogical maturity), have
been used to describe the composition of the Lokoja Sandstones. Textural maturity was evaluated on the basis of Folk, (1974) and Petti-
John, (1975) textural maturity flow charts. The mineralogical maturity was deduced using the mineralogical maturity index (MMI) of
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Nwajide and Hoque, (1985). The average mineralogical maturity index (MMI) values of1.17 is < 3.0 but > 1.0 while the average matrix
and cement content of 17.96%, which is > 15 %, have been interpreted as both texturally and mineralogically immature.

Akinyemi, et al., (2014) used Blatt, et al., (1972) scheme to classify the Lokoja Sandstones as lithic arenites (including sub-greywacke
and protoquartzites) but Sanni et al., (2016) classified them as arkose to subarkose. Bassey and Eminue (2013) had earlier reported higher
percentage of sodic plagioclase and cement in the sandstones but this has not being considered by any worker in their classification. The
low ratio of SiO2/Al203 observed by Odundun and Ogundoro (2019) was attributed to the high degree of clay content suggesting miner-
alogical immaturity of the sandstones. The percentage matrix and cement content of the Lokoja Sandstones > 15 % has been used to clas-
sify the Lokoja Sandstones as greywackes. Plots on the classification diagrams of Pettijohn et al. (1972) and Lindsey (1999) confirmed
the sandstones as greywackes. On the basis of Folk (1974) classification scheme, which completely discards matrix as an important ele-
ment in sandstone classification; the Lokoja Sandstone is classified as a feldspathic arenite, arkosic arenite or simply arkose. However,
using the Pettijohn (1975) classification scheme, the sandstones were classified as feldspathic greywackes or simply feldsparthicwackes.
Blatt et al. (1972) ternary diagram further described the sandstone as sodic sandstones rich in plagioclase feldspars. The QFRF chart for
tectonic provenance after Dickinson (1985) plotted more of the sandstones in a basement uplifted tectonic setting with only a few in the
transitional continental setting. Large quantities of alkalis like Na2O and K20 are said to characterize immature sandstones such as ar-
koses and greywackes (Madukwe, et al. 2014).

It has been widely reported that geochemical signatures of clastic sediments can further be utilized in inferring their provenance charac-
teristics (Taylor and Mclennan, 1985; Condie et al. 1992; Cullers, 1995; Armstrong-Altrin et al.2004). Results of major elements and
oxides in this work, strongly suggests intermediate to felsic source rocks (table 4.21); while comparative values of sodium/potassium
alkali ratio (Na2O/K20) (1.51) and that of potassium/sodium alkali ratio (K20/Na20) (0.71) show the dominance of Na-rich feldspar to
the k-feldspar. The high value of Fe203+MgO shows contribution from ferromagnesian minerals of mafic source provenance. The dis-
crimination diagrams of Roser&Korsch, (1986; 1988) also plotted the sandstones in the mafic igneous provenance and oceanic island arc
regions (see figs. 4.27 & 4.28). However, the low average concentrations of Cr (2.10 ppm), Co (2.14 ppm), and Sc (1.90 ppm) as against
those of higher values like Zr (126.85 ppm), Ba (178.56 ppm) and Sr (62.67 ppm), observed in the studied sandstones suggests felsic
source provenance (see table 4.23). The lower average ratios for La/Co, Th/Co, Th/Sc, Ni/Co, Cr/Ni, Cr/Sc, and Cr/Th also suggest felsic
source rocks for the studied sandstones. These results are similar to the discriminant function plot by Madukwe et al. (2014) that showed
sandstones derived from felsic igneous source while the ratios of Ni/Co, Cr/Ni, Cr/Th, Cr/Sc, Th/Sc, La/Co and Th/Co also suggests a
felsic source rock. Significantly high values of Ni (7.02 ppm), La/Co (7.99), and Ni/Co (3.28) as well as the low concentration value of
Y, (3.23 ppm) suggests contributions from mafic source rocks (table 4.13). It is seen here that the Lokoja Sandstones have both felsic and
mafic provenance sources.

5.2. Source area weathering

Weathering indices are useful tools to the extent of weathering. For this work, results of the weathering indices (%) have been presented
in table 6; chemical index of alteration (CIA) — (76.94-79.38), chemical index of weathering (CIW) — (79.21-82.05), plagioclase index of
alteration (P1A) — (78.58-81.43), and mineralogical index of alteration (MIA) — (53.63-58.76).An average CIA value of 78.04% is indica-
tive of an intense weathering in the source area while an average MIA value of 56.13% is suggestive of a moderate degree of weathering
(table 6).MIA values range from incipient (0-20%), weak (20-40%), moderate (40-60%), and intense to extreme (60-100%) degree of
weathering. 100% value means complete weathering of a primary material into its equivalent weathered product (Voicu and Bardoux,
2002). The CIA and MIA values of the Lokoja Sandstones indicate a source area that underwent intense recycling but moderate degree of
chemical weathering.

5.3. Paleoclimatic and tectonic setting

A key indicator of paleoclimate for sandstones is its detrital feldspar content (Folk, 1974; Igwe et al. 2013). Dickinson et al. (1985) com-
positional framework for sandstones i.e. the Q, F, & RF ternary diagram, was used to interpret the source area climatic conditions as well
as progenitor rock types. This diagram plotted the Lokoja Sandstone on a basement uplift tectonic setting. The high percentage of feld-
spars seen from the photomicrographs supports a dry climatic condition for this tectonic setting. Highly chemically weathered and de-
pleted feldspars would have represented a humid climatic condition irrespective of the closeness to the depositional basin. Suttner and
Dutta (1986) diagram also helped to infer the climatic conditions in the source area.

The tectonics responsible for the genesis of the Bida Basin has been interpreted to be closely connected with the Santonian orogenic
movements of south-eastern Nigeria in the Benue Trough (Adeleye, 1975; Kogbe, 1989). Sandstones in south-eastern Nigeria, of Albian
— Santonian times, are feldspathic and belong to the first order sedimentary cycle while those of Campanian — Eocene times, are essen-
tially quartz arenites and belong to the second order sedimentary cycle (Hoque, 1977). Akinyemi, et al. (2014) classified the Lokoja
Sandstones as lithic arenites from a second order sedimentary cycle while Sanni et al. (2016) classified them as arkose to subarkose from
a first order sedimentary cycle. A larger sample population will certainly show this dispersion and variability of the sediment sources.
The high clay matrix and feldspar content observed were, however, used to classify the sandstones as feldspathic greywackes. The con-
tained rip-up clast within the sandstones shows the moderate weathering of the underlying basement rocks and reworking of autochtho-
nous materials during a first order cycle of deposition.

6. Conclusion

Petrography was used to infer a plutonic igneous and metamorphic source rock parentage for the Lokoja Sandstone. It also helped to
classify it as mineralogically and texturally immature - submature feldspathic/arkosic arenite or feldsparthicwacke. Geochemical signa-
tures were used to infer felsic - intermediate - mafic provenance source rocks with discrimination diagrams plotting them in the mafic
igneous provenance and oceanic island arc regions. The tectonics responsible for the genesis of the Bida Basin is interpreted to be closely
connected with the Santonian orogenic movements of south-eastern Nigeria that has feldspathic sandstones of the first order sedimentary
cycle (Albian — Santonian times ), and quartz arenites of the second order sedimentary cycle (Campanian — Eocene times). The paleocli-
matic setting show sandstones more of basement uplifted tectonic setting from an arid climatic condition while weathering indices indi-
cated a source area that underwent a moderate degree of chemical weathering but an intense recycling.
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