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ABSTRACT

An inorganic geochemical study of a claystone and shale sequence from the Patti Formation around
Ahoko in the Southern Bida basin, Nigeria, was carried out to determine the basin’s depositional con-
ditions, provenance and tectonics. Representative samples underwent mineralogical and geochemical
analysis involving major, trace and rare earth element analysis.

Mineralogical studies using X-ray diffraction analysis revealed prominent kaolinite, dickite and
illite peaks; accessory minerals included quartz and microcline. Major element abundance showed that
the shale samples had SiO, (61.26%), AlL,O, (16.88%) and Fe,O, (3.75%) constituting more than 79%
of bulk chemical composition whilst claystone samples contained SiO, (67.79%), AL O, (17.81%) and
Fe,O, (1.67%). Higher SiO,, Ba, S, V, and Nb concentrations were observed in claystone samples
rather than shale whereas the shale samples were observed to be more Zr-, Ni- and Zn-enriched than the
claystone ones. The shale and claystone samples showed slightly light rare earth enrichment and slightly
flat heavy rare earth depleted patterns having a negative Eu and Tm anomaly. High TiO, and Rb/K,O
values also indicated that the shale and claystone samples were matured. Geochemical parameters such
as U, U/Th, Ni/Co and Cu/Zn ratios indicated that these shales were deposited in oxic conditions; the
ALO,/TiO, ratio suggested that intermediate igneous rocks were probable source rocks for the shales,
while mafic rocks were suggested as being source rocks for the claystone. However, the La/Sc, Th/Sc, Th/
Co ratios and shales and claystone plots revealed that they came within the range given for felsic rocks
as provenance, thereby suggesting mixed provenace for the sediments. A passive-margin tectonic setting
was adduced for the sedimentary sequences.

RESUMEN

Se realizé un estudio de geoquimica inorgdnica de una secuencia de arcillolitas y limolitas de la
Formacién Patti en Ahoko, cuenca sur de Bida, Nigeria, con el fin de determinar las condiciones de
sedimentacion de la cuenca, la procedencia de los sedimentos y la tecténica de la zona. A las muestras
representativas se les realizaron andlisis mineralégicos y geoquimicos: estudio de trasas y andlisis de
tierras raras.

Los andlisis de difraccién de rayos X revelaron importantes niveles de caolinita, dickita e ilita
y» minerales accesorios incluido cuarzo y microclina. En las muestras de limolita se encontré SiO,
(61,26%), AL,O, (16,88%) y Fe,O, (3,75%) como constituyentes de mds del 79% de la composicién
quimica, mientras que las muestras de arcillolita contienen SiO, (67,79%), Al203 (17.81%) y Fe,O,
(1,67%). Las concentraciones més altas de SiO,, Ba, Sr, V; Nb se observaron en las muestras de lutita
mientras que en las muestras de arcillolita se observé una mayor concentracion de Zr, Ni- y enriqueci-
miento de Zn- que en las lutitas. Las muestras de lutitas y arcillolitas presentan un ligero enriqueci-
miento de tierras raras y algo de tierras raras pesadas teniendo patrones de anomalia negativa de Eu
y Tm. Los altos valores de TiO, y Rb/K,O también indican que las muestras de limolita y arcillolita
fueron maduradas. Los pardmetros geoquimicos como la relacién de U, U/Th, Ni/Co y Cu/Zn indi-
can que las limolitas y arcillolitas fueron depositadas en condiciones aerébicas, la relacién Al,O,/TiO2
sugiere que las rocas igneas intermedias fueron probablemente la roca fuente de las limolitas, mientras
que se sugiere que las rocas madficas son las rocas fuente de las arcillolitas. Sin embargo, la relacién
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La/Sc, Th/Sc, Th/Co y limolitas indica que la zona de procedencia estd
dada en el rango de rocas félsicas, lo que sugiere una fuente mixta para

los sedimentos. Un ambiente tecténico de margen pasivo se adujo para
las secuencias sedimentarias.

Introduction

Shale represents the most abundant type of sediment in sedimentary
basins worldwide (Pettijohn, 1975) and are considered to represent aver-
age crustal provenance composition much better than any other detrital
sedimentary rocks (McCulloch and Wasserburg, 1978).

Some researchers have suggested that sedimentary rocks’ major el-
ement geochemistry is more useful in discriminating a tectonic setting
(Bhatia, 1983; Roser and Korsch, 1986); however, major trace elements,
such as La, Y, Sc, Cr, Th, Zr, Hf and Nb, particularly in combination
withTiOZ, are best suited for provenance and tectonic setting determina-
tion studies because of their relatively low mobility during sedimentary
deposition (McLennan et al., 1983). The relative distribution of immobile
elements differing in concentration in felsic and basic rocks such as La and
Th (felsic rock-enriched) and Sc, Cr and Co (enriched in basic rocks rela-
tive to felsic rocks) has been used to infer felsic and basic sources’ relative
contribution in shales from different tectonic environments (Wronkiewicz
and Condie, 1990). Several authors have used geochemical parameters to
understand ancient sediments’ paleo-oxygenation conditions (Calvert and
DPedersen, 1993; Jones and Manning, 1994; Nath et al., 1997; Cullers,
2002; Armstrong-Altrin e al., 2003; Dobrzinski ez al., 2004).

This study was therefore aimed at identifying Patti formation clay-
stone-shale sequence source rock characteristics, tectonic setting and pa-

leo-environmental conditions in the Bida basin around Ahoko in central
Nigeria using their major, trace and rare earth elements’ geochemistry.

Geology and stratigraphy

The Bida basin is a northwest-southeast-trending embayment, lying
perpendicular to the main axis of the Benue trough (Figure 1). The South
Atlantic-Tethys seaway was routed through this basin during the Campa-
nian to Maastrichtian age. The basin is usually regarded as a north-western
extension of the Anambra basin (Whiteman, 1982; Ladipo ez al., 1994;
Akande and Ojo, 2002; Akande ez al., 2005), both of them being major
depocenters during this period. Adeleye (1975a,b) viewed the Bida basin
as a gently down-warped trough, whose genesis may be closely connected
with south-eastern Nigeria and the Benue valley’s Santonian orogenic
movements, while Whiteman (1982) has suggested that the basin was
formed from simple cratonic sag.

Agyingi (1991) has proposed a post-Santonian origin for the Bida ba-
sin; he reported tension build-up in the Benue trough during Africa’s sepa-
ration from South-America (Aptian-Albian). The adjacent area probably
sagged along a northwest-southeast orientated fracture during this period
to ease tensional build-up, resulting in the Nupe depression forming a side
basin. He stated that the sediments in the basin were generally undisturbed
as in the case of the post-Santonian sediment of the adjacent Sokoto and
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Figure 1. Map of the study area and sampling locations.
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Figure 2. Stratigraphic successions in the mid-Niger basin
(taken from Akande et al.).

Anambra basins. A maximum sedimentary pile of up to 3,300m has been
recorded from aeromagnetic interpretation, suggesting a post-Santonian
origin (Agyingi, 1991). The Bida basin’s stratigraphy varies, depending on
the area being considered; several authors have discussed this basin’s stra-
tigraphy in two sectors: the northern Bida basin (Adeleye, 1971) and the
southern Bida basin (Agyingi, 1991; Akande and Ojo, 2002).

The northern Bida basin is successively made up of Bida sandstone,
Sakpe ironstone, Enagi siltstone and Batati ironstone (Figure 2) whereas
the southern Bida basin lithostratigraphy successively consists of Lokoja
sandstone and the Patti and Agbaja ironstone formation. This study has
concentrated on the southern Bida basin’s Patti formation.

Methodology

The twenty-five samples used for this study were taken from the ex-
posed shale section in road cuttings at Ahoko, along the Koton-Karifi/
Abaji highway. The location being studied lies within the Patti formation
in the southern Bida basin. Representative shale and claystone samples
were collected from different vertical sections of the outcrops (Figure 3).
Efforts were made to avoid weathered horizons.

Representative whole rock shale samples were studied by X-ray dif-
fraction (Phillips — PW 1011 diffractometer). The diffractograms were
recorded using a 1° 2/min/cm scanning rate with Ni-filtered Fe-K alpha
radiation. X -ray diffraction curves were interpreted by comparing notable
intensity peaks with those for standard minerals established by Carrol
(1971). Quantitative determination was made by a real method; the shale
samples’ clay fraction was not separated for speciation evaluation in this
study because, initially, it was necessary to establish the shale sequence’s
holistic compositional features to have an unobliterated pattern of its evo-
lution within the basin.

Geochemical characterisation involved analysing thirteen shale and two
claystone samples at the Acme Analytical Laboratories Ltd for major, minor
and trace element geochemistry using an ICP mass spectrometer (Perkin-

Location C

Figure 3. Sections of the Patti formation showing dark grey-black shales and

claystone inter-bedded with siltstone and sandstone.

Elmer, Elan 6000) and inductively coupled plasma mass spectrograph on
powdered, pressed pellets prepared from 3-5g samples. It was digested by
weighing 0.2g aliquot in a graphirte crucible mixed with 1.5g LiBO,/LiB,O,
flux. The crucibles were placed in an oven and heated at 980°C for 30 min-
utes. The cooled bead was dissolved in 5% HNO, (ACS grade nitric acid
diluted in demineralised water). Calibration standards and reagent blanks
were added to sample sequences. The basic package consisting of thirty-four
elements (Ba, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, Y, Zr, La, Ce
Pr, Nd, Sm, Eu, Gd, Lu, etc) was determined for the shale and claystone
samples. A second 0.5g split sample was digested in Aqua Regia and analysed
by ICP-MS to determine Au, Ag, As, Bi, Cd, Cu, Hg, Mo, Ni, Pb, Sb, Se
and Zn. An ICP emission spectrograph (Spectro Ciros Vision or Varian 735)
was used for determining major oxides and some trace elements (i.e. SiO,,
ALO,, Fe,0,, CaO, MgO, TiO,, P,0,, Cr,O,, Ba, Nb, Ni, Sr, Sc, Y and
Zr). Loss on ignition (LOI) was determined for both packages by measuring
the weight loss after heating a 1g split sample at 95°C for 90 minutes.

Results and discussion
Mineralogy

The X-ray diffractograms (XRD) for the whole rock Bida shale sam-
ples from location A revealed minerals such as kaolinite, quartz, morde-
nite, microcline, zircon and gamma alumina (Figure 4a); kaolinite was
the dominant clay mineral. The XRD results for shale in location B also
revealed the predominance of kaolinite, quartz, microcline, pyrite and zir-
con present in subordinate amounts (Figure 4b) and whole at location C.
Kaolinite, illite, quartz, microcline, dickite, mordenite, gamma alumina
and iron rich minerals, such as pyrite and hematite, constituted the min-
eral makeup. The percentage of kaolinite in the shale in location C was
46.91%. Typical diffractograms of the claystone revealed kaolinite as the
dominant mineral (66%), while illite, dickite, quartz, microcline and zir-
con were present in subordinate amounts (Figure 4d).
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Figure 4. (a) X-ray diffractogram for the shale samples from location A. (b) X-ray diffractogram for the shale samples from location B.
(c) X-ray diffractogram for the shale samples from location C. (d) X-ray diffractogram for the claystone samples.

Table 1. Major element concentration of the Bida shale and claystone samples.

Al A2 A3 *A4 *A5 B1 B2 B3 B4 B5 C1 C2 C3 c4 C5
SiO, | 56.78 | 57.84 | 56.91 | 67.97 | 67.6 | 64.08 | 65.22 | 64.42 | 65.2 | 65.43 59 60.55 | 59.95 | 60.6 | 60.41
ALO, | 18.11 | 18.61 | 18.74 | 17.95 | 17.67 | 15.29 | 14.42 | 15.42 | 13.94 | 14.27 | 18.21 | 17.85 | 18.32 | 17.76 | 18.53
tFe,O, | 5.09 4.4 4.5 1.35 1.98 2.9 3.69 | 295 | 412 | 399 | 3.76 | 3.16 | 3.64 3.3 3.18
MgO | 0.18 | 0.18 | 0.18 | 0.13 | 0.13 | 0.18 | 0.15 | 0.18 | 0.17 | 0.18 | 0.13 | 0.13 | 0.13 | 0.12 | 0.13
CaO | 0.06 | 0.06 | 0.04 | 0.08 | 0.07 | 0.04 | 0.05 | 0.05 | 0.04 | 0.05 | 0.04 | 0.05 | 0.05 | 0.04 | 0.04
Na,O | 0.05 | 0.05 | 0.05 | 0.07 | 0.07 | 0.06 | 0.07 | 0.07 | 0.07 | 0.07 | 0.06 | 0.06 | 0.06 | 0.06 | 0.06
K,O 1.13 1.14 | 1.12 1.64 | 1.61 1.49 1.5 1.53 1.53 1.5 1.39 1.43 1.44 | 1.43 1.45

TO, | 1.67 | 1.76 | 1.73 | 2.41 2.43 1.8 1.56 | 1.84 1.58 | 1.57 1.8 1.81 1.81 1.82 1.83

P,O, | 0.06 | 0.07 | 0.07 | 0.16 | 0.15 | 0.07 | 0.07 0.1 0.07 | 0.06 | 0.08 | 0.08 | 0.08 | 0.08 | 0.09

MnO | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.02 | 0.01
Cr,0O, | 0.013 | 0.014 | 0.013 | 0.015 | 0.014 | 0.011 | 0.011 | 0.013 | 0.01 0.01 | 0.014 | 0.014 | 0.014 | 0.014 | 0.014

LOI 16.5 156 | 163 7.8 7.9 13.7 | 12.8 13 128 | 124 | 15.2 14.6 | 14.2 14.5 14
Total | 99.66 | 99.74 | 99.67 | 99.57 | 99.64 | 99.64 | 99.56 | 99.59 | 99.56 | 99.52 | 99.70 | 99.75 | 99.71 | 99.74 | 99.74

LOI - Loss on ignition

*A4 & *A5 - claystone samples

tFe, 0, as total iron
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Table 2. Average chemical composition of Bida shale compared to shale from other sedimentary basins in Nigeria
Present study . Ifon shale
Oxide Bida Bida Asu River group Ezeaku shale Auchi shale (Ajayi et al,
(Amajor,1987) (Amajor,1987)
shale claystone 1989)
SiO, 61.26 67.79 69.94 4491 51.68 63.3
TiO, 1.74 2.42 0.52 0.65 1.95 1.02
ALO, 16.88 17.81 10 15.71 18.76 18.47
Fe,O, 3.75 1.67 4.04 6.24 4.67 1.26
MnO 0.02 0.02 0.04 0.06 0.06 0.01
MgO 0.16 0.13 0.87 2.58 4.39 0.82
CaO 0.05 0.08 3.38 15.42 1.9 0.09
Na,O 0.06 0.07 0.4 0.42 0.93 0.42
K,O 1.39 1.63 1.15 2.36 1.16 2.36
PO, 0.08 0.16 0.17 0.46 0.25 0.46
LOI 14.2 7.8 9.21 11.1 14.05 11.6
Total 99.59 99.58 99.69 99.91 99.87 99.81
Table 3. Comparing average chemical composition of the Bida shale studied here to published average shales
Oxide Average Bida Average shale Turekan & PAAS NASC (Gromet et
shale (Pettijohn, 1957) Wedephol (1961) al., 1984)
SiO, 61.26 58.1 58.5 62.40 64.82
TiO, 1.74 0.6 0.77 0.99 0.8
AlLO, 16.88 15.4 15 18.78 17.05
Fe,0, 3.75 6.9 4.72 7.18 5.7
MnO 0.02 Trace _ - _
MgO 0.16 2.4 2.5 2.19 2.83
CaO 0.05 3.1 3.1 1.29 3.51
Na,O 0.06 1.3 1.3 1.19 1.13
K,O 1.39 3.2 3.1 3.68 3.97
P,O, 0.08 0.2 0.16 0.16 0.15
SiO,/AlO, 3.63
K,O/Na,0 23.16
K,O/AlO, 0.08
ALO/TIO, 9.70
Cu/Zn 0.12
Ni/Co 0.58
Geochemistry & Wedephol (1961) and shales from other parts of Nigeria (Table 3). It

Major element composition

Table 1 gives the major oxide analysis of thirteen shale and two clay-
stone samples; Table 2 summarises the average major element oxide (wt
%) data for the samples being studied. These were compared to average

shales worldwide (Pettijohn, 1957), NASC (Gromet ez al., 1984), Turekan

was apparent that most shale samples in Table 1 varied slightly regarding
SiO, (56.78-65.43%), had moderately high AL,O, (13.94 -18.74%) and a
small variation in Fe,O, values (2.90%-5.09%); they were, however, low
in TiO,, CaO, Na,O and K,O. Such low K,O content indicated the low
amount of illite or K-feldspar present (Akpokodje ez al., 1991). The clay-
stone was relatively rich in AlZOS’ TiO, and SiO, compared to the shale,
even though the shale had higher Fe,O, content than the claystone. The
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Table 4. Trace element distribution of shales and claystone samples from Ahoko.

Olugbenga A Okunlola and Olubunmi Idowu

Al A2 A3 *A4 *A5 B1 B2 B3 B4 B5 C1 C2 c3 c4 G5
Ba 334 343 340 630 563 462 460 465 468 430 356 373 364 359 371
Sr 542 | 49.6 | 51.1 77 73.3 59 59.9 | 58.4 | 56.7 | 53.2 60 66.8 | 64.8 | 65.3 73.1
Ni 31.7 | 37.6 | 249 | <0.1 0.3 14.5 184 | 47.8 14 18.2 14.5 7.5 10.4 6.3 6
Co 49.4 | 56.5 | 35.7 4.1 4.2 27.3 | 28.7 71 247 | 27.8 | 35.2 19.9 | 23.8 | 183 16.1
Cu 14.1 12 14.2 6 5.1 12.8 | 10.3 12.6 | 10.5 10.9 17 17.1 19.8 | 184 | 18.2
Zn 214 177 180 3 3 117 307 159 110 117 34 24 40 16 18

126 137 134 111 116 109 76 105 72 69 117 113 123 118 115
Y 53.4 | 524 | 549 | 71.7 | 78.1 783 | 83.5 | 76.2 84.2 | 85.3 77.5 | 68.4 | 69.4 | 66.1 69.4
Zr 922.4 | 829.2 | 838.4 |1358.3(1432.4(1270.5(1735.9({1252.5(1731.4{1702.9| 927.5 | 1001 | 928.8 | 977.9 | 916.6
Mo 1.2 1.1 1 0.08 0.2 0.3 1.2 0.6 0.9 1.2 0.4 0.3 0.3 0.4 0.4
Nb 48.2 50.3 | 49.1 70.8 | 71.3 | 545 | 49.2 | 57.6 49 48 55.2 56.3 55 54.8 | 54.8
Pb 28.8 | 288 | 286 | 146 | 11.6 | 21.7 | 224 | 225 | 21.1 22.1 18.3 16.6 | 21.2 18.1 19.4
Rb 36.8 | 342 | 35.6 | 47.4 | 47.3 53 49.4 | 52.1 50.2 47 48.8 51 47 46.8 | 48.5
Th 24.7 | 283 | 26.6 32 299 | 285 | 289 | 293 | 33.1 299 | 30.8 | 29.1 289 | 295 | 322
U 10.5 10.6 | 10.6 13 13 13 11.1 134 | 115 11.1 14.5 16.8 | 153 15.8 | 15.7

*A4 & A5 - claystone samples

claystone (17.67-17.95%) had less variation in Al,O, content than the
shale (13.94-18.74%). Most samples had low P,O, content; P,O, deple-
tion could have been due to the lower amount of accessory phases, such as
apatite and monazite, compared to PAAS (Ramasamy ez /., 2007).

The MgO, MnO and Na,O content values were very low in both
samples, collectively only accounting for less than 2%. The shale and
claystone MgO and CaO content was low; the samples thus did not in-
dicate associated carbonates or dolomitisation. The shale and claystone
alumina to silica ratio was low (0.27). The 14.28% average loss on ignition
(LO]) for shale was high, showing great shale potential for carbonaceous
compounds. The 3.63 silica-alumina ratio showed that that shale and
claystone samples were highly siliceous. The average SiO, (61.26%) and
ALO, (16.88%) chemical composition in shale constituted about 78%
of the samples’ total chemical composition. The other chemical impuri-
ties in shale samples from the Patti formation were Fe,O, (3.75%) and
TiO, (1.74%). The Patti formation shale and claystone samples had higher
TiO, values than post-Archean Australian average shale (PAAS; Taylor and
Mclennan, 1985).

Sediments’ K,O/AL O, ratio can be used as an indicator of ancient
sediments’ original composition. The K, O/AL O, ratios for clay minerals
and feldspars are different (0.0 to 0.3, 0.3 to 0.9, respectively) according to
Cox ( Cox e al., 1995). The average K, O/Al,O; ratio for shale varies from
0.06 to0 0.1 and is 0.09 for claystone. The K,O/Al,O, ratios were closer to
the lower clay mineral range limit in both the shale and claystone samples.
Comparing the chemical composition of the shale and claystone samples
from Bida with that of shales from other parts of Nigeria revealed that the
shale and claystone samples were relatively rich in SiO,, ALO,, TiO, and
Fe,O, comparable with black lignite shale from Ifon and shale from the
Auchi area (Akpokodje ez al.,). The present study’s CaO and MnO values
also had values comparable with Ifon shale. The samples were rich in SiO,,
Ale3 and TiO, compared to Ezeaku shales; however, the Ezeaku shale had
higher Fe,O, and CaO compared to Bida shale and claystone. The Asu
river group had higher SiO,, Fc:-:ZO3 and CaO values but lower TiO, and

Fe,O, values compared to the Bida shale and claystone samples from the

Patti formation. The shale’s MgO and CaO contents were generally low by
contrast with values reported by Emofurieta ez al., (1994) for Ewekoro and
Gombe shales. When compared to shales from other parts of the world
(Table 4), the Bida basin shale had similar averages to those reported by
Pettijohn (1957), Turekian and Wedephol (1961) and NASC (Gromet et
al., 1984) in terms of SiO,, ALO, and Fe,O; the TiO, composition of the
Bida shale was perhaps slightly higher than that of the other shales. The
Bida shale samples were, on average, relatively rich in SiO,, ALO,, TiO,
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Table 5. Average trace element chemical composition compared to Bida shale and shale from other sedimentary basins.
Present study Levinson Vine & Turekan & *NASC
Tourtelot Wedephol *PAAS (Gromet et
Bidashale | Claystone (1974) (1970) (1961) al., 1984)
average
Ba 394.23 596.5 300 700 580 650 636
Sr 59.39 75.15 200 300 300 200 142
Ni 19.37 0.19 50 70 68 55 58
Co 33.42 4.15 10 20 _ 23 n.a
Cu 14.45 5.55 70 50 45 50 n.a
Zn 116.39 3 300 100 95 85 n.a
108.77 113.5 150 130 130 150 130
Y 70.69 74.9 30 25 _ - n.a
Zy 1156.54 1395.35 70 160 160 210 200
Mo 0.72 0.14 10 3 _ - n.a
Nb 52.46 71.05 20 20 n.a 1.90 n.a
Pb 22.28 13.1 20 n.a n.a 20 n.a
Rb 46.19 47.35 140 n.a n.a 160 n.a
Th 29.22 30.95 12 n.a n.a 14.60 n.a
U 13.07 13 4 n.a n.a 3.10 n.a
Cu/Zn 0.12 1.85
(Cu +Mo)/Zn 0.13 1.90
Ni/Co 0.58 0.05
Rb/K,O 33.23 29.05
U/Th 0.45 0.42

*PAAS - post archean Austrialian average shale

and P,O, comparable with PAAS and NASC (Gromet et 2/.,1984). How-
ever, the Bida shale had depleted MgO, CaO, Na,O, K,O composition

compared to world shale averages.
Provenance, tectonic setting and depositional environment

The geochemical signatures of clastic sediments have been used to
ascertain provenance characteristics (Taylor and Mclennan, 1985; Condie
et al., 1992; Cullers, 1995; Armstrong-Altrin ¢/ al., 2004).

Most clastic rocks’ Al,O,/TiO, ratios are essentially used to infer
source rock composition because Al,O,/TiO, ratios increase from 3 to 8
for mafic igneous rocks, from 8 to 21 for intermediate rocks and from
21 to 70 for felsic igneous rocks (Hayashi ez al., 1997). The ALO,/TiO,
ranged from 8.38 to 10.84 in the Ahoko shales (Patti formation) and 7.27
to 7.44 in the claystone samples; hence, this study’s Al,O,/TiO, ratio
suggested intermediate rocks as being probable source rocks for the shale
samples while mafic rocks were suggested as being source rocks for the
claystone samples.

Cr and Ni abundance in siliciclastic sediments was considered a use-
ful provenance tool. Cr and Ni concentration was low in the shale and
claystone samples; a low Cr concentration indicates felsic provenance, ac-
cording to Wrafter and Graham (1989), and high Cr and Ni content is
mainly found in ultramafic rock-derived sediment (Armstrong-Altrin ez

*NASC — North-American shale composite

n.a. not analysed

al., 2004). The Cr and Ni content in these shales was low, therefore sug-
gesting felsic provenance.

Ratios such as La/Sc, Th/Sc and Th/Co are significantly different in
felsic and basic rocks and may lead to constraints on average provenance
composition (Wronkiewicz and Condie, 1990; Cox ez al., 1995; Cullers,
1995). The Th/Co, Th/Sc and La/Sc ratios for shale and claystone samples
from this study were compared to those of felsic and basic rock-derived
sediment (fine fraction) upper continental crust (UCC) and PAAS values
(Table 8). These comparisons also indicated that such ratios came within
the range of felsic source rocks.

The Th/Co compared to La/Sc plot (Figure 5; Cullers, 2002) also
suggested that the Patti formation shale and claystone samples were both
derived from felsic source rocks.

Table 7 shows the shale and claystone samples’ rare earth element
(REE) concentration; a slight variation in Y REE content was observed
between the shale (361.18 to 422.75) and claystone samples (365.83
to 371.04). Bulk REE normally reside in the fine fraction (silt or clay)
and it has also been inferred that trivalent REE is readily accommodated
in most clay minerals enriched with alumina and ferric iron (Cullers ez
al., 1987, 1988). The chondrite-normalised REE plot (Figure 5) showed
that shale and claystone samples from the Patti formation were LREE-
enriched and had an almost flat HREE pattern, with negative Eu and
Tm anomalies.
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Table 6. Average rare carth elements of Bida shale compared to world averages.

Present study PAAS Codo shale Average shale
Bida shale Claystone (McLennan 1980) (Levinson,1974)
La 77.40 76.35 38.2 29.7 121
Ce 170.42 160.45 79.6 63.4 50
Pr 18.71 17.62 8.83 _ _
Nd 67.66 57.75 339 27.9 24
Sm 12.46 10.78 5.55 _ _
Eu 2.25 1.78 1.08 _ _
Gd 11.01 8.91 4.66 _ _
Tb 1.98 1.74 0.744 _ _
Dy 11.79 11.13 4.68 _ _
Ho 2.48 2.52 0.991 _ _
Er 7.69 8.32 2.85 _ _
Tm 1.14 1.24 0.405 _ _
Lu 1.18 1.31 0.433 _ _
“PAAS - post archean Australia shale
Table 7. Rare carth clement distribution of the shale and claystone samples from the location studied here.
Al A2 A3 *Ad4 *A5 B1 B2 B3 B4 B5 C1 C2 C3 c4 G5
La 71.10 | 7430 | 75.3 77.7 75 77.3 79.1 73.5 76.6 77.1 78.7 78.3 80.2 80.6 84.1
Ce 160.7 | 172.5 | 168.7 | 163 157.9 | 162.5 | 171.7 | 162.3 | 166.7 | 167 | 170.8 | 172.7 | 176.1 | 177.6 | 186.2
Pr 16.58 18 17.58 | 17.73 | 17.51 | 18.37 | 19.17 | 18.57 | 18.86 | 18.99 | 19.17 | 19.07 | 19.34 | 19.11 | 20.36
Nd 59.6 68.1 65.9 57.8 57.7 75.6 67.1 66.6 64.7 65.7 65.1 68.3 70.7 68.9 73.3
Sm 11.65 | 12.22 | 12.4 | 10.67 | 10.89 | 13.73 | 12.24 | 12.79 | 12.1 | 12.35 | 12.51 | 12.72 | 12.4 | 12.06 | 12.86
Eu 215 | 2.35 2.42 1.81 1.75 2.24 1.98 | 2.29 1.95 2.04 | 2.42 2.31 2.35 2.3 2.41
Gd 10.53 | 10.19 | 10.37 | 8.59 | 9.22 | 12.02 | 109 | 11.09 | 11.45 | 11.71 | 11.32 | 10.92 | 10.99 | 11.02 | 11.52
Th 1.78 1.82 1.83 1.73 1.74 | 2.09 2.1 204 | 212 217 | 2.01 1.94 1.93 1.89 1.96
Dy 10.22 | 10.06 | 10.99 | 10.67 | 11.59 | 12.49 | 13.06 | 12.19 | 12.87 | 13.49 | 1234 | 11.69 | 11.21 | 11.29 | 11.42
Ho 2.22 2.07 2.24 2.4 2.63 2.76 2.87 2.58 2.84 2.83 2.57 2.37 2.32 2.23 2.36
Er 6.34 6.5 6.54 8.11 8.53 7.87 9.42 8.12 9.26 9.24 8.18 7.39 6.97 6.87 7.2
Tm 0.94 0.89 0.92 1.2 1.27 1.24 1.35 1.23 1.4 1.35 1.16 1.11 1.07 1.06 1.11
Yb 6.41 6.19 6.41 8.37 | 8.74 8.85 9.11 8.17 | 9.18 9.1 7.67 7.42 6.93 6.92 6.84
Lu 096 | 096 | 097 1.26 1.36 1.33 1.44 1.26 1.46 1.41 1.17 1.11 1.09 1.11 1.11

The sedimentary rocks’ REE pattern and Eu anomaly also help in pro-
viding important clues regarding source rock characteristics (Taylor and
Mclennan, 1985). Higher LREE/HREE ratios and negative Eu anomalies
are generally found in felsic rocks, whereas mafic rocks have lower LREE/
HREE ratios and no or small Eu anomalies (Cullers, 1995). Higher LREE/
HREE ratios and negative Eu anomalies further confirmed the felsic source
rock characteristics of the shale and claystone samples studied here.

Bhatia and Crook (1986) identified La, Th, Zr, Nb, Y, Sc, Co, and

Ti as being the most useful elements in discriminating different tectonic

settings. Distinctive field for four environments (Oceanic island arc, con-
tinental island arc, active continental margin and passive margin) are rec-
ognised on La-Th-Sc and Th-Sc-Zr/10 trivariate plots. The tectonic setting
identified in the present study was passive-margin type. Figure 7 shows the
shale and claystone units plot within the passive margin using a discrimi-
nant function diagram (Bhatia 1983). The Roser and Korsch (1986) plot
of log (K,O/Na,O) ¢fSiO, discrimination diagram and Th-Sc-Zr/10 grey-
wackes discrimination diagram (after Bhatia and Crook, 1986) indicated a
passive-margin tectonic setting (Figures 8 and 9). The passive-margin com-
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Table 8. Range of claystone and shale element ratios in this study compared to ratios for similar fractions derived from felsic rocks, mafic rocks, upper continental crust

and post-archean Australia shale

Element ratio 'Shale 'Claystone Range of sediments” Upper cont3inenta| Post-archean3
Felsic rocks Mafic rocks crust average shale
Th/Sc 1.37-2.36 1.57-1.60 0.84-20.5 0.05-0.22 0.79 0.9
Th/Co 0.5-2.0 7.11-7.81 0.67-19.4 0.04-1 0.63 0.63
La/Sc 3.95-5.65 3.89-3.95 2.5-16.3 0.43-0.86 2.21 2.4

! This study, 2 Cullers (1994, 2000), Cullers and Podkovyrov (2000), Cullers ez 4/., (1988), * Taylor and Mclennan (1985).
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Figure 6. Th/Co c¢f La/Sc for shale and claystone samples from the Patti formation
(fields taken from Cullers, 2002).
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Figure 7. A discriminant function diagram for sandstone (taken from Bhatia,
1983) showing fields for shale samples from passive continental margins, oceanic
island arcs, continental island arc and active continental margins. The discriminant
function was as follows:
discriminant function 1 = -0.447 SiO, + 0.972 TiO, + 0.008 Al,O, -0.267 Fe,O,
+0.208 FeO -3.082 MnO + 0.140 MgO + 0.195 CaO + 0.719 Na,O - 0.032
K,0 +7.510 P,0,+0.303
discriminant function 2 = -0.421 SiO, + 1.988 TiO, - 0.526 AL,O, -0.551 Fe, O,
-1.610 FeO + 2.720 MnO + 0.881 MgO - 0.907 CaO - 0.177 NaZO —1.840
K20 +7.244 P,0.+ 43.57

prised Atlantic-type rifted continental margins developed along the edges
of the continent, remnant, ocean basins adjacent to collision orogens, and
inactive or extinct convergent margins. Intra-cratonic and rift-bounded
grabens (e.g. the Benue trough) were formed on a thick continental crust
which are included in the passive-margin type tectonic setting. The Bida
basin is an intra-cratonic sedimentary basin.

Passive-margin type sandstone is generally enriched in SiO, and de-
pleted in Na,O, CaO and TiO,, suggesting their highly recycled and ma-
ture nature (Bhatia, 1983). Major element analysis of the studied shale
and claystone samples confirmed this, as the samples were also enriched in

SiO, but depleted in Na, O, CaO and TiO,, respectively.
Paleo-oxygenation condition

Cu/Zn and (Cu+Mo)/Zn ratios have been put forward by Hallberg
(1976) as redox parameters. According to Hallberg (1976), high Cu/Zn
ratios indicate reducing depositional conditions, while low Cu/Zn ratios
suggest oxidising conditions; he showed that high values should indicate
more reducing conditions in the depositional basins than lower values,
which may indicate more oxidising conditions. In this present study, the
shale and claystone samples had ~0.03-1.15 and ~1.7-2.0 Cu/Zn ratios,
respectively (Table 5), indicating more oxidising conditions. Wedephol
(1968) noted that average shales reflect shallow marine sediments accu-
mulating in oxidising conditions. The U/Th ratio may be used as a redox
indicator with U/Th ratio being higher in organic-rich mudstones (Jones
and Manning, 1994). A U/Th ratio below 1.25 suggests oxic deposition
conditions whereas values above 1.25 suggest suboxic and anoxic condi-
tions (Nath ez al., 1997). In this study, the shale and claystone samples
had low U/Th ratios (Table 5: ~0.37-0.58, ~0.41-0.44, respectively), in-
dicating that both shale and claystone samples were deposited in an oxic
environment.

Dypvik (1984) and Dill (1986) have used the Ni/Co ratio as a redox
indicator. Jones and Manning (1994) have suggested that Ni/Co ratios be-
low 5 indicate oxic environments, whereas ratios above 5 indicate suboxic
and anoxic environments. Thus, the low Ni/Co ratio for shale (-0.34-
0.70) and claystone (~0.01-0.07) samples indicate that Patti formation
shale and claystone was deposited in well-oxidising conditions.

Conclusions

Field studies have indicated that Patti formation shales are found at
the base of an outcrop section at Ahoko along the Koton-Karfi and Abaji
axis, occurring alongside siltstones, claystones and sandstone inter-bedded
with bioturbated ironstone.

The mineralogical composition of the whole rock shale samples
based on X-ray diffraction analysis identified clay mineral constituents
as probably being kaolinite and illite, although, subsequent detailed clay
fraction determination is needed to further confirm this. Other non-clay
minerals included microcline, quartz, zircon, pyrite and hematite. The
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Figure 8. Roser and Korsch (1986) log (K,0/Na,O) ¢fSiO, discrimination
diagram for sandstone-mudstone suites showing the fields for a passive continental
margin, an active continental margin and an island arc. The plotting coordinates
for the field boundaries have been extracted from Roser and Korsch (1986).

proportions of minerals identified in the shale and claystone samples
varied.

The Patti formation’s claystone and shale samples showed consider-
able variation regarding their major, trace and rare earth elements. Major
element abundance showed that shale samples had SiO, (61.26%), AL,O,
(16.88%) and Fe,O, (3.75%), constituting more than 79% of the bulk
chemical composition while claystone samples contained SiO, (67.79%),
ALO, (17.81%) and Fe,O, (1.67%). There was close correlation between
the major element and rare earth element composition of shale and clay-
stone samples in the Bida basin. Higher SiO,, Ba, St, V and Nb con-
centrations were observed in claystone than shale, whereas shale samples
were more Zr-, Ni- and Zn-enriched than the claystone samples. Zr was
extremely high in both samples.

The discrimination diagrams (Bhatia, 1983) for distinguishing the
tectonic setting mostly indicated a passive-margin type. The provenance
indicated a non-homogenous source rock. Analysis and interpretation us-
ing geochemical parameters, such as La/Sc, Th/Sc and Th/Co ratios and
La/Sc ¢f Th/Co, suggested that the shale and claystone samples might have
been derived from felsic source rock rather than intermediate or mafic source
rocks, such provenance being indicated from interpretation using the AL O,/
TiO, ratio. Geochemical parameters like U, U/Th, Ni/Co and Cu/Zn ratios

strongly implied that these shales were deposited in an oxic environment.
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