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Abstract

Study of lithofacies identification, geochemical characterization of shales is
vital to the provenance, paleoweathering, and tectonic setting reconstruction. The
combination of morphological analysis, bulk chemical analysis and in-situ multi-
element analysis was used to investigate the provenance, source area weathering,
and depositional setting of outcropped Maastrichtian shale sequence of the Mamu
Formation, Anambra Basin in Nigeria. Ten representative shale samples were exam-
ined by scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS).
Geochemical analysis was performed by X-ray fluorescence (XRF) Spectroscopy and
Laser Ablation-Induced Coupled Plasma Mass Spectrometry (LA-ICPMS) techniques.
The structural and morphological development of kaolinite in the outcropped shale
samples of Mamu Formation is due to mechanical disintegration during transporta-
tion and re-deposition. Major oxides such as SiO,, AL,O; and Fe,0; constitute greater
than 86% of the bulk composition. The weathering indices suggest highly weathered
source materials. The plot of Cr versus Ni indicated the studied samples are Late
Archean shale. Binary plots of trace elements suggest derivation from acidic or felsic
sources rather than intermediate or basic source rocks. Ternary plot of Na,O + K;0,
Si0,/10 and CaO + MgO indicated multiple sources such as felsic igneous rocks or
recycled residues of quartz-rich. Tectonic discrimination diagram depict a typical
Passive Margin field.

Keywords: mineralogy, geochemistry, provenance, tectonic-setting, depositional history,
formation
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1. Introduction

The Mamu Formation (Middle-Upper Maastrichtian) in the Anambra Basin is
categorized by fossiliferous dark gray, indurated, and fissile shale. In addition, it is
typically overlain by the intercalation of sand and shale facies sequence with coal
inter-beds previously deposited under surface marine settings [1]. Selected stud-
ies have examined the Mamu Formation, Anambra Basin based on the following;
stratigraphic/biostratigraphy [2-5], sedimentology and depositional environments
[6], sequence stratigraphy [7, 8], palynology [1, 9-11], coal characterization [12-14],
petroleum potential [15-17], palynofacies and kerogen analysis [18], geochemical
indicator [19-21] and ichnology and lithofacies [22].

Some authors have indicated that analysis of the major elemental geochemistry of
sedimentary rocks is useful in discerning its tectonic background [23, 24]. However,
trace elements such as; La, Y, Sc, Cr, Th, Zr, Hf and Nb, mostly combined with TiO,
are suitable for determining the provenance and tectonic settings. This is attributed to
the comparatively poor mobility throughout sedimentary deposition and short habi-
tation periods in seawater [25, 26]. The study by Armstrong-Altrin et al. [25] reported
that all sedimentary rocks principally derived from Precambrian terrains could be
predisposed to variations from the source materials. The comparative distribution
of immovable elements showed diverse concentrations in felsic and basic rocks. For
example, the immobile elements La and Th (enriched in felsic rocks) and Sc, Cr, and
Co (basic rock compared to felsic rock enriched) are employed to understand the rela-
tive contributions of felsic and basic origins in shales derived from diverse tectonic
locations [27, 28]. Akinyemi et al. [19] reported the paleoenvironment reconstruction
of the outcropped Matrichtian shale along Auchi-Igarra road using redox sensitive
inorganic elements and mineralogical approach. However, the provenance, tectonic
setting and paleoweathering of the Maastrichtian Mamu Shale Formation exposed at
Auchi-Igarra Road, Edo State in Nigeria is hitherto not documented in the literature.
Therefore, the main objective of the present study is to identify the source rock
characteristics (i.e. provenance), source area weathering, and tectonic background
through primary and immobile trace elements.

2. Geological setting

The Anambra Basin is located from longitudes 6.30 E to 8.00 E and from the
latitudes 5.00 N to 8.00 N. It is a syncline that trends from NE to SW as part of
Central African Rift System. The basin was established in reaction to the widening
and settling of major crustal blocks through the Early Cretaceous plate partition-
ing of South America and Africa [29]. The movements were restarted through
additional activity on the Lower Tertiary plate subsequent to the alternation in the
Upper Cretaceous rift. The proposed rift model was based on the evidence gathered
by geomorphic, stratigraphic, structural, and paleontological research in literature
[30-32]. The development of the basin denotes the third evolutionary sequence of
the Benue Trough and its related basins when the Abakaliki Trough was elevated to
the Abakaliki Anticlinorium whereas the Anambra Platform was transformed into the
Anambra Basin [33, 34]. This transformation gave way to the westward transposition
of the depositional axis of the troughs.

The sedimentation trend of the Anambra Basin is categorized by unstable dep-
ocentres. The basin consists of nearly 6 km of dense Cretaceous/Tertiary sediments
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and is the structural connection from the Cretaceous Benue Trough to the Tertiary
Niger Delta [35]. The basin is a portion of the lower Benue Trough comprising the
post-deformational Campanian—Maastrichtian to the Eocene sedimentary strata.
Sedimentation in the basin started with the Campano—Maastrichtian marine and
paralic shales of the Enugu and Nkporo formations superimposed by the coal seams
of the Mamu Formation. The fluivo-deltaic sandstones of the Ajali and Owelli
sandstones are located in the Mamu Formation, which mostly comprises of its
equivalents. The marine shales of the Imo and Nsukka formations were deposited in
the Paleocene; superimposed by the tidal Nanka sandstones of the Eocene age. The
downdip towards the Niger Delta, Akata Shale and Agbada Formation account for the
Paleogene equivalents of the Anambra Basin [1].

3. Materials and method
3.1 Sampling method

The outcrop of the Maastrichtian shale is located at coordinates 07°05'.071” N and
06°14'.826" E at 162.72 m above sea level (Figure 1). About 500 g of each sample was
obtained at a sequence interval of 0.2 m from the shale. After collection, the samples
directly stored in zipped lock polyethene bags for preservation at ambient temperatures.
Next, the shales were oven dried at 60°C for 12 h. On cooling, the each sample was milled
into a homogeneous powder using an agate ball mill. Next, the crushed shales character-
ized by scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) tech-
nique. Geochemical analysis was performed by X-ray fluorescence (XRF) Spectroscopy
and Laser Ablation-Induced Coupled Plasma Mass Spectrometry (LA-ICPMS).

3.2 X-ray diffraction analysis
The nine representative samples collected from the Maastrichtian shale of Mamu

Formation were characterized to determine bulk mineralogy by X-ray diffraction
(XRD). A detailed analytical procedure is reported in Akinyemi et al. [19].
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Figure 1.
Map showing the location of the study area.
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3.3 SEM/EDS analysis

The surface morphology of the nine samples was determined by scanning electron
microscopy (SEM). The SEM is an FEI Nova NanoSEM (Model: Nova NanoSEM
230). The EDS analyses were determined at 20 kV and 5 mm working distance. The
EDS detector is an Oxford X-Max (large area silicon drift detector) operated with the
INCA- (INCAmicaF+ electronics and INCA Feature particle) analysis software.

3.4 XRF and LA-ICPMS analyses

The composition of the metal oxides in the nine samples acquired at various
heights in the Formation was determined by X-ray fluorescence (XRF) spectroscopy.
The major oxides detected during XRF were; SiO,, TiO,, AL,O;, Fe;05, MgO, MnO,
Ca0, Na,0, K;0, Cr,05 and P,0s. However, the composition of the trace elements in
the samples was examined by LA-ICP-MS. The trace elements determined include; Ni,
Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Co, V, Pb, Th, U, Ti, Cr, Ba, La, Ce, Nd and P). The XRF
and LA-ICP-MS tests were performed at the elemental analysis laboratories of the
Stellenbosch University in South Africa. The techniques for sample preparation and
ICP-MS analyses are as described in Akinyemi et al. [19]. The precision of the findings
is presented as comparative standard deviation (in %) which is 5% for most of the
elements analyzed with the LA-ICP-MS technique. The geochemical results from XRF
were regularized to 100% volatile-free before plotting the data.

3.5 Loss on ignition determination

The loss of ignition (LOI) was examined through the experimental techniques
reported in Ojo [36]. The LOI was determined by first weighing an empty porcelain
crucible, before adding 1 g of the dry mass of each sample to the crucible. Next,
each sample was oven dried at 120°C for half an hour (30 min). The crucible and the
sample were subsequently transferred to a furnace pre-heated to 1000°C for about
45 min. On completion, the samples were cooled in desiccators and weighed repeated
until a constant weight was reached.

4. Results and discussion
4.1 Mineralogy and surface morphology

The base of the Mamu Formation is mainly dominated by quartz and kaolinite
with minor traces of hematite, as described in literature [19]. The hematite in the base
of the shale profile shows the oxidizing diagenetic setting for deposition. However,
the upper portion of the profile is characterized by quartz and kaolinite with minor
quantities of halloysite and grossite. Figures 2 and 3 present the results of the SEM
micrographs of the samples taken at the basal and upper part of the lithosection of the
outcropped Mamu Shale.

The SEM investigation of samples taken at the basal and the upper part of the
outcropped shale section show a mixture of sizes and morphologies of kaolinite in all
the samples. As shown in Figure 2a, the quartz particles are spherical to rounded and
exfoliated. The kaolinic particles are rolled with rough edges and some individual’
particles have lamellar shape indicating a terrigenous origin (Figure 2b and c).
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Figure 2.

SEM photomicrographs of samples taken at basal part of outcropped shale of Mamu Formation. (a) Spherical
quartz particle, vounded corners, and exfoliation, (b) rolled and rough edged kaolinite particles and (c) lamellar
kaolinitic crystals.

Bortnikov et al. [37], reported that terrigenous kaolinite is consists of lamellar par-
ticles and remains of differently preserved vermicular crystals. Kaolinite particles are
arranged face to face and individuals show well defined crystalline pseudo-hexagonal
and rough edges indicating detrital origin (Figure 3b and c). Figure 3c shows the
face to face arrangement patterns of kaolinite particles in which larger platelets are
surrounded by smaller ones suggesting bimodal origin (i.e. both terrigenous and
authigenic varieties). Therefore, structural, and morphological growth of kaolinite in
the outcropped shale samples of Mamu Formation is attributed to mechanical disinte-
gration during transportation and redeposition.

4.2 Bulk composition and geochemical classification

The chemical composition and ratios of selected major oxides of the studied sam-
ples are shown in Tables 1 and 2, respectively. The major oxide components are SiO,,
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Figure 3.

SEM photomicrographs of samples taken at upper part of outcropped shale of Mamu Formation. (a) Authigenic
quartz particle and face to face arrangement of kaolinite particles, (b) face to face arrangement patterns of larger
platelets of kaolinite surrounded by smaller ones and (c) pseudo hexagonal and rough edges kaolinite particles.

Al O; and Fe,0; while other oxides occurred in minor quantities. The average con-
tents of Si0,, AL,O; and Fe,0; are 64.84 wt%, 19.79 wt% and 2.22 wt%, respectively
(Table1). The ratios of SiO, to AL,O; ranged between 1.96 wt.% and 26.95 wt.% with
an average value of 5.29 wt.%. The TiO,/AL,O; ratios varied between 0.04 and 0.08
with an average value of 0.07. The K,0/Na,O ratios ranged from 1.96 to 24.67 with

an average value of 16.50 (Table 2). The ratios of Fe,0; + MgO to K,O + Na,O ranged
from 1.57 to 14.31 with an average value of 3.31. The plot of log (SiO,/AL,0;) versus
log (Fe,05/K,0), based on Herron [42], clearly shows the studied samples majorly fall
within the shale field with one sample within the greywacke field and another in the
Fe-sand field (Figure 4). This exceptional trend of the two samples is attributed to
the relatively high Fe,O; contents in samples taken at 0.0 m and 0.2 m depths.

The major oxides were compared with the average values of shales worldwide [43],
Average North American Shale [44, 45], Average Post-Archaean Australian Shale, and
Upper Crust (data from Taylor and McLennan [46]). As observed, the average SiO,,
Al O;, and TiO, in the studied samples is higher than Average World Shale, PAAS,
NASC, Upper Crust [45]. Conversely, the average Fe,05;, CaO, MgO, MnO, Na,0, P,0s
and K,O contents in the studied samples is below the Average World Shale, PAAS,
NASC, Upper Crust (Table 3) [45]. The average trace element such as Ba, Cu, Ni, Zn,
and U in the studied samples is lower than shales from various regions of the globe
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Figure 4.
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Chemical classification of the Mamu shale sequence based on log (SiO,/Al,0;) vs. log (Fe,0,/K,0) diagram of

Herron [42].

Oxides Present study AWS PAAS NASC UC Turekan and Wedephol [47]
Sio, 64.17 58.90 62.80 64.80 66.00 58.5
ALO; 20.23 16.70 18.90 16.90 15.20 15
Fe,05 2.16 6.90 722 5.65 5.00 4.72
TiO, 1.28 0.78 1.00 0.70 0.50 0.77
CaO 0.04 2.20 1.30 3.63 4.20 31
Cr,03 0.02 — — — — —
KO 0.99 3.600 3.700 3.970 3.400 31
MgO 0.24 2.60 2.20 2.86 2.20 2.5
MnO 0.01 — 0.11 0.06 0.08 —
Na,O 0.07 1.60 1.20 114 3.90 13
P05 0.10 — 0.16 0.13 — 0.16
LOI 10.90 — 6.00 — — —
H,0" — — — — —
Total 100.16 93.28 104.59 99.84 100.48 89.15

Average Shale Worldwide [43]; Average Post-Archaean Australian Shale [48]; NASC = Average North American Shale
(data from [44]); UC = Upper Crust (data from [48]); Turekan and Wedephol [47].

Table 3.

Major oxides of Maastrichtian Mamu shale sequence compared with worldwide shales.

(Table 4). On the other hand, the average concentrations of Ce, Co, Nb, Rb, S, V, Y,
Zr, Th, Cr, Laand Nd in the studied samples is higher than shales from various areas

of the globe (Table 4).
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Traceelements  Presentstudy ASW  *PAAS  *NASC ucC Turekan and Wedephol [47]
As — — — 284 1.50 —
Ba 245.8 580 650 636 580
Ce 183.0 — 80 66.7 64 —
Co 54.3 19 23 25.7 10 —
Cu 11.0 45 50 — 25 45
Nb 26.7 — 19 13 25 —
Ni 16.2 68 55 58 20 68
Pb 150.9 22 20 — — —
Rb 52.4 140 160 125 112 —
Sr 95.7 300 200 142 350 300
212.7 130 150 130 60 130
Y 47.8 — 25 35 22 —
Zn 274 95 85 — 71 95
Zr 3289 160 210 200 190 160
Ga 25.0 — — — —
Th 151 — 14.6 12.3 10.7 —
8] 0.7 37 31 2.66 2.8 —
Ti 9475.0 — — — — —
Cr 138.8 90 110 125 35.0 —
La 72.0 — 38 311 30 —
Nd 778 — 32 274 26 —
P 450.4 — — — — —

Average Shale Worldwide [43]; Average Post-Archaean Australian Shale [48]; NASC = Average North American Shale
(data from [44]); UC = Upper Crust (data from [48]); Turekan and Wedephol [47].

Table 4.
Comparison of average trace element contents with other worldwide shales.

4.3 Source area weathering

Several authors have recommended that the chemical composition of clastic
sedimentary rocks is mainly reliant on the composition and weathering settings in the
area of the source rock [49, 50]. The study by Nesbitt and Young [50] examined the
extent of weathering of a clastic sedimentary rock by computing the chemical index
alteration (CIA) which is defined as:

CIA=100x ALO, (1)
ALO, +Ca0’ + Na,0 +K,0

This weathering index is mostly valid when Ca, Na, and K declines with increas-
ing weathering intensity [51]. In Eq. (1), CaO* is the concentration of CaO fused in
the silicate portion of the shales examined [40]. However, the CaO correction from
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the carbonate influence was not performed for the samples examined in this study
due to lack of CO, data. Therefore, the computation for CaO* from the silicate por-
tion requires adopting Bock et al. [52] hypothesis. Based on the assumption, the CaO
values are only valid when CaO < Na,O. However, if CaO > Na,O0, it is probable that
the CaO concentration is equivalent to Na,O [52]. The outlined technique is the basis
for the measure of the weathering intensity and the ratio of the lesser aluminous
compound to feldspar [53]. The Chemical Index of Weathering (CIW) proposed by
Harnois [39] is similar to the CIA except for the exclusion of K,O in the equation:

CIW =molar x ALO, (2)
ALO,; +CaO + Na,O

For CIA and CIW, the values are deduced in the similar to the unweathered upper
continental crust (~50) and for greatly weathered constituents (~100) with com-
prehensive elimination of the alkali and alkaline-earth metals [26, 54, 55]. Typically,
small values of CIA (50 or less) may reflect cool and/or dry conditions [40]. In this
study, the values of CIA for shale samples ranged from 91.75% to 95.57%, or 94.57%
on average. Similarly, the values of CIW varied between 95.60% and 99.67%, or
99.13% on average. The CIA and CIW standards for the examined shale sequence
indicate highly weathered source constituents. This observation is corroborated by
the previous study by Ejeh [20].

The chemical weathering intensity is typically computed according to the
Plagioclase Index of Alteration [40] in molecular proportions:

ALO, +K,0
PIA =molar x 23 % x100 (3)
ALO, +CaO’ + Na,0—K,0

The term CaO* represents the CaO residing exclusively in the silicate portion. The
unweathered plagioclase typically has a PIA value of 50. In this study, the PIA for the
shale samples ranged from 95.40% to 99.67% with an average value of 99.08%, which
indicates highly weathered source constituents.

The Mineralogical Index of Alteration (MIA) is a weathering index computed
from the equation [41];

PIA=2x(CIA-50) 4)

The MIA values from 0 to 20% are designated as incipient i.e. just starting,
20-40% (weak), 40-60% (moderate), and 60-100% as strong to a great degree
of weathering. The MIA values for shale samples examined ranged from 91.19% to
99.34%, with an average value of 98.25%. Therefore, the MIA for shales showed a
great amount of source weathering constituents.

Figure 5 shows that the studied samples plots are near the “A” vertex above the upper
continental crust (UCC) line, which indicates a high extent of weathering. Nesbitt
etal. [49] used the ternary diagrams of Al,O3;-(CaO + Na,0)-K,O (the A-CN-K), and
Fe,0; + MgO-(CaO + Na,0 + K,0)-ALO; (the A-CNK-FM) to deduce weathering trends.
On both the A-CN-K and the A-CNK-FM diagrams in Figures 6 and 7 respectively,
all the sediments indicated an extreme weathering history. The studied samples plot
evidently suggest different contents of Al,O;, CaO, Na,O, and K,O in a region examined
compared to the Average World Shale, PAAS, NASC, and UC indices. The studied
samples plot near the high contents of AL, O; suggests a relatively high intensity of
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A
Kaolinite, Gibbsite, Chiorite

AL

Figures.
Ternary diagram showing the weathering trend of the studied samples (all in molar proportions); AL,Os-
CaO + Na,0-K,0 (A-CN-K). Fields from Gu et al. [56].
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Figure 6.

AlL,O;-(CaO + Na,0)-K,O0 plot of sediment samples (after [49, 50]), compared to data for post-Archean average
shale (PAAS) and upper crust (UC) given by Taylor and McLennan [48]; and north American shale composite
(NASC) given by Gromet et al. [44].

weathering. This implies that substantial content of the alkali and alkaline earth ele-
ments were detached from the shales in this study [57].

4.4 Chemical maturity and paleoclimatic condition

Suttner and Dutta [58], suggested the plot of SiO, versus ALL,O; + K,0 + Na,O to
infer the paleoclimatic condition of the source region. The studied samples mainly fall
within the semi-arid condition at the source area (Figure 8). Therefore, the prevalent
dry settings of the source region will slow down the weathering process and thereby
impede chemical maturity.
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ALO,
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Figure 7.

Triangular Al,O;-(CaO + Na,O + K,0)- Fe,O; + MgO plot of the current sediment data (after [49, 50]) in
comparison with post-Archean average shale and upper crust (data from [48]) and north American shale
composite (data from [44]).

100 -

90 A b
g0 |
G,
b’A
70 - 4,
’b,"y/
50 1 HUMID ,
— 50 4 7 (semi-Arid) ®
_a% 40 /
=) T 7/
wn
30 4 /,
ARID
20 A ’
7/
10 4
(] T T T T T 3
o 5 10 15 20 25 30

ALO+K,0+Na,0 (%)

Figure 8.
Chemical maturity and paleoclimate of the Mamu shale sequence expressed by bivariate plot of SiO, versus
ALO; + K,0+ Na,O (after [58]).

4.5 Provenance

Major element geochemistry could offer empirical evidence on the rock composi-
tion, source rock, along with the outcome of sedimentary techniques like sorting
and weathering [26]. The outlined properties provide evidence of the source rock
attributes and definite patterns of historical sediments [59, 60]. Therefore, it is a
common practice to infer the origin of deposits and sedimentary rocks [61-66]. The
two variable plots of Na,O versus K,O reveals the studied samples are rich in quartz,
which shows felsic sources (Figure 9). The ternary diagram shows the plots of the
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Quartz-rich

K,O %
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Figure 9.
Bivariate plot of Na,O versus K,O of the Mamu shale sequence showing quartz content, after Crook [67].
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Figure 10.
Plot of Na,O + KO, Si0,/10 and CaO + MgO to illustrate possible affinities of the samples to felsic, mafic, and
ultramatfic rocks (after [48]).

studied samples in the SiO, are distant from the basalts, ultramafic, and granitic
regions (Figure 10). This submits that the felsic igneous or metamorphic or recycled
rocks rich in quartz deposits derivation are evident.

Similarly, the composition of zircon is used to describe the nature and content
of source rock [68, 69]. The study by Hayashi et al. [68] recommended that TiO,/
Zr ratios can distinguish the three different felsic, intermediate, and mafic types of
source rock. The TiO, versus Zr plot (Figure 11) indicates that the samples examined
are mostly plotted in the intermediate field although few lie within the felsic and
mafic zones. The origins of a sedimentary rock suite can be computed through the
K,0 versus Rb ratios, which are mostly identical to the standard Upper Continental
Crust values [70]. The Cr/V-Y/Ni ratios could also provide estimations of the specific
composition of chromium over other ferromagnesian elements [26, 71].
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Figure 11.
TiO,-Zr plot for the Mamu shale sequence [68].

Figure 12 shows the plots of studied samples in the acidic/intermediate composi-
tion zone with one sample located in the basic composition zone. The Cr/V ratio
describes the enrichment of Cr regarding additional ferromagnesian elements.
However, the Y/Ni ratio appraises the connection amongst the ferromagnesian minor
elements (denoted by Ni) and the HREE using Y as a substitute [26]. The Y/Ni ratios
typically range across values from midway to the felsic calc-alkaline rocks (Figure 13).
The sediments resulting from ultrabasic origins typically have high Cr/V ratios above
1 and low Y/Ni ratios below 1 [71]. The Cr/V ratio ranged from 0.52 to 0.99, or 0.66
on average. However, the Y/Ni ratio was from 1.1 to 9.6 with an average value of 4.79,
which suggests felsic compositions in the source materials.

Figure 14 reveals that the source rocks for shales examined are Late-Archean.

The residues reveal minimal scatter along with trace Cr constituents, which indicates
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Figure 12.
K,O versus RD plot. Fields after Floyd and Leveridge [72].
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Figure 13.
Cr/V-Y/Ni plots for the sediments showing the lack of ultrabasic sources (after [26]). Ultrabasic field of sands
derived from ultrabasic rocks, after Ortiz and Roser [73].
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Figure 14.
Cr—Ni plot for the studied samples showing the plots in the late-Archean field [48] and fractionation from source
rocks to the sediments.

depletion and homogenization could have occurred in the course of transportation

or weathering. Floyd et al. [70], applied immovable elements such as TiO, and Ni to
deduce the original lithological structure of rocks. The technique was also employed to
separate unformed residues of magmatic origins from standard mature sediments. The
studied samples are plotted within the zone of an acidic or felsic source (Figure 15).
According to Cullers and Berendsen [74], the Th/Co versus La/Co ratios are used to dis-
tinguish the source materials of sedimentary rocks. The shale samples examined in this
study are plotted mainly in the upper continental crust and one sample each show close
proximity to basaltic and granodioritic zone respectively (Figure 16). This observation
agreed with the previous study conducted by Ogbahon and Olujinmi [76].

4.6 Tectonic evolution

The discrimination diagrams of major elements can be used to describe or distin-
guish rocks based on the tectonic setting was suggested by several authors [23, 24, 77].
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TiO, vs. Ni plot. Fields and trends fashioned after Gu et al. [56] and Floyd et al. [70].
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Figure 16.
Source rock discrimination diagram for Mamu shale sequence (after [74]), in relation to average values of
granites, basalts, granodiorite [75] and upper continental crust [46, 48].

Roser and Korsch [24] suggested four tectonic discrimination diagrams based on the
SiO, as the x-axis and K,0/Na,O as the y-axis. As shown in Figure 17, the studied sam-
ples indicated Passive Margins tectonic field. Furthermore, the tectonic discrimination
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Tectonic discrimination plot for the Mamu shale sequence (after [24]).
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Figure 18.

Si0,/AL,0; ratio versus K,0/Na,O ratio plot for Mamu shale sequence. Fields and boundary lines (after Maynard
et al. [78]; Roser and Korsch [24]). A1 = arc setting, basaltic and andesitic detritus; A2 = evolved arc setting;
ACM = active continental margin; PM = passive margins.

diagram of K,0/Na,O as the x-axis and SiO,/AL,0; as the y-axis similarly depicted
studied samples in the Passive Margins zone (Figure 18). This trend is supported by
the previous study done by Ogbahon and Olujinmi [76]. The residues from the passive
margin are fundamentally rich in quartz and derived from established continental
regions, placed in intracratonic basins or on passive continental boundaries [24].
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5. Summary and conclusion

In this study, the structural and morphological evolution of kaolinite in the samples
is attributed to mechanical disintegration during sediment transportation and
redeposition. The shales of the Mamu Formation show considerable variation with
regards to major oxides, trace, and rare earth elements. The abundant major oxides
showed that SiO,, Al,O; and Fe,O; constitute more than 86% of the bulk chemical
composition. The plot of log (SiO,/AL,05) versus log (Fe;0;/K,0) indicated that the
samples examined are majorly within the shale field. The weathering indices such as
CIA, CIW, PIA and MIA indicated highly weathered source materials. Provenance
indicated heterogeneous sources for the studied clastic sediments. The examination of
geochemical parameters such as Th/Co versus La/Co, TiO, versus Ni, Cr/V versus
Y/Ni and TiO, versus Zr suggest the samples could be the result of acidic or felsic
sources and not intermediate or basic source rocks. The Cr versus Ni plots indicated the
studied samples are Late Archean shales. In the provenance discrimination diagrams
based on major and immobile elements, the outcropped shale samples show geochemi-
cal markers in agreement with the source rocks of intermediate structure, whereas the
tectonic discrimination diagrams indicate Passive Continental Margin field.
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