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Abstract

The Neoproterozoic charnockite—granite association of Okpella intrudes metasedimentary and migmatite-gneiss
complex rocks in the eastern Igarra Schist Belt, southwestern Nigeria. In order to unravel the complex processes
involved in the formation and tectonic evolution of the Igarra Schist Belt during the Neoproterozoic, detailed
field, petrographic and whole-rock geochemical study of the charnockite—granite association and
metasedimentary rocks around Okpella was conducted. Published data on the metasedimentary rocks and Pan-
African granitoids in different sectors of the belt were also compiled for detailed interpretations. Results of the
study revealed that the charnockites and granites of Okpella show primary magmatic mineralogy and
geochemical characteristics. They are silicic (>63 wt. % SiO,), metaluminous to peraluminous, high-K calc-
alkaline, ferroan, post-collisional granitoids. The garnet-biotite schist, calc-silicate gneiss and quartzite in the
area have paragenesis characteristic of low—medium grade metasedimentary rocks. The mineralogy and
geochemistry of the charnockites suggest that the charnockitic melt was derived by partial melting of
underplated basaltic (mantle-derived) magma and assimilation-fractionation processes at lower crustal levels.
The granites probably originated from mixed melts derived from lower- to mid-crustal tonalites-trondhjemites-
granodiorites and/or subducted metagreywackes and mantle-derived magmas (probably the charnockitic melt
progenitor). The granites and charnockites are coeval and were presumably emplaced during the post-collisional

stages of the Pan-African Orogeny. The garnet-biotite schist, calc-silicate gneiss and quartzite represent



metamorphosed immature to slightly mature sedimentary rocks, probably greywacke, marl and subarkose,
respectively, that were sourced from intermediate—acidic rocks which underwent low—moderate chemical
weathering with minor contribution from recycled sediment sources and deposited in active continental
environments. The Neoproterozoic evolution of the Igarra Schist Belt, therefore, involved deposition and
infolding of sediments in active continental margin during the early Pan-African followed by upwelling of
basaltic magma from the mantle which underplated the lower crust to generate the charnockitic and granitic

melts through mantle-crust interaction during the late Pan-African.
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1. Introduction

The association of charnockite—granite igneous rocks is widely recognized worldwide, commonly interpreted as
the results of mantle-crust interaction during late orogenic stages (Hubbard 1968, 1988; Hubbard and Whitley
1978, 1979; Thomas et al. 1993; Rajesh 2004, 2008; McLelland and Selleck 2010; Harlov et al. 2012; Sekaran
et al. 2016; Kumar et al. 2020). In Nigeria, the close association of charnockites and granites with respect to
field relations is well documented in different parts of the Basement Complex, especially around Ado-Ekiti—
Ikerre—Akure, Idanre, Toro and Rahama (Hubbard 1968; Cooray 1972; Tubosun et al. 1984; Olarewaju 1987,
Dada et al. 1989; Ocan 1990; Ferré et al. 1997; Ademeso 2010). The charnockite—granite associations of Nigeria
commonly occur in two modes: (i) charnockites as the cores of aureoles in Older Granite bodies; and (ii)

charnockites along the margins of texturally similar Older Granites (Tubosun et al. 1984; Olarewaju 2006).

Tubosun et al. (1984), Rahaman (1988), Dada et al. (1989) and Olarewaju (2006) on the basis of detailed field,
geochemical, isotopic and geochronological data on some charnockite—granite associations of Nigeria have
suggested that charnockitic, dioritic and granitic magmas were present together and were emplaced
contemporaneously or soon after one another during the Pan-African Orogeny. Hence, owing to the field
relationships, similar radiometric ages and structural features of the granites and charnockites, Dada (2006) in
his re-classification of the Nigerian Basement Complex, grouped these granitoids together and simply referred
to them as ‘“Pan-African granitoids”. A number of petrogenetic processes have been proposed for the
charnockite—granite associations of Nigeria, prominent among which are: (i) fractionation of basic magma

emplaced under high grade conditions (Olarewaju 1987, 2006); and (ii) fusion of tonalitic restite under dry
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granulite facies conditions and magma mixing (Dada 1989). Magma generation by partial melting of the lower
crust and/or upper mantle and the dominant role of crustal-derived melts with small amounts of juvenile mantle

magma is generally accepted by researchers working on the charnockite—granite associations of Nigeria.

Within the Nigerian basement terrain, charnockites and granites mainly intrude migmatite-gneiss rocks of upper
amphibolite to granulite facies (Dada et al. 1989; Olarewaju 2006; Oyawale and Ocan 2020). However, in some
areas such as the Igarra Schist Belt, the association of these granitoids intrudes metasedimentary rocks of
greenschist to lower amphibolite facies (Odeyemi 1988; Olarewaju 1999). The deposition of these younger
metasedimentary rocks in Nigeria predates the emplacement of the Pan-African granitoids and hence, the former
could possibly have played significant roles in the formation of the latter, more especially in areas where they
outcrop together (Fitches et al. 1985). For example, Goodenough et al. (2014) suggested the contribution of
metasedimentary rocks in the origin of the post-collisional granites from western Nigeria. Geochemical studies
of the metasedimentary rocks from the Nigerian schist belts have also been used to evaluate the nature of their
provenance and weathering processes, as well as to identify the corresponding tectonic setting and understand

crust-mantle evolution (Olobaniyi 2003; Okunlola and Okoroafor 2009).

However, in spite of the numerous research on the charnockite—granite associations and metasedimentary rocks
of Nigeria and the Nigerian basement terrane in general, the geology, tectonic settings and evolution of a large
areal extent of the terrane including the Igarra Schist Belt where Okpella is located, are still poorly understood.
The Okpella charnockite—granite association is largely unknown and geologic data on the association as well as
the metasedimentary rocks are scarce (Okeke and Meju 1985; Odeyemi 1988; Omitogun et al. 1991; Olarewaju
1999; Jimoh et al. 2016; Adegbuyi et al. 2017; Ogunyele et al. 2018). In light of the above, detailed field,
petrographic and whole-rock geochemical study of the charnockite—granite association and metasedimentary
rocks around Okpella was conducted to unravel the complex processes involved in their formation and tectonic
evolution. This paper, therefore, presents new geologic data on the Okpella charnockite—granite association and
metasedimentary rocks and compiles published geochemical data on the metasedimentary rocks and Pan-
African granitoids in different sectors of the Igarra Schist Belt from literature for the purpose of comparison and

unravelling the evolution of the belt during the Neoproterozoic.

2. Regional geology



The study area is part of the Precambrian Basement Complex of Nigeria (Odeyemi 1988; Olarewaju 1999;
Ogunyele et al. 2018). The Nigerian Basement Complex is located within the Pan-African Trans-Saharan
mobile belt between the West African and Congo Cratons and to the south of the Tuareg Shield (Woakes et al.
1987; Goodenough et al. 2014) (Fig. 1a). The complex is composed of three major rock groups: the Migmatite-
Gneiss Complex with ages ranging from Neoproterozoic to Paleoproterozoic and Archean (Grant 1970;
Rahaman 1976a, 1988; Dada 1998; Kroner et al. 2001; Ekwueme 2003a; Okonkwo and Ganev 2012, 2015);
low-grade, younger metasedimentary and metavolcanic rocks which formed the Schist Belts considered to be of
Neoproterozoic age with most dates varying between 690-489 Ma (Turner 1983; Elueze 1988; Odeyemi 1988;
Rahaman 1988; Omitogun et al. 1991; Caby and Boessé 2001; Danbatta 2008; Fagbohun et al. 2020); and the
Older Granite suite which intrude the two earlier lithologies and have Pan-African ages (Rahaman 1976b; Ferré
et al. 1998, 2002; Ekwueme 2003b; Adetunji et al., 2016, 2018; Girei et al. 2019; Ibe and Obiora 2019; Bute et
al. 2019). The available ages of the Pan-African granites in Nigeria are bracketed between 650 and 580 Ma
(Tubosun et al. 1984; Rahaman et al. 1991; Dada et al. 1993; Dada, 1998; Goodenough et al. 2014; Bute et al.
2019). However, some early magmatic phases at ca. 790-709 Ma have been recognized (Fitches et al. 1985;
Goodenough et al. 2014; Adetunji et al. 2016). Mesozoic anorogenic calc-alkaline ring complexes known as the
Younger Granites intruded the eastern terrane of the Nigerian basement prior to the development of seven
sedimentary basins in both the eastern and western terranes which were filled by Cretaceous to recent sediments

(Fig. 1b).

The Nigerian basement records polycyclic tectonic evolution and polyphase deformations during the
Precambrian (Rahaman 1976, 1988; Odeyemi 1981; Ajibade et al. 1987; Ekwueme and Kalsbeek 2014). As a
result of these deformations, complex structures are associated with the basement rocks (Ekwueme 1987;
Oluyide 1988; Kolawole et al. 2017). The last and most penetrative orogenic event (Pan-African orogeny) that
affected the Nigerian basement produced an approximately NS structural trend in the rocks (Rahaman 1988;

Ferré et al. 1996; Obaje 2009).
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Fig. 1. a Regional geological map of Nigeria within the Pan-African Trans-Saharan mobile belt between the West African

and Congo Cratons. b Outline geological map of Nigeria showing the Basement Complex, Younger Granites and

Sedimentary Basins (modified after Woakes et al. 1987)

The study area constitutes the eastern part of the Igarra Schist Belt in southwestern Nigeria (Fig. 2). Three major

rock groups constitute the Igarra Schist Belt, the observed sequence of which is as follows: (i) the Migmatite-

Gneiss Complex; (ii) the Igarra metasedimentary rocks; and (iii) the Pan-African granitoids (Odeyemi 1988;

Omitogun et al. 1991). The Migmatite-Gneiss Complex comprising migmatites, biotite- and biotite-hornblende

gneisses, granite gneisses and relics of an ancient metasedimentary sequence constitute the basement (sensu

stricto) in the area. It is the oldest rock group (Archean to Neoproterozoic age) on which the Igarra

metasedimentary rocks occur as supracrustals. The contacts between the migmatite-gneiss and the

metasedimentary rocks are fault-bounded in most places (Odeyemi 1988; Jimoh et al. 2016).
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Fig 2. Geological map of Igarra Schist Belt showing Okpella area (modified after Odeyemi 1988)

The Igarra metasedimentary rocks cover an area of approximately 3,000 km? and is predominated by low-grade
rocks of sedimentary origin (schists, calc-silicate gneisses, marbles, metaconglomerates, quartzite and banded
iron formation) overlying the Migmatite-Gneiss Complex (Okeke and Meju 1985; Odeyemi 1988; Adegbuyi et
al. 2017) (Fig. 2). On the basis of lithologic and structural complexity, as well as abundance and configuration
of intrusive rocks in the Igarra Schist Belt, Turner (1983) assigned a Kibaran age to the belt. Rahaman (1988)
however disagreed with Turner (1983) and with reference to available radiometric data argued that the Nigerian
schist belts including the Igarra belt are essentially of Neoproterozoic age with most dates varying between 690-
489 Ma and also suggested the possibility of early Pan-African sedimentation and volcanism at ca. 800 Ma.
Odeyemi (1988) suggested that the Igarra and Egbe Schist Belts could have evolved as a paired metamorphic
belt with the latter belt being a volcano-sedimentary complex consisting of abundant metavolcanics

(amphibolites, amphibole schists) (Olobaniyi and Annor 2003). The complete absence of metavolcanics and the



occurrence of conglomeratic horizons in the Igarra Schist Belt suggest a clastic sedimentary environment of
deposition and tectonic instability of the basin throughout the depositional period, respectively (Odeyemi 1988;
Omitogun et al. 1991). At least four antiformal and four complimentary synformal folds with roughly NS axis,
and four major fault zones have been mapped in the Igarra Schist Belt. Metamorphism in most parts of the belt
is of low grade (greenschist facies) and locally higher (up to lower amphibolite facies) in the eastern part
(Omitogun et al. 1991). The pre-Mesozoic drift reconstruction of the West Gondwana revealed that the Igarra
Schist Belt matches the Seridé Schist Belt of northern Borborema Province, northeast Brazil and have
essentially similar lithologies, structural history and metamorphism (Caby 1989; Dada 2008; Archanjo et al.

2013).

The Migmatite-Gneiss Complex and the Igarra metasedimentary rocks were intruded by Pan-African granitoids
comprising syn- to late-tectonic porphyritic, biotite- and biotite-hornblende granites, granodiorites, syenites and
adamellites; charnockites and gabbros; unmetamorphosed dolerite, pegmatite, aplite and syenite dykes. These
Pan-African intrusives represent the youngest group of rocks of Precambrian age in the area. Field evidence
indicates that most of the granitic activity took place during the waning stage of the Pan-African orogeny

(Odeyemi and Rahaman 1992).

3. Methodology

The study involved geological mapping of Okpella area on a scale of 1:30,000 during which various lithologies
in the area were studied and sampled for petrographic and whole-rock geochemical analyses. Twenty-two (22)
representative samples were collected from the main outcrops comprising six granite [three porphyritic granite
(PG) and three medium- to coarse-grained granite (MCG)], six charnockite [three medium-grained charnockite
(MCh) and three coarse-grained charnockite (CCh)], four garnet-biotite schist (GBS), five calc-silicate gneiss

(CGN), and one quartzite (Qtz).

Thin sections of ten samples were prepared and studied under a petrographic microscope. Mineral contents (in
volume percent) of the rocks were determined and their photomicrographs were captured. The major and trace
elements concentrations of all the samples were also determined using Energy Dispersive X-Ray Fluorescence
(ED-XRF) machine (pANalytical model). These analyses were carried out at the National Geosciences Research

Laboratory, Kaduna, Nigeria.



All the samples were crushed and pulverised to < 63 microns (230 mesh) using a jaw crusher and pulveriser,
respectively. After pulverisation of each sample, the pulveriser was cleaned using acetone. The pulverised
samples were homogenised using a homogeniser, after which glass beads used for the major elemental analyses
(Si, Al, Mn, Ti, Mg, Ca, Na, K and P) expressed in oxide weight percent were prepared by weighing about 10 g
of the dry powdered rock sample into a silica crucible and igniting it in the furnace at 100°C for 2 to 3 hours to
calcinate the impurities. The samples were then removed from the furnace and allowed to cool to room
temperature in desiccators. Each ignited powdered rock sample was weighed again to determine the weights of
the calcinated impurities (or loss on ignition) which were H,O and CO,. 5 g of the stored ignited rock powder
was weighed and mixed thoroughly with exactly five times of flux (spectroflux 100B) in a platinum dish and
ignited in the pre-set furnace at 100°C for 10 minutes to form a molten mixture. The molten mixture was then
poured into a mould, cooled and removed, over a compressed stream of air, tapping the edge with a small iron
slab until the glass bead formed was separated. Each glass bead was labelled and slotted into the computerised

XRF for major elemental analysis.

Trace elemental analysis was carried out using compressed pellets. These pellets were prepared by weighing 5 g
of oven dried powdered rock samples and 5 g flux (cellulose-powder) was added to it as a binding and
dispersive agent. This mixture was shaken in small plastic containers for about 10 minutes. The mixture was
then compressed using a manual compressor (pelletizer) at a pressure of 1500 kgm™. The pellets were placed in
the computer programmed XRF for trace elemental analysis. The accuracy of the analytical results was verified

through the analysis of duplicate samples and standards.

4. Results

4.1 Local geology — Okpella area

The geology of Okpella area in the eastern part of Igarra Schist Belt comprises largely of strongly deformed,
low- to medium-grade metasedimentary rocks underlaid by granitic gneiss, both of which were intruded by
granites, charnockites, pegmatites, quartz veins and dolerite dykes (Figs. 3-4). The granitic gneiss of probable
Paleoproterozoic age outcrops in the northeastern part of the area; it is medium- to coarse-grained, light grey,
granoblastic to weakly foliated with moderately thick (0.5-2 cm) mineralogical bands of light and dark colours

(Fig. 4a). The light bands are composed of felsic minerals such as quartz, K-feldspars and plagioclase feldspars



while biotite, hornblende and opaque minerals constitute the dark bands. The granite gneiss trends NW-SE with

moderate dips to the west (av. 68°).
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Fig 4. Field photographs (mesoscopic aspects) of some lithologies around Okpella, southwestern Nigeria. a Coarse-grained

(granoblastic) granitic gneiss intruded by pegmatites. b Garnet-biotite schist showing strong foliation and tight folds. ¢ Calc-
silicate gneiss with open folds and intruded by pegmatites. d Coarse-grained to porphyritic granite with phenocrysts of K-
feldspar and quartz. e Coarse-grained charnockite containing xenoliths of fine- to medium-grained charnockite. f Ptygmatic
folds in garnet-biotite schist. g Medium- to coarse-grained granite containing xenoliths of calc-silicate gneiss. h NS trending
boudinage structure in calc-silicate gneiss, the boudins are composed of quartz. i Joint cutting a pegmatite sill and garnet-

biotite schist

The Neoproterozoic metasedimentary rocks in the area include garnet-biotite schist, calc-silicate gneiss and
marble, quartzite and banded iron formation (BIF) (Fig. 4b, ¢ & f). These majorly trend NS to NW-SE with
some of the lithologies, particularly the garnet-biotite schist and calc-silicate gneiss also showing a minor older
ENE-WSW to EW trend. The garnet-biotite schist outcrops extensively as low-lying rocks in the central and
northwestern part of the area; it is schistose, dark grey to black in colour and medium-grained to

porphyroblastic. It contains abundant quartz, biotite, plagioclase feldspar, K-feldspar and porphyroblasts of red
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garnets. The garnet porphyroblasts sometimes exceed 3 cm in size. The schist probably covers more area in the
past than it presently outcrops. This is evident by the abundance of the rock as both small and giant xenoliths
within charnockites and granites which occur to its south. Calc-silicate gneiss and marble occur in the central
part of Okpella, with the former being more abundant, foliated, folded, medium-grained, colour varying from
dark green to dark grey, and often associated with marble and granitic bands, pegmatites and quartz veins (Fig.
4c¢ & h). In hand specimen, the marble is composed essentially of calcite with minor amounts of graphite while
the calc-silicate gneiss is composed mainly of calcite, quartz, biotite, and opaques. Quartzite and BIF outcrop as

ridges in the northern part of the area and are composed essentially of quartz and iron minerals, respectively.

Granites and charnockites form batholiths as well as low-lying outcrops with numerous boulders and constitute
the larger proportion of the area (> 70%). They are closely associated in the field and sometimes contain
xenoliths of their host rocks (mainly garnet-biotite schist and calc-silicate gneiss) especially at their contacts
(Fig. 4d & g). Where observed, the contacts between these granitoids and their host rocks are usually sharp and
sometimes marked by the mixing of the granitoids and host rocks as a result of the assimilation of the latter by
the intruding magmas. The charnockites are of two textural varieties: coarse-grained to porphyritic and fine- to
medium-grained, with the former being more abundant and containing xenoliths of the latter, hence, is probably
younger than the latter (Fig. 4e). Both varieties of charnockite are dark-grey to dark-green in colour. Granites in
the area are light coloured (light grey to pinkish) and of two varieties: coarse-grained to porphyritic (Fig. 4d)
and medium- to coarse-grained (Fig. 4g). The granites occur prominently in the central and northern part of the
area forming ridges. The granites and charnockites are coeval as they show evidence of magma mingling
forming a hybrid rock (charnockite-granite hybrid) at their contacts. The charnockite—granite association of
Okpella, although not yet dated, may be correlated to the charnockite—granite associations of Ado-Ekiti—Ikerre—
Akure and Idanre in southwestern Nigeria which have yielded Pan-African (Neoproterozoic) emplacement ages

of 631 + 18 Ma and 586 + 5 Ma, respectively (Tubosun et al. 1984).

The gneisses and metasedimentary rocks around Okpella are complexly and strongly deformed and show
geological structures such as foliations, folds, faults, joints, shears, boudinages and lineations in outcrops (Fig.
4). Detailed field study and structural analysis revealed the presence of two major folds in the central and

northeastern part of the area.
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¢ inclusion-rich garnet + biotite + quartz + opaques in medium-grained charnockite; d, e myrmekite formation in coarse-
grained charnockite; f fractures in biotite filled by quartz and opaques in coarse-grained charnockite; g biotite filling
fractures in plagioclase in coarse-grained charnockite, intergranular cracks are abundant; h intragranular cracks in garnet in
the coarse-grained charnockite in contact with schist; i orthopyroxene crystal in coarse-grained charnockite; j phenocrysts of
plagioclase, quartz and K-feldspar in porphyritic granite, twinning in plagioclase feldspar and saccharoidal pattern in quartz;
k microfault in muscovite, biotite rim around quartz in medium- to coarse-grained granite; 1 calc-silicate gneiss composed

largely of quartz + biotite + calcite + plagioclase feldspar

4.2 Petrography

Modal compositions and photomicrographs of the analysed rock samples are shown in Table 1 and Fig. S,
respectively. The modal analysis (Table 1) revealed that the granites have high quartz contents varying between
40-45 vol. %, and contain more K-feldspar (21-22 vol. %) than plagioclase feldspar (10-15 vol. %). Biotite in
the granites range between 10-15 vol. %; hornblende and muscovite occur in small amounts in these rocks. The
charnockites are characteristerised by relatively anhydrous mineral assemblages as indicated by the presence of
orthopyroxene (7-8 vol. %) in them, with quartz contents ranging between 25-33 vol. %. They contain more
plagioclase (18-25 vol. %) than K-feldspar (av. 6 vol. %). Biotite, hornblende, garnet and opaques also occur as
essential minerals in the charnockites. Classification of the granitoids using the combined QAP discrimination
diagrams of Streckeisen (1974, 1976) and Rajesh and Santosh (2012) (Fig. 6) revealed that the granites are

granites sensu stricto while the charnockites are charnoenderbites (or opdalites).
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Table 1. Modal compositions (in vol.%) of the studied charnockite—granite association and metasedimentary rocks

Rock Granite Charnockite Garnet-biotite schist Calc-silicate gneiss
Sample MCG1 PG1 CCh1 MCh3 GBS1 GBs2 CGNS5 CGN4
Quartz 40 45 25 33 35 40 40 45
K-feldspar 21 22 6 6 5 10 4 2
Plag. feldspar 10 15 25 18 12 10 10 15
Biotite 10 15 28 10 15 18 30 29
Calcite 15 10
Muscovite 8

Hornblende 2 3 5 4 8

Garnet 12 25 13

Orthopyroxene 8 7

Opaque 3 9 7 5

Total 99 100 100 99 99 99 99 99
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Fig 6. Classification of the charnockites and granites of the Okpella area using a combined Quartz—Alkali feldspar—
Plagioclase (QAP) diagram (the terms in red are used for the classification of charnockitic rocks) (after Streckeisen 1974,

1976; Rajesh and Santosh 2012)

The garnet-biotite schist and calc-silicate gneiss have high quartz (35-45 vol. %), biotite (15-30 vol. %) and
plagioclase (10-15 vol. %) contents and subordinate amounts of K-feldspar (2-10 vol. %). The garnet-biotite
schist and calc-silicate gneiss also contains garnets porphyroblasts (13-25 vol. %) and calcite (10-15 vol. %),
respectively. From hand specimen, the quartzite is composed largely of quartz with minor amounts of
muscovite, chlorite and feldspars. The mineral assemblages of the garnet-biotite schist, calc-silicate gneiss and
quartzite are indicative of low-medium grade metamorphism in the area probably from greenschist to lower
amphibolite facies. The strong deformation of the schist and calc-silicate gneiss in this area in comparison to
other parts of the Igarra Schist Belt corroborated that the grade of metamorphism of Okpella metasedimentary

rocks is locally higher.

The microstructures identified in the rocks around Okpella include foliations, microfolds, microfractures,

twinning, myrmekite and reaction rims (Fig. 5a-l). The formation of rim- and wart-like myrmekite around
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plagioclase feldspar in the coarse-grained charnockite (Fig. 5d-e) is suggestive of K-metasomatism and
progressive deformation in the rock. Folded foliations, microfault and microcracks in the studied rocks indicate
deeply penetrative deformation in the area; these further confirm the structures and textures observed in the field

(Fig. 4).

4.3 Whole-rock geochemistry

4.3.1 Charnockite—granite association

Major and trace elements geochemical data of the charnockite—granite association of Okpella are presented in
Table 2. Published limited geochemical data on the Idoani (Adegbuyi et al. 2017) and Igarra (Okeke et al. 1988)
granites in the western and central parts of the Igarra Schist Belt, respectively, are also presented in Table 2 for
comparison and detailed interpretations on the schist belt. The occurrence of charnockites has not been reported

elsewhere in the Igarra Schist Belt; hence, no geochemical data is available.

The granites of Okpella show whole-rock high SiO, (70.53-76.6 wt. %) and Na,O + K,O (4.51-7.93 wt. %), and
low MgO (< 1.07 wt. % in most samples) and Fe,Ost (< 3.69 wt. %) contents, typical of granites Sensu stricto
and similar to the post-collisional granites of western Nigeria (Goodenough et al. 2014). The charnockites also
have high SiO; (63.4-72.42 wt. %) and Na,O + K,O (4.64-7.47 wt. %) contents similar to the Cardamom Hill
silicic igneous charnockites, southern India (Chacko et al. 1992; Rajesh 2004, 2007). Two samples of the
charnockites (MCh2 and CCh2), however, show extremely low total alkalis indicating a strong alteration and are
therefore excluded from further consideration. In comparison to the granites, the charnockites have relatively
higher Fe,Ost (4.22-6.68 wt. %), MgO (0.94-4.34 wt. %), and TiO, (0.4-0.86 wt. %). The contents of Al,O3
(11.9-14.02 wt. %) and MnO (< 0.13 wt. % in most samples) in both the charnockites and granites are similar.
The K;0/NayO ratio of the charnockites (0.66-1.72) is, however, slightly lower than that of the granites (1.03-

1.97).

In comparison with the granites from Idoani and Igarra, the Okpella granites have higher average SiO,, Fe; 03,
and MnO, and lower average Al,O3;, MgO, CaO, and Na,O + K»O. The Harker diagrams of the granites and
charnockites of Okpella and the granites of Idoani and Igarra (Fig. 7) show a more or less coherent negative
trend between SiO; and TiO,, Al,O3, MgO and Fe,Ost. All other major oxides (Na;O, K,O, MnO, CaO and

P»0s), however, show erratic variations with SiO5.
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Table 2. Major (wt%) and trace (ppm) elements of the studied charnockite—granite association and granites from other sectors of the Igarra Schist Belt®

Rock Granite (porphyritic and medium- to coarse-grained) Charnockite (coarse- and medium-grained) Granites®
Sample PG1 MCG1 PG3 MCG3 MCG2 PG2 MCh2 CCh2 MCh3 MCh1 CCh3 CCh1 A(3) B(8)
(wit%)

Si0Oy 70.53 71.58 72.58 73.57 74 76.6 63.4 65.1 66.25 70.3 70.7 72.42 65.35 66
TiOz 043 0.86 0.38 0.34 0.32 0.17 0.8 0.4 0.7 0.62 0.86 0.6 0.31

Al;Og 13.08 14.02 13.22 13.01 13.24 1233 16.2 15.31 13.28 13.6 13.92 11.9 16.05 18
FepO3" 3.44 3.69 243 5.10 3.5 247 7.7 6.68 5.94 6.68 545 4.22 1.72 0.82
MnO 0.05 0.11 0.08 0.06 0.25 0.05 0.21 0.22 0.23 0.11 0.13 0.04 0.07 0.06
MgO 3.9 2.51 1.07 0.64 0.51 0.31 1 0.99 4.34 1.03 0.94 2.01 219 P
Ca0 0.82 177 1.76 1.71 1.64 1.06 5.62 5.5 1.46 3.01 3 2.03 1.89 1.92
Na;O 3.9 1.74 3.65 2.19 2.3 2.04 0.8 0.78 4.5 1.64 1.8 3.97 3.56 3.66
K0 4.03 2.77 3.94 3.1 397 4.02 1.09 1 297 3 3.09 2.9 4.94 6.2
P;0g 0.03 0.01 0.02 0.02 0.05 0.02 0.01 0.02 0.03 0.11

LOI 0.44 0.42 0.84 0.73 0.71 0.62 2.6 2.84 0.58 0.88 0.96 0.58

Total 100.65 99.49 99.97 100.47 100.44 99.72 99.42 98.82  100.27 100.88 100.87 100.7

(ppm)

Ba 910 1100 810 510 520 470 580 210 1000 480 300 810

Co 7 5 7 5 5 24 7 9 - 4 2 9

Cr 5 9 3 032 0.27 0.01 2 1 6.1 0.31 0.43 8

Cu 53 53 37 28 26 59 10 6 34 20 33 37

Nb 10 16 8 3 4 12 5 2 19 2 2 11
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Ni 1 8 3 4 9 112 16 10 13 9 6 2
Rb 190 73 120 96 89 262 150 155 190 84 75 140
Sc 2 3 1 1 1 1 3 3] 2.6 1 1 2
Sr 100 280 290 90 138 150 134 12 180 100 120 241
Ta 5 4 5 3 3 3 2 1 10 2 5 6
Th 3 16 16 14 31 53 12 11 32 16 26 <
vV 8 3 5 1 13.7 13 12 12 4.9 2 3 10
20 29 40 34 13 42 20 14 59 38 37 12
Zn 23 23 - 22 26 60 38 44 79 42 18 44
Zr 290 380 122 120 119 130 130 116 270 118 120 270
mg# 25.2 23.7 46.6 19.93 2242 19.93 20.48 22.71 3817 2342 3549 48.57 69.42 72.87
K;0/NazO 1.03 1.59 1.07 1.41 1.73 1.97 1.36 1.28 0.66 1.83 1.72 0.73 1.38 1.69
K/Rb 176.02 535.44 27248 267.98 370.18 127.33 60.3 53.54 129.72 296.38 341.91 171.9
Rb/Sr 1.9 0.26 0.41 1.07 0.64 1.75 1.12 12.92 1.05 0.84 0.63 0.58
K/Ba 36.75 35.53 40.37 50.44 63.36 70.98 15.59 39.52 24.65 51.87 8548 29.71
Ba/Rb 4.79 15.07 6.75 5.32 5.85 1.79 3.87 1.35 5.26 5.71 4 579
Ba/Sr 9.1 3.93 2.79 5.67 377 3.13 4.33 17.5 5.55 4.8 2.5 3.36

A Porphyritic granite from Idoani, western Igarra Schist Belt (Adegbuyi et al. 2017), B Porphyritic granite from Igarra, central Igarra Schist Belt (Okeke et al. 1988)

*Total Fe as Fe203

@Data from published literature

(MNumber of analysis
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Fig. 7. Harker plots of some major elements against SiO2 for Okpella granitoids and the Idoani and Igarra granites

The total alkalis-silica diagram (Fig. 8a) for the granitoids of Okpella showed that the granites plot as granites;
the charnockites as granodiorites; and both granitoids are sub-alkalic. The granites and charnockites are mainly
high-K calc-alkaline granitoids (Fig. 8b). All the rock samples plot in the calc-alkalic to alkali-calcic fields on
the K>;O+Na,O-CaO versus SiO; plot of Frost et al. (2001) (Fig. 8c); metaluminous to peraluminous fields on
the Shand’s index plot, with most samples plotting within the fields for the post-collisional granites of western

Nigeria (Goodenough et al. 2014) (Fig. 8d); and ferroan field on the FeOt/(FeOt + MgO) diagram, with all the
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samples plotting entirely within the Caledonian post-collisional granite field of Frost et al. (2001) (Fig. 8e). The
granites are I- to S-type granitoids while the charnockites are typical I-type granitoids (Fig. 8d). The granites
and charnockites have variable but very low contents of Cr, Ni, Co and V pointing to their felsic compositions;
similar, high Ba, Sr and moderate to fairly high Rb contents; and depleted contents of Nb and Ta. The K/Rb
ratios of the granites (127-370) and charnockites (129-342) are within the values for the continental crust
(£462) (Rudnick and Gao 2003), suggesting that they are of crustal sources. Anomalously high K/Rb ratio in
one of the samples (MCG1) probably indicates a source more enriched in K and/or hydrothermal alteration. The
Rb versus Nb + Y diagram (Pearce et al. 1984) was used to determine the tectonic settings of the granitoids
(Fig. 8f). The samples plotted mainly in the volcanic-arc field closely overlapping with the field for post-

collisional granites.

4.3.2 Metasedimentary rocks

Whole-rock major and trace elements compositions of representative samples of the garnet-biotite schist, calc-
silicate gneiss and quartzite of Okpella area are reported in Table 3. The compositions of some metasedimentary
rocks in other parts of the Igarra Schist Belt (Okeke and Meju 1985; Ikoro et al. 2012; Adegbuyi et al. 2017) as
well as some Precambrian sediments such as PAAS (post-Archean Australian shale; McLennan 1989), PG
(Proterozoic greywackes; Condie 1993) and UCC (upper continental crust; Rudnick and Gao 2003) are also

presented in Table 3 for comparison with the studied metasedimentary rocks.

The garnet-biotite schist of Okpella have SiO; (65.23-71.58 wt. %; av. 68.15 wt. %), Al,O3 (14.02-15 wt. %; av.
14.55 wt. %), Fe,03 (3.69-6.77 wt. %; av. 5.84 wt. %), MgO (0.61-4.42 wt. %; av. 2.05 wt. %) and MnO (0.07-
0.22 wt. %; av. 0.12 wt. %) contents similar to that of PG. However, K,O (2.77-3.71 wt. %; av. 3.14 wt. %) and
TiO; (0.86-1.47 wt. %; av. 1.26 wt. %) contents are slightly enriched whereas Na,O (1.74-2.4 wt. %; av. 2.22
wt. %) and P,Os (0.01-0.03 wt. %; av. 0.02 wt. %) contents are depleted compared to PG. The average major
elements compositions of samples of the schist are very similar to that of PG than to the PAAS, suggesting that
the garnet-biotite schist shows more affinity for greywacke than shale. SiO,/Al,O3 and K»O/Na,O ratios in the

garnet-biotite schist range from 4.46-5.12 and 1.23-1.59 with averages of 4.7 and 1.43, respectively.

The Okpella calc-silicate gneiss shows wide ranges for almost all major oxides including: SiO; (47.2-70.94 wt.
%), Ca0 (2.96-11.3 wt. %), Fe,03 (4.27-12.2 wt. %), AlL,Os3 (13.58-18.1 wt. %) and MgO (1.7-4.9 wt. %). The

contents of Na,O (1.4-2.83 wt. %) and K,O (1.2-2 wt. %) are, however, similar. The calc-silicate gneiss is
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Table 3. Major (wt%) and trace (ppm) elements of the studied metasedimentary rocks, and metasedimentary rocks from other sectors of the Igarra Schist Belt® and other Precambrian sediments

from international references®

Rock Garnet-biotite schist Calc-silicate gneiss Quartzite Metasedimentary rocks® Precambrian sediments™
Sample GBS1 GBS3 GBS4 GBS2 CGN1 CGN2 CGN3 CGN5 CGN4 Qtz A(2) B(2) C(8) D(8) E(B) F G H
(S\n_\r(t)%] 65.23 | 67.4 68.4 71.58 47.2 55.1 554 65.58 7094 875 68.89 7541 73 697 4969 628 66.1 66.6
10z
TiO; 1.47 1.3 1.42 0.86 1.58 1.3 1.3 0.9 1 1.22 023 04 078 1 0.77 0.64
Al; O 14.64 15 1452 1402  16.1 18.04 181 1397 1358 4.06 131 977 15 1484 1438 189 15 15.4
Fe;O3* 6.77 6.23 6.68 3.69 12.2 9.1 9.42 6.82 4.27 146 7.65 499 323 751 549 65 5.8 5.04
MnO 0.22 0.09 0.07 0.1 017 0.34 0.26 0.17 0.16 0.07 003 012 009 009 008 O0M 0.1
MgO 4.42 0.65 0.61 2.51 3 2 1.7 4.9 2.54 0.58 0.67 1.3 133 069 284 22 2.1 248
CaO 1.78 2.34 2.12 1.77 11.3 6.1 5.61 3.04 2.96 1.1 1.01 154 1 1 198 1.3 2.6 3.59
Na;O 2.35 2.37 2.4 1.74 1.6 1.4 1.8 2.83 2.07 2 1.19 199 167 118 123 1.2 2.8 3.27
K;O 3.13 3.7 2.94 2.77 1.2 2 1.9 1.56 1.56 1.3 226 351 39 38 3.05 37 2.5 23
P;05 0.03 0.01 0.01 0.02 0.12 0.03 0.03 0.01 0.02 0.02 0.1 0.16 0.14 0.15
LOI 0.56 0.9 0.78 042 5.56 3.87 3.34 0.73 043 0.94 219
Total 1006 100 99.95 9949 10003 99.28 9886 100.51 9953  100.25
(ppm)
Ba 840 740 370 370 290 740 680 980 270 860 650 600 628
Co 7 9 4 6 6 4.8 4 5 11 1
Cr 6.3 1 0.51 3 3 2 1 7.6 34 2 110 80 92
Cu 48 34 32 70 61 42 40 83 60 7 28
Nb 18 5 4 5 2 - 12 9 3 19 10 12
Ni 7 12 16 - 8 9 12 11 3 14 55 45 47
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Rb 160 158 120 140 160 138 149 60 60 210 160 80 82
Sc 16 14 3] 4 3 2 3 2.2 2 7 16 17 14
Sr 150 40 38 290 260 162 114 356 320 A7 200 240 320
Ta 3 1 15 5 2 2 2 7 9 1 1.28 0.8 0.9
Th 29 22 26 8 20 16 10 20 7 28 14.6 9 10.5
vV 5.9 3 1 2 14 15.2 14 6 20 2 150 140 97
48 16 20 40 13 38 18 60 30 12 27 27 21
Zn 71 10 8 44 30 42 40 19 46 12 28
Zr 230 220 64 190 116 118 120 330 280 82 210 148 193
SiOy/AlLO3 446 4.49 4.71 512 2.59 3.05 3.06 4.69 5.22 21.55 526 | 7.72 487 47 346 332 4.41 432
K;O/Naz;O | 1.33 1.56 1.23 1.59 0.75 1.43 1.06 0.55 0.75 0.65 1.9 1.76 233 322 (248 | 3.08 0.89 0.86
K/Rb 162.34 19486 203.32 16419 6224 | 120.27 10582 21577 21577  51.37 191.91 25943  283.37
Th/Sc 1.81 1.57 8.67 2 6.66 8 3.33 9.09 3.5 4 0.91 0.53 0.75
Zr/5¢ 1437 1571 2133 475 38.67 59 40 150 140 11.71 13.1 an 13.8

A Quartz-mica schist from Idoani, western Igarra Schist Belt (Adegbuyi et al. 2017), B Quartzite from Idoani, western Igarra Schist Belt (Adegbuyi et al. 2017), C Quartzite from Igarra, central
Igarra Schist Belt (Okeke and Meju 1985), D Mica schist from Igarra, central Igarra Schist Belt (Okeke and Meju 1985), E Calc-silicate gneiss from Igarra, central Igarra Schist Belt (Ikoro et al.
2012), F Post-Archean Australian Shale (McLennan 1989), G Proterozoic Greywackes (Condie 1993), H Upper Continental Crust (Rudnick and Gao 2003)

*Total Fe as Fe203

®Data from published literature

®Data from published literature

(MNumber of analysis
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characterized by SiO»/Al,O3 and K>O/Na,O ratios ranging from 2.59-5.22 and 0.55-1.43 with averages of 3.72
and 0.91, respectively. The composition of the calc-silicate gneiss suggests a shaly/greywacke protolith rich in
carbonates. The Okpella quartzite is composed almost entirely of SiO, (87.5 wt. %) with subordinate amounts of

other major oxides.

In terms of major element geochemistry, the garnet-biotite schist of Okpella is very similar to the quartz-mica
schists of Idoani and Igarra in the western and central Igarra Schist Belt (Okeke and Meju 1985; Adegbuyi et al.
2017). The calc-silicate gneiss of Okpella, however, have higher SiO,, TiO,, Al,O3 and Fe;03, and lower CaO
and K,O contents compared to the calc-silicate gneiss from Igarra (Ikoro et al. 2012). MgO and LOI in the calc-
silicate gneisses are, however, similar. The quartzite of Okpella is more silica-rich than those from Idoani and
Igarra. The Idoani and Igarra quartzites, however, have higher Al,Os, Fe;O3, MgO and K,O contents than the
Okpella quartzite (Okeke and Meju 1985; Adegbuyi et al. 2017). The SiO,/Al,Oj; ratios in the schists and calc-

silicate gneisses of the Igarra Schist Belt are very similar, suggesting similar provenance.

All the metasedimentary rocks of Okpella show moderate to high contents of Ba (270-980 ppm), Rb (60-210
ppm), Sr (114-356 ppm) and Zr (64-330 ppm) comparable to the UCC. However, V, Ni, Cr and Sc are depleted
while Ta, Ti, Y and Th are enriched relative to the UCC. The average K/Rb ratios of the garnet-biotite schist
(181.18), calc-silicate gneiss (143.97) and quartzite (51.37) are less than that for UCC (283; Rudnick and Gao

2003) suggesting that these rocks were derived from the upper continental crust.

5. Discussion

5.1 Charnockite—granite association — petrogenetic constraints and tectonic evolution

The charnockites and granites of Okpella area show primary magmatic paragenesis and geochemical features.
The charnockites are pyroxene-bearing, metaluminous to slightly peraluminous, ferroan, calc-alkalic to alkali-
calcic granodiorites (I-type) with high silica and total alkalis contents, similar to the Cardamom Hill silicic
igneous charnockites of southern India (Chacko et al. 1992; Rajesh 2004, 2007; Santosh and Rajesh 2007). The
presence of orthopyroxene in the mineral assemblages of the charnockites points toward high-temperature and
relatively dry condition of the original magma, similar as interpreted in the charnockites of Ado-Ekiti—Ikerre—
Akure, southwestern Nigeria (Olarewaju 1987; Ademeso 2010) and Venda Nova, SE Brazil (Mendes and De

Campos 2012). The occurrence of primary biotite and primary hornblende in the charnockites may, however, be
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explained by the crystallization of the magma at late magmatic stage during which H,O activity is likely to
slightly increase as suggested by Martignole (1979), Harlov et al. (2012) and Mendes and De Campos (2012).
Availability of sufficient KO and MgO (~0.2 wt. %) in anhydrous magmas are other important factors that can
cause the crystallization of hydrous minerals, especially micas (Hewitt and Wones 1984). Garnets in the fine- to
medium-grained charnockites are xenocrysts probably derived from their host rock (garnet-biotite schist)
especially at contacts. As suggested by Frost and Frost (1987) and Rajesh (2004), CO,-rich melt is likely to be

enriched in K, Ba, and Zr, which is characteristic of igneous charnockites like the Okpella charnockites.

The chemical compositions of the charnockites seem to be broadly compatible with an amphibolitic (basaltic)
source when plotted on the CaO/(FeOt + MgO + TiO,) versus CaO + FeOt + MgO + TiO, diagram of Patifio
Douce (1999) which shows the compositions of melts produced by experimental dehydration-melting of various
lithologies such as amphibolites, greywackes, felsic pelites and mafic pelites (Fig. 9a). On the plot of mg#
versus SiO; (Fig. 9b), the charnockites plotted mainly within the field of mantle melts interacted with crust.
Hence, based on mineralogy, geochemical features and close similarity to the Cardamom Hill silicic igneous
charnockites of southern India, the charnockites of Okpella area are thought to be high temperature melts of
basaltic magma from the mantle (asthenosphere). Following the petrogenetic model of Rajesh (2007) for the
Cardamom Hill silicic igneous charnockites and the experimental work of Sisson et al. (2005), we hypothesize
that the evolution of the charnockites of Okpella area involved an initial partial melting of basaltic (mantle-
derived) magma (or K-rich mafic/amphibolitic rocks) that underplated the lower crust followed by fractionation
to produce silicic charnockitic melts. The fractionation was most probably an open system assimilation-
fractional crystallization. The K/Rb ratios of samples of the charnockites which are similar to that of the crust
and their plot around tonalitic and trondhjemitic melts on the K,O versus SiO, diagram (Fig. 8b) probably
suggest that lower crustal tonalites and trondhjemites (or their metamorphic equivalents) were assimilated by the
initial melt. The presence of garnets in the assemblage of the charnockites, and its metaluminous to slightly
peraluminous nature are other features that suggest the influence of assimilation in the evolution of the
charnockitic melt. The underplated basaltic magma as well as the charnockitic melt may have contributed to the
heating and melting of the lower to middle crustal rocks resulting in the generation of high-K calc-alkaline

magma that formed the I- to S-type granites.
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The partial melting of metaigneous rocks of intermediate compositions (e.g. tonalitic rocks) is a viable model
for the genesis of high-K calc-alkaline granites (Roberts and Clemens 1993; Patifio Douce 1999, 2005; Watkins
et al. 2007; Laurent et al. 2014; Peng et al. 2019; Yakymchuk 2019; Silva-Silva et al. 2020) like the Okpella
granites. The metaluminous to peraluminous nature of the granites as well as the presence of muscovite in them
suggests that they are I- to S-type granitoids derived from the partial melting of crustal igneous and sedimentary
sources (Chappell and White 2001; Frost et al. 2001). This is also suggested by their plots mainly within the
field of re-melting of crust on the mg# versus SiO, diagram (Fig. 9b). The crustal rocks present in Okpella area
aside the granites include granite gneiss, metasedimentary rocks and charnockites. It appears that the granites
were probably not derived from partial melting of the charnockites as evidenced by the similarity of their
geochemical features such as identical K/Rb and K,O/Na,O ratios, erratic variations between SiO, and most of

the major oxides, enrichment in LILEs and depletion in HFSEs.

The discrimination plot of Patifio Douce (1999) (Fig. 9a) showed that the granites of Okpella area plotted within
and around the greywackes field. On the K,O versus SiO, diagram (Fig. 8b), the granites plotted close to
tonalitic and trondhjemitic melts. These discrimination plots therefore suggest that Okpella granites were mainly
derived from partial melting of lower- to mid-crustal tonalites-trondhjemites-granodiorites (TTGs) and/or
metagreywackes. Patifio Douce (2005) confirmed that high-K granitic melts can be generated by dehydration-
melting of tonalites in deep thickened continental crust at pressures of 1.5-3.2 GPa and temperatures above 900
°C. However, Castro (2004) and Watkins et al. (2007), from experimental melting of tonalites, argued that most
TTGs are too sodic to produce the large volumes of potassic granites and hence, the former study suggested that
the generation of voluminous high-K granitic magmas from lower crustal tonalites (Archean) requires the
addition of H,O- and K-rich fluids from a mantle-derived magma. The plot of a sample of the Okpella granites
as well as the Idoani and Igarra granites within and around the field of mantle melts interacted with crust on the
mg# versus SiO; diagram (Fig. 9b) probably suggests that the granitic magma generated from the TTGs and/or
metagreywackes could possibly have mixed with some amounts of K-rich mafic (mantle-derived) magma, most
likely the basaltic magma from which the charnockites were generated. H,O-bearing and K-rich fluids could
have been supplied to the granitic and possibly to the charnockitic magmatic systems by the melting of
subducted metagreywackes as these rocks are important reservoirs of such fluids (Laurent et al. 2014). The
metagreywacke protoliths of the granites were potentially the metasedimentary rocks in the area. On

emplacement at the upper crust, the charnockites and granites probably interacted to form hybrid rock as
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observed in the field, suggesting that both rocks are coeval. These, therefore, establish important petrogenetic

links between the charnockites and granites of Okpella suggesting that they are co-genetic.

Comparing the chemical composition of Okpella granites with those from other sectors of the Igarra Schist Belt,
the Idoani and Igarra granites have higher average mg# of 69.42 and 72.87, respectively (Adegbuyi et al. 2017;
Okeke et al. 1988). These values are higher than the values for crustal rocks (<60.1, Rudnick and Gao 2003) but
less than that of the mantle (89.6 £ 1, Lyubetskaya and Korenaga, 2007). As suggested by the plot of the Idoani
and Igarra granites around the field of mantle melts interacted with crust on the diagram of Peng et al. (2019)
(Fig. 9b), it is most likely that there was significant mantle contribution to the magma from which the granites
of the Igarra Schist Belt were formed. With respect to SiO, contents and mg#, the Okpella granites probably

represent more evolved end-members of the granites of the Igarra Schist Belt.

The undeformed nature of the granites and charnockites of Okpella suggests that they were most probably
emplaced at the waning stage of the last orogeny that affected the Nigerian basement — the ca. 650-580 Ma Pan-
African Orogeny. Roberts and Clemens (1993) have suggested that, in post-collisional settings, decompression
and extension following crustal thickening initiates melting of source rocks, mantle upwelling and underplating
of the lower crust by mafic magmas. Following the tectono-magmatic models of Dada (1998), Ferré et al.
(2002), Bute et al. (2019) and Girei et al. (2019) for the late- to post-collisional stage of the Pan-African
Orogeny, we hypothesize that during the post-collisional period, planar delamination of the continental
lithospheric mantle allowed upwelling of basaltic magmas that underplated the lower crust to generate the
charnockitic melt. The generated high-temperature charnockitic melt and/or the underplated basaltic magma
probably supplied heat to the lower to mid-crustal TTGs and/or subducted metagraywackes which melted and
was mixed with a K-rich mafic (mantle-derived) magma to produce the high-K calc-alkaline I- to S-type
granites. The K-rich mafic (mantle-derived) magma source of the granite was most likely the basaltic magma
from which the charnockites were generated. Therefore, the generation of the charnockitic and granitic melts is
associated with the significant growth and reworking of the crust during post-collisional stages of the ca. 650-

580 Ma Pan-African Orogeny, similar as discussed by Bute et al. (2019).
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Fig. 10. Geochemical plots for determining the provenance and weathering history of Okpella metasedimentary rocks: a
log(Si02/A1203) versus log(Fe203/K20) diagram (after Herron 1988); b K versus Rb plot (after Shaw 1968); ¢ Ternary
diagram of molar AL,Os — (CaO + Na20) — K20 versus chemical index of alteration (CIA) (after Fedo et al. 1995; Nesbitt

2003); and d Th/Sc versus Zr/Sc diagram (after McLennan et al. 2003)

5.2 Provenance, weathering history and tectonic settings of the metasedimentary rocks

Field relationships and mineralogical compositions strongly suggest sedimentary origin for the garnet-biotite
schist, calc-silicate gneiss, marble, quartzite and banded iron formation (BIF) lithologies around Okpella. They
represent supracrustal rocks that were deposited and infolded on the granitic gneiss. The geochemical
classification diagram of Herron (1988) (Fig. 10a) discriminated the protoliths of the garnet-biotite schist as
mainly greywackes (and shales); the calc-silicate gneiss as Fe-shales; and the quartzite as subarkose. This
suggests that the garnet-biotite schist is a metagreywacke, the calc-silicate gneiss is a metamorphosed Fe-shale

or marl and the quartzite is a metamorphosed subarkose. The K versus Rb diagram (Fig. 10b) suggests that the
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protoliths of the garnet-biotite schist, calc-silicate gneiss and quartzite were sourced essentially from
intermediate to acid rocks, probably granodioritic to granitic rocks. The low concentrations of V, Cr and Ni in
the samples (Table 3) also suggest a relatively felsic provenance and provide no support for significant amounts

of mafic-ultramafic rocks in the source area (Garcia et al. 2014).

The Index of Compositional Variability (ICV), which measures the abundance of alumina relative to other
major cations (except silica), was also used to determine the provenance and compositional maturity of the
metasediments. The ICV is expressed by (Fe,0; + K,0 + Na,0 + CaO + MgO + TiO,)/Al,05. Pelites
(compositionally mature mudrocks/shales), dominated by clays, would show low ICV values (<1) suggesting
tectonically quiescent or cratonic environments, while compositionally immature shales with high percentage of
non-clay silicate minerals and greywackes would exhibit high ICV values (<1) representing first-cycle deposits,
often found in tectonically active settings (Cox et al. 1995). Similarly, mature and immature sandstones would
have ICV<1 and ICV>1, respectively. The garnet-biotite schist of Okpella area has an average ICV value of
1.13 (range from 0.95-1.36), calc-silicate gneiss with average ICV value of 1.37 (range from 1.06—1.92) and the
quartzite has an average ICV of 1.89. This indicates that all the metasediments were immature to slightly mature
and were first-cycle deposits derived by moderate to low weathering processes in tectonically active settings.
The average SiO,/Al,Os ratios of the garnet-biotite schist (4.7) and calc-silicate gneiss (3.72) also indicate that
these rocks were immature to slightly mature sediments prior to metamorphism. The quartzite, however, have a
high average SiO,/ALOs ratio (21.55) suggesting a high degree of maturity in contrast to interpretations derived
from the ICV. The low K>O/Na,O values (0.65-1.59) of all the metasedimentary rocks relative to PAAS (3.08)

reflect the low contents of clay minerals in their protoliths.

The Chemical Index of Alteration (CIA) was used to assess the degree of chemical weathering that the
intermediate to acid sources of the metasediments underwent. According to Nesbitt and Young (1982),
CIA is expressed as [(Al,05/Al,0; + CaO + Na,0 + K,0) X 100] where oxides are expressed as molar
proportions and CaO represent Ca in silicate minerals as opposed to phosphates and carbonates. In general, CIA
values for slightly altered igneous and metamorphic rocks are of the order of 55 or less, whereas very altered
rocks, which produce residual clay minerals, such as kaolinite and/or gibbsite, correspond to CIA values close to
100 (Nesbitt and Young 1982; Nesbitt 2003). Values of 70-75 and ~ 56 are typical for shales and greywackes,
respectively (Condie 1993; McLennan et al. 2003; Garcia et al. 2014). The average CIA values of the garnet-

biotite schist, calc-silicate gneiss and quartzite are 57.90 (range from 55.29-60.85), 53.81 (range from 52.00—
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56.60) and 50.34, respectively, suggesting that their intermediate to acid source rocks underwent low to
moderate chemical weathering at the sediment source area. The average CIA values of the garnet-biotite schist
and calc-silicate gneiss are very close to that of greywacke (56; Condie 1993). The CIA values of samples of the
metasedimentary rocks were plotted against the Al,0; — (CaO + Na,0) — K,O ternary system (Fig. 10c¢) in
order to assess the nature of the source rock(s) that were weathered to produce the metasediments (Fedo et al.
1995; Nesbitt 2003). The metasedimentary rocks seem to follow the alteration trend of granodiorite
(intermediate rock) suggesting that rock types with such compositions may have constituted part of the source

area. This confirmed earlier interpretation in Fig. 10b.

The Th/Sc and Zc/Sc ratios are measures of chemical differentiation and the degree of sediment recycling,
respectively (Santos et al. 2017). The Th/Sc versus Zr/Sc plot of McLennan et al. (2003) can, therefore, reflect
the extent of sedimentary sorting and recycling (Fig. 10d). First-cycle sediments commonly show a simple
positive correlation between Th/Sc and Zr/Sc, whereas additionally recycled sediments usually show a more
rapid increase in Zr/Sc than in Th/Sc. All the samples of the metasedimentary rocks of Okpella area tend toward
higher Zr/Sc ratios (>10), indicative of some degree of sediment reworking and sorting. This is confirmed by
the slight enrichment of Zr in the metasediments relative to UCC indicating there was preferential accumulation
of detrital zircon in their protoliths. The ternary diagram of Bhatia and Crook (1986) suggests active continental
margin as the most plausible tectonic setting for the depositional basin of the metasediments (Fig. 11), but
secondary contributions from continental island-arc and passive margin-derived sediments are probable. The
sediments sourced and transported from the continental arc and passive margins probably represents recycled

sediments added to the first-cycle deposits in the active continental environment.
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metasedimentary rocks
5.3 Notes on the Neoproterozoic evolution of the Igarra Schist Belt

Adetunji et al. (2018) have suggested that at least three west dipping subduction zones that were different from
the main east dipping Pan-African subduction zone (Ghana-Togo-Benin suture zone) exist in the southwestern
Nigerian sector of the Trans-Saharan mobile belt in the Upper Neoproterozoic. These west dipping subduction
zones correspond to the closure of three proto-oceans and subsequent collision or amalgamation of four different
terranes or micro-blocks. The three major schist belts of southwestern Nigeria including the Igarra Schist Belt
were probably deposited in the proto-oceans and/or at the margins of the west dipping subduction zones during

and after collision of two micro-blocks. The collision of two micro-blocks probably led to the generation of
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syenitic melts. The absence of typical ophiolite suite and high pressure minerals characteristic of suture zones
has been the main weakness of this model, however, the ocean floor affinity of the metamafites and meta-
ultramafites in the Ife-Ilesha schist belt (Elueze 1988; Rahaman et al. 1988) as well as the large scale nappe
system and strike-slip shear zone in the belt (Caby and Boessé 2001) represent structures produced as a result of
the post-collisional convergence. Although the Igarra Schist Belt (~220 km east of the Ife-Ilesha schist belt)
does not contain metamafites and meta-ultramafites and a large-scale nappe system is yet to be identified,
however, large-scale strike slip shear zones divide the belt and a large syenite pluton has been reported
(Rahaman 1976). The Igarra metasedimentary rocks are therefore considered to be synchronous with those of
the Ife-Ilesha Schist Belt and fits well with the Adetunji et al. (2018) model. Cordani et al. (2013) and
Ugwuonah et al. (2017) have also suggested a similar model for the Pan-African Trans-Saharan mobile belt and
further explained that the multiple collisions of the micro-blocks was followed by the closure of the Goiés-

Pharusian Ocean and the final collision of the West African Craton, the Congo Craton and the Tuareg Shield.

The evolutionary models of Adetunji et al. (2018), Ugwuonah et al. (2017) and Cordani et al. (2013) combined
with other available data in literature (Ajibade and Fitches 1988; Rahaman 1988; Dada 1998; Ferr¢ et al. 2002;
Bute et al. 2019; and Girei et al. 2019) and the detailed discussions on the charnockite—granite association and
metasedimentary rocks of Okpella and neighboring areas were, therefore, used to develop a schematic
evolutionary model of the Igarra Schist belt during the Neoproterozoic as shown in Fig. 12. Isotopic data is,

however, needed to confirm this model.
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Fig. 12. Schematic evolutionary model of the Igarra Schist Belt, southwestern Nigeria, during the Neoproterozoic (with
respect to the southwestern Nigerian Basement Complex and the West African Craton) (modified after Ajibade and Fitches
1988; Rahaman 1988; Dada 1998; Ferré et al. 2002; Adetunji et al. 2018; Girei et al. 2019; Bute et al. 2019): a westward
movement of the four micro-blocks in the southwestern Nigeria sector of the Trans-Saharan Orogen toward the east moving
West African Craton; b closure of the three proto-oceans between the four micro-blocks of southwestern Nigeria; followed
by collision, westward subduction and amalgamation of the micro-blocks; deposition and infolding of sediments at the active
margins of the micro-blocks; and the generation of early Older Granites and syenites; ¢ closure of the Goids-Pharusian
Ocean and final collision of the West African Craton with the Saharan-Congo Cratons; causing crustal thickening, slab
break-off, planar delamination of the continental lithospheric mantle below shear zones, upwelling of basaltic magma from
the asthenosphere, underplating and crystallization of the basaltic magma in the lower continental crust and subsequent
partial melting and fractionation to generate charnockitic melt. Granitic melt was generated at the lower to middle
continental crust by mixing of the melt derived from TTGs and/or subducted metagraywackes with a mafic magma

(probably the charnockitic melt and/or its progenitor). NB: Figure not to scale
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5. Conclusion

Based on detailed field, petrographic and whole-rock geochemical data for the charnockite—granite association

and metasedimentary rocks around Okpella, eastern Igarra Schist Belt, southwestern Nigeria, the following were

inferred as possible conclusions:

ii.

iii.

iv.

The charnockites and granites of Okpella are co-genetic and coeval, and form close association in the
field. The charnockites were derived by a two-stage process involving an initial partial melting of
underplated basaltic magma (or K-rich mafic/amphibolitic rocks) at lower crustal levels followed by
assimilation and fractional crystallization.

The lower charnockitic melt and/or the underplated basaltic magma probably supplied heat to the lower
to mid-crustal TTGs and/or subducted metagraywackes which melted and was mixed with a K-rich mafic
(mantle-derived) magma to produce the high-K calc-alkaline granites. The K-rich mafic (mantle-derived)
magma source of the granite was most likely the basaltic magma from which the charnockites were
generated. The charnockites and granites are presumed to be emplaced at the waning stage of the Pan-
African Orogeny.

The garnet-biotite schist, calc-silicate gneiss and quartzite, which form a supracrustal cover on the
granitic gneiss, may have been derived from immature to slightly mature sediments, probably greywacke,
marl and subarkose, respectively. The metasedimentary rocks are first cycle in origin, with little recycled
components.

The sedimentary protoliths of the metasedimentary rocks were probably sourced from igneous rocks of
intermediate to acid composition(s) which underwent slight to moderate chemical weathering and were
deposited in an active margin setting.

The Igarra Schist Belt is thought to have evolved in the Neoproterozoic during which sediments were
sourced, deposited and infolded in active continental margins formed by the collision of two micro-
blocks, followed by upwelling of basaltic magma from the mantle which underplated the lower crust to

generate the charnockitic and granitic melts through mantle-crust interaction during the late Pan-African.

35



References

Adegbuyi O, Ogunyele AC, Odindu M, Erinfolami TG (2017) Geochemical characteristics and petrogenesis of
basement rocks in Idoani area, Ondo State, southwestern Nigeria. Inter J Adv Geosci, 5(2):102-108.

https://dx.doi.org/10.14419/ijag.v5i2.8377.

Ademeso OA (2010) Field and petrographic relationships between the charnockitic and associated granitic rock,

Akure area, southwestern Nigeria. Inter J Environ Earth Sci 4(11):544-548.

Adetunji A, Olarewaju VO, Ocan OO, Ganev VY, Macheva L (2016) Geochemistry and U-Pb zircon
geochronology of the pegmatites in Ede area, southwestern Nigeria: A newly discovered oldest Pan African

rock in southwestern Nigeria. J Afr Earth Sci 15:177-190. https://dx.doi.org/10.1016/].jafrearsci.2015.12.006.

Adetunji A, Olarewaju VO, Ocan OO, Macheva L, Ganev VY (2018) Geochemistry and U-Pb zircon
geochronology of Iwo quartz potassic syenite, southwestern Nigeria: Constraints on petrogenesis, timing of
deformation and terrane amalgamation. Precambrian Res 307:125-136.

https://dx.doi.org/10.1016/j.precamres.2018.01.015.

Ajibade AC, Fitches WR (1988) The Nigerian Precambrian and the Pan-African Orogeny. In: Oluyide PO,
Mbonu WC, Ogezi AEO, Egbuniwe IG, Ajibade AC, Umeji AC (eds.) Precambrian Geology of Nigeria.

Geological Survey of Nigeria, Kaduna, pp 45-54.

Ajibade AC, Woakes M, Rahaman MA (1987) Proterozoic crustal development in the Pan-African regime of

Nigeria. In: Kroner A (ed) Proterozoic lithospheric evolution 17. https://doi.org/10.1029/GD017p0259.

Archanjo CJ, Viegas LGF, Hollanda MHBM, Souza LC, Liu D (2013) Timing of the HT/LP transpression in the
Neoproterozoic Serid6é Belt (Borborema Province, Brazil): Constraints from U-Pb (SHRIMP) geochronology
and implications for the connections between NE Brazil and West Africa. Gondwana Res 23:701-714.

https://dx.doi.org/10.1016/j.gr.2012.05.005.

Bhatia MR, Crook KAW (1986) Trace element characteristics of greywackes and tectonic setting discrimination

of sedimentary basins. Contrib Mineral Petrol 96:181-193.

36



Bute SI, Yang X, Cao J, Liu L, Deng J, Haruna IV, Girei MB, Abubakar U, Akhtar S (2019) Origin and tectonic
implications of ferroan alkali-calcic granitoids from the Hawal Massif, east-eastern Nigeria terrane: clues from
geochemistry and zircon U-Pb-Hf isotopes, Inter Geol Rev 62(2):129-152.

https://doi.org/10.1080/00206814.2019.1593250.

Caby R (1989) Precambrian terrane of Benin-Nigeria and northeast Brazil and Proterozoic Atlantic fit barks.

Geol Soc Amer Spec Paper 230:145-158.

Caby R, Boessé JM (2001) Pan-African nappe system in southwest Nigeria: the Ife-Ilesha schist belt. J Afr

Earth Sci 33:211-225.

Castro A (2004) The source of granites: inferences from the Lewisian complex. Scottish J Geol 40(1):49-65.

Chacko T, Kumar GRR, Meen JK, Rogers JJW (1992) Geochemistry of high-grade supracrustal rocks from the

Kerala Khondalite Belt and adjacent massif charnockites. Precambrian Res 55:469-489.

Chappell BW, White AJR (2001) Two contrasting granite types: 25 years later. Australian J Earth Sci 48: 489-

499.

Condie KC (1993) Chemical composition and evolution of the upper continental crust: contrasting results from

surface samples and shales. Chem Geol 104:1-37.

Cooray PG (1972) A note on the charnockites of Akure—Ado-Ekiti area, Western Nigeria. In: Dessauvagie TFJ,

Whiteman AJ (eds), African Geology, Ibadan, pp 45-53.

Cordani UG, Pimentel MM, Ganade de Aratijo CE, Basei MAS, Fuck RA, Girardi VAV (2013) Was there an

Ediacaran Clymene ocean in central South America? Amer J Sci 313:517-539.

Cox R, Lowe DR, Cullers RL (1995) The influence of sediment recycling and basement composition on
evolution of mudrock chemistry in the southwestern United States. Geochim Cosmochim Acta 59(14):2919-

2940.

Dada SS (1998) Crust-forming ages and Proterozoic crustal evolution in Nigeria: a reappraisal of current

interpretations. Precambrian Res 87:65-74.

37



Dada SS (2006) Proterozoic evolution of Nigeria. In: Oshin O. (ed.), The Basement Complex of Nigeria and its

mineral resources (A Tribute to Prof MAO Rahaman). Akin Jinad and Co., Ibadan. pp 29-44.

Dada SS (2008) Proterozoic evolution of the Nigeria—Borborema Province. In: Pankhurst RJ, Trouw RAJ, Brito
Neves BB, De Wit MJ (eds.) West Gondwana: Pre-Cenozoic correlations across the South Atlantic Region.

Geol Soc Lond Spec Publ, 294:121-136. http://dx.doi.org/10.1144/SP294.7.

Dada SS, Briqueu L, Harms U, Lancelot JR, Matheis G (1995) Charnockitic and monzonitic Pan-African series
from northcentral Nigeria: trace-element and Nd, Sr, Pb isotope constraints on their petrogenesis. Chem Geol

124:233-252.

Dada SS, Lancelot JR, Briqueu L (1989) Age and origin of the annular charnockitic complex at Toro, Northern

Nigeria: U-Pb and Rb-Sr evidence. J Afr Earth Sci 9(2):227-234.

Dada SS, Tubosun IA, Lancelot JR, Lar AU (1993) Late Archaean U-Pb age for the reactivated basement of

northeastern Nigeria. J Afr Earth Sci 16(4):405-412.

Danbatta UA (2008) A review of the evolution and tectonic framework of the schist belts of Western Nigeria,

West Africa. Afr Geosci Rev 15(2):145-158.

Ekwueme BN (1987) Structural orientations and Precambrian deformational episodes of Uwet area Oban

massif, SE Nigeria. Precambrian Res 34:269-289.

Ekwueme BN (2003a) Geochemistry of crystalline basement rocks, SW Ugep, Nigeria. Glob J Geol Sci 1(2):1-

7.

Ekwueme BN (2003b) The Precambrian geology and evolution of the southeastern Nigerian Basement

Complex. University of Calabar Press.

Ekwueme BN, Kalsbeek F (2014) U-Pb geochronology of metasedimentary schists in Akwanga area of
northcentral Nigeria and its implications for the evolution of the Nigerian Basement Complex. Glob J Geol Sci

12(1):21-30. https://dx.doi.org/10.4314/gjgs.v12il.3.

38



Elueze AA (1988) Geology of the Precambrian Schist Belt in Ilesha area, southwestern Nigeria. In: Oluyide PO,
Mbonu WC, Ogezi AEO, Egbuniwe IG, Ajibade AC, Umeji AC (eds.) Precambrian Geology of Nigeria.

Geological Survey of Nigeria, Kaduna, pp 77-82.

Fagbohun BJ, Omitogun AA, Bamisaiye OA, Ayoola FJ (2020): Remote detection and interpretation of
structural style of the Zuru Schist  Belt, northwest ~ Nigeria. Geocarto Inter.

https://doi.org/10.1080/10106049.2020.1753822.

Fedo CM, Nesbitt HW, Young GM (1995) Unraveling the effects of potassium metasomatism in sedimentary
rocks and paleosols, with implications for paleoweathering conditions and provenance. Geol 23:921-924.

https://dx.doi.org/10.1130/0091-7613(1995)023<0921:UTEOPM>2.3.CO:2

Ferré EC, Caby R (2007) Granulite facies metamorphism and charnockite plutonism: examples from the

Neoproterozoic belt of northern Nigeria. Proc Geol Soc Lond 118(1):47-54.

Ferré EC, Caby R, Peucat JJ, Capdevila R, Monie P (1998) Pan-African, post-collisional, ferro-potassic granite

and quartz-monzonite plutons of Eastern Nigeria. Lithos 45:225-279.

Ferré¢ EC, Deleris J, Bouchez JL, Lar AU, Peucat JJ (1996) The Pan-African reactivation of Eburnean and

Archaean provinces in Nigeria: structural and isotopic data. J Geol Soc Lond 153:719-728.

Ferré EC, Gleizes G, Bouchez J-L (1995) Internal fabric and strike-slip emplacement of the Pan-African granite

of Solli Hills, northern Nigeria. Tectonics 14:1205-1219.

Ferré EC, Gleizes G, Caby R (2002) Obliquely convergent tectonics and granite emplacement in the Trans-

Saharan belt of Eastern Nigeria: a synthesis. Precambrian Res 114:199-219.

Ferré EC, Gleizes G, Djouadi MT, Bouchez JL, Ugodulunwa FXO (1997) Drainage and emplacement of
magmas along an inclined transcurrent shear zone: petrophysical evidence from a granite—charnockite pluton
(Rahama, Nigeria). In: Bouchez JL, Hutton DHW, Stephens WE (eds.), Granite: from segregation of melt to

emplacement fabrics. Petrology and Structural Geology. Kluwer Publishing Co, Dordrecht, pp. 253-273.

Fitches WR, Ajibade AC, Egbuniwe IG, Holt RW, Wright JB (1985) Late Proterozoic schist belts and plutonism

in NW Nigeria. Geol Soc Lond 142:319-337.

39



Frost BR, Frost CD (1987) CO,, melts and granulite metamorphism. Nature 327:503-506.

Frost BR, Barnes CG, Collins WJ, Arculus RJ, Ellis DJ, Frost CD (2001) A geochemical classification for

granitic rocks. J Petrol 42:2033-2048.

Garcia MGM, Santos TJS, Amaral WS (2014) Provenance and tectonic setting of Neoproterozoic supracrustal
rocks from the Ceard Central Domain, Borborema Province (NE Brazil): constraints from geochemistry and

detrital zircon ages. Inter Geol Rev 56(4):481-500. https://dx.doi.org/10.1080/00206814.2013.875489.

Gillespie MR, Styles MT (1999) Rock classification scheme volume 1: Classification of igneous rocks. British

Geological Survey Research Report, 2nd ed. British Geological Survey, Keyworth, Nottingham.

Girei MB, Najime T, Ogunleye PO (2019) Geochemical characteristics and origin of the Neoproterozoic high-K
calc-alkaline granitoids in the northern part of Mandara hills, northeastern Nigeria. Acta Geochim 39:337-354.

https://doi.org/10.1007/s11631-019-00365-7.

Goodenough KM, Lusty PAJ, Roberts NMW, Key RM, Garba A (2014) Post-collisional Pan-African granitoids
and rare metal pegmatites in western Nigeria: Age, petrogenesis, and the 'pegmatite conundrum'. Lithos 200:22-

34. http://dx.doi.org/10.1016/].1ithos.2014.04.006.

Grant NK (1970) Geochronology of Precambrian basement rocks from Ibadan, southwestern Nigeria. Earth

Planet Sci Lett 10:29-38.

Harlov DE, Van Den Kerkhof A, Johansson L (2012): TheVarberg—Torpa Charnockite—Granite Association,
SW Sweden: Mineralogy, petrology, and fluid inclusion chemistry. J Petrology 54(1):3-40.

https://dx.doi.org/10.1093/petrology/egs060.

Herron MM (1988) Geochemical classification of terrigenous sands and shales from core or log data. J Sed

Petrol 58:820-829.

Hewitt DA, Wones D.R (1984) Experimental phase relations of the micas. In: Bailey SW (ed.), Micas. Rev

Mineral 13:201-297.

Hubbard FH (1968) The association Charnockite-Older Granite in SW Nigeria. ] Mining Geol 3:25-32.

40



Hubbard FH (1988) Basic intrusion, charnockite-rapakivi granite plutonism and crustal depletion, S.W.

Sweden. Rendiconti Soc Italiana Mineralogia Petrologia 43(2):543-554.

Hubbard FH, Whitley JE (1978) Rapakivi granite, anorthosite and charnockitic plutonism. Nature 271(2):439-

440.

Hubbard FH, Whitley JE (1979) REE in charnockite and associated rocks, southwest Sweden. Lithos 12:1-11.

Ibe CU, Obiora SC (2019) Geochemical characterization of granitoids in Katchuan Irruan area: further evidence

for peraluminous and shoshonitic compositions and post-collisional setting of granitic rocks in the Precambrian

Basement Complex of Nigeria. Acta Geochim 38:734-752. https://dx.doi.org/10.1007/s11631-019-00318-0.

Ikoro DO, Okereke CO, Agumanu AE, Isreal HO, Ekeocha NE (2012) Geochemistry of the calc-silicate rocks

of Igarra, southwestern Nigeria. Inter J Emerging Trends Eng Dev 2(2):35-46.

Jimoh OA, Ariffin KS, Hussin HB, Habeeb AA (2016) Characterization and assessment of Okpella

metacarbonate deposit in Nigeria. Carbonates Evap 32:513-524. https://doi.org/10.1007/s13146-016-0308-3.

Kolawole MS, Onimisi M, Olobaniyi SB (2017) Field occurrence and structural characteristics of basement
rocks around Kabba-Bunu area in part of Kabba-Lokoja-Igarra Schist Belt, southwestern Nigeria. Global J Pure

Appl Sci 23:263-274. https://dx.doi.org/10.4314/gjpas.v23i2.7.

Kretz R (1983) Symbols for rock-forming minerals. Amer Mineral 68:277-279.

Kroner A, Ekwueme BN, Pidgeon RT (2001) The oldest rocks in West Africa: SHRIMP zircon age for early

Archean migmatitic orthogneiss at Kaduna, northern Nigeria. J Geol 109:399-406.

Kumar S, Gupta S, Sensarma S, Bhutani R (2020) Proterozoic felsic and mafic magmatism in India:

Implications for crustal evolution through crust-mantle interactions. Episodes 43(1):203-230.

Laurent O, Martin H, Moyen JF, Doucelance R (2014) The diversity and evolution of late-Archean granitoids:

evidence for the onset of “modern-style” plate tectonics between 3.0 and 2.5 Ga. Lithos 205:208-235.

Le Maitre RW (2002) Igneous rocks: A classification and glossary of terms. Recommendations of the IUGS

sub-commission on the systematics of igneous rocks. Cambridge University Press.

41



Lyubetskaya T, Korenaga J (2007) Chemical composition of Earth’s primitive mantle and its variance: 1.

Method and results. J Geophys Res 112, B03211. https://dx.doi.org/10.1029/2005JB004223.

Maniar PD, Piccoli PM (1989) Tectonic discrimination of granitoids. Geol Soc Amer Bull 101:635-643.

Martignole J (1979) Charnockite genesis and the Proterozoic crust. Precambrian Res 9, 303e310.

McLelland JM, Selleck BW (2010) Late- to post-tectonic setting of some major Proterozoic anorthosite-

mangerite-charnockite-granite (AMCG) suite. Canadian Mineral 48:1025-1046.

https://dx.doi.org/10.3749/canmin.48.4.000.

McLennan SM (1989) Rare earth elements in sedimentary rocks: influence of provenance and sedimentary

processes. Mineral Soc Amer Rev Mineral 21:169-200.

McLennan SM, Bock B, Hemming SR, Hurowitz JA, Steven ML, McDaniel DK (2003) The roles of
provenance and sedimentary processes in the geochemistry of sedimentary rocks. In: Lentz DR (ed.)
Geochemistry of sediments and sedimentary rocks/evolutionary considerations to mineral deposit-forming

environments. Geological Association of Canada, pp 184-190.

Mendes JC, De Campos CMP (2012) Norite and charnockites from the Venda Nova Pluton, SE Brazil: Intensive
parameters and some petrogenetic constraints. Geosci Frontiers 3(6):789-800.

https://dx.doi.org/10.1016/j.2s£.2012.05.009.

Nesbitt HW (2003) Petrogenesis of siliciclastic sediments and sedimentary rocks. In: Lentz DR (ed.)
Geochemistry of sediments and sedimentary rocks/evolutionary considerations to mineral deposit-forming

environments. Geological Association of Canada, pp 39-51.

Nesbitt HW, Young G (1982) Early Proterozoic climates and plate motions inferred from major element

chemistry of lutites. Nature 299:715-717. https://dx.doi.org/10.1038/299715a0.

Obaje NG (2009) Geology and mineral resources of Nigeria. Lecture Notes in Earth Sciences 120. Springer-

Verlag Berlin Heidelberg.

42



Ocan OO (1990) The petrology of rocks around Idanre area, southwestern Nigeria. Unpublished PhD Thesis,

Obafemi Awolowo University, Ile-Ife, Nigeria.

Odeyemi IB (1981) A review of the orogenic events in the Basement Complex of Nigeria, West Aftrica. Geol

Rundsch 70(3):897-909.

Odeyemi IB (1988) Lithostratigraphy and structural relationships of the Upper Precambrian metasediments in
Igarra area, southwestern Nigeria. In: Oluyide PO, Mbonu WC, Ogezi AEO, Egbuniwe IG, Ajibade AC, Umeji

AC (eds.) Precambrian Geology of Nigeria. Geological Survey of Nigeria, Kaduna, pp 111-125.

Odeyemi IB, Rahaman MA (1992) Petrology of a composite syenite dyke in Igarra, southwestern Nigeria. J Min

Geol 28(2):255-263.

Ogunyele AC, Obaje SO, Akingboye AS (2018) Lithostructural relationships and petrogenetic affinities of the
Basement Complex rocks around Okpella, southwestern Nigeria. Earth Sci Malaysia 2(1):29-36.

https://doi.org/10.26480/esmy.01.2018.29.36.

Okeke PO, Meju MA (1985) Chemical evidence for the sedimentary origin of Igarra supracrustal rocks, S.W.

Nigeria. ] Mining Geol 22:97-104.

Okeke PO, Akinnagbe T, Anike OL (1988) Major and minor element evaluation of the Igarra granite. J] Mining

Geol 24:101-106.

Okonkwo CT, Ganev VY (2012) U-Pb geochronology of the Jebba granitic gneiss and its implications for the
Paleoproterozoic evolution of Jebba area, southwestern Nigeria. Inter J Geosci 3:1065-1073.

https://dx.doi.org/10.4236/ij2.2012.35107.

Okonkwo CT, Ganev VY (2015) Geochemistry and geochronology of orthogneisses in Bode Saadu area,
southwestern Nigeria and their implications for the Palacoproterozoic evolution of the area. J Afr Earth Sci

109:131-142. https://dx.doi.org/10.1016/j.jafrearsci.2015.05.012.

Okunlola OA, Okoroafor RE (2009) Geochemical and petrogenetic features of schistose rocks of the Okemesi

fold belt, Southwestern Nigeria. RMZ — Materials and Geoenvironment 56(2):148-162.

43



Olarewaju VO (1987) Charnockite—granite association in SW Nigeria: rapakivi granite type and charnockitic

plutonism in Nigeria? J Afr Earth Sci 6(1):67-77.

Olarewaju VO (1999) Fluid inclusion studies of coarse-grained charnockitic and the hybrid rocks in Ukpilla

area, southwestern Nigeria. J Min Geol 35(1):1-7.

Olarewaju VO (2006) The charnockitic intrusives of Nigeria. In: Oshin O (ed.), The Basement Complex of

Nigeria and its mineral resources. Akin Jinad & Co, Ibadan, Nigeria, pp 45-70.

Olobaniyi SB, Annor AE (2003) Petrology and age implication of ultramafic schist in the Isanlu area of the

Isanlu-Egbe Schist Belt, southwestern Nigeria. J Min Geo 39:1-9.

Oluyide PO (1988) Structural trends in the Nigerian basement. In: Oluyide PO, Mbonu WC, Ogezi AEO,
Egbuniwe IG, Ajibade AC, Umeji AC (eds.) Precambrian Geology of Nigeria. Geological Survey of Nigeria,

Kaduna, pp 93-102.

Olobaniyi SO (2003) Geochemistry of semi-pelitic schist of Isanlu area, Southwestern Nigeria: Implication for

the geodynamic evolution of the Egbe—Isanlu schist belt. Glob J Geol Sci 1(2):113-127.

Omitogun AA, Caby R, Debat P (1991) Le métamorphism Pan-African de la partie centrale de la zone mobile

du Nigéria. Comptes Rendus de I'Académie de Science, Paris 313(2):1417-1423.

Oyawale AA, Ocan OO (2020) Migmatization process and the nature of transition from amphibolite to granulite

facies metamorphism in Ikare area Southwestern Nigeria. J Geol Mining Res 12(2):45-64.

Patifio Douce AE (1999) What do experiments tell us about the relative contributions of crust and mantle to the
origin of granitic magma? In: Castro A, Fernandez C, Virgneresse JL (eds) Understanding granites: Integrating
new and classical techniques. Geol Soc Lond Spec Publ 168:55-75.

https://dx.doi.org/10.1144/GSL.SP.1999.168.01.05.

Patiio Douce AE (2005) Vapor-absent melting of tonalite at 15-32 kbar. J Petrol 46:275-290.

https://dx.doi.org/doi:10.1093/petrology/egh071.

44



Pearce JA, Harris NB, Tindle AG (1984) Trace element discrimination for the tectonic interpretation of granitic

rocks. J Petrol 25:956-983.

Peng P, Qin Z, Sun F, Zhou X, Guo J, Zhai M, Ernst RE (2019) Nature of charnockite and Closepet granite in
thr Dharwar Craton: Implications for the architecture of the Archean crust. Precambrian Res 334:105478.

https://doi.org/10.1016/j.precamres.2019.105478.

Rahaman MA (1976a) Review of the Basement Geology of southwestern Nigeria. In: Kogbe CA (ed.) Geology

of Nigeria. Elizabethan Publ. Co. Lagos, pp 41-48.

Rahaman MA (1976b) On the Olugbade large feldspar granite. J Min Geol 13(1):45-53.

Rahaman MA (1988) Recent advances in the study of the Basement Complex of Nigeria. In: Oluyide PO,
Mbonu WC, Ogezi AEO, Egbuniwe IG, Ajibade AC, Umeji AC (eds.) Precambrian Geology of Nigeria.

Geological Survey of Nigeria, Kaduna, pp 11-43.

Rahaman MA, Ajayi TR, Oshin IO, Asubiojo FOI (1988) Trace element geochemistry and tectonic setting of
Ile-Ife schist belt. In: Oluyide PO, Mbonu WC, Ogezi AEO, Egbuniwe IG, Ajibade AC, Umeji AC (eds.)

Precambrian Geology of Nigeria. Geological Survey of Nigeria, Kaduna, pp 241-256.

Rahaman MA, Tubosun IA, Lancellot JR (1991) U-Pb geochronology of potassium syenites from southwestern

Nigeria and timing of deformation events during the orogeny. J Afr Earth Sci 13 (3—4):387-395.

Rajesh HM (2004) The igneous charnockite — high-K alkali-calcic I-type granite — incipient charnockite

association in Trivandrum Block, southern India. Contrib Miner Petrol 147:346-362.

Rajesh HM (2007) The petrogenetic characterization of intermediate and silicic charnockites in high-grade
terrains: a case study from southern India. Contrib  Mineral Petrol  154:591-606.

https://dx.doi.org/10.1007/s00410-007-0211-y.

Rajesh HM (2008) Petrogenesis of two granites from the Nilgiri and Madurai blocks, southwestern India:
Implications for charnockite—calc-alkaline granite and charnockite—alkali (A-type) granite link in high-grade

terrains. Precambrian Res 162:180-197.

45



Rajesh HM, Santosh M (2012) Charnockites and charnockites (editorial). Geosci Frontiers 3(6):737-744.

Roberts MP, Clemens JD (1993) Origin of high-potassium, calc-alkaline, I-type granitoids. Geol 21:825-828.

Rudnick RL, Gao S (2003) Composition of the continental crust. In: Rudnick RL (ed.) The Crust. Elsevier-

Pergamon, Oxford, pp 1-64.

Santos FH, Amaral WS, Uchéa Filho EC, Martins DT (2017) Detrital zircon U-Pb ages and whole-rock
geochemistry of the Neoproterozoic Paulistana and Santa Filomena Complexes, Borborema Province,
northeastern Brazil: Implications for source area composition, provenance, and tectonic setting. Inter Geol Rev

59:1861-1884. https://dx.doi.org/10.1080/00206814.2017.1300074.

Santosh M, Rajesh HM (2004) Charnockitic magmatism in southern India. Earth Planet Sci 113(4):565-585.

Sekaran MC, Bhutani R, Balakrishnan S (2016) Rb—Sr and Sm—Nd study of granite—charnockite association in

the Pudukkottai region and the link between metamorphism and magmatism in the Madurai Block. J Earth Syst

Sci 125(3):605-622.

Shaw DM (1968) A review of K-Rb fractionation trends by covariance analysis. Geochimica et Cosmochimica

Acta 32(6):573-601.

Silva-Silva LC, Oliveira DC, Barbosa de Sousa D (2020) Geology and geochemical constraints on the origin of
the Mesoarchean granitoids from Carajas province, Amazonian craton. J South Amer Earth Sci 100:102568.

https://doi.org/10.1016/j.jsames.2020.102568.

Sisson TW, Ratajeski K, Hankins WB, Glazner AF (2005) Voluminous granitic magmas from common basaltic

sources. Contrib Miner Petrol 148:635-661.

Streckeisen AL (1974) How should charnockitic rocks be named? In: Belliere J, Duchesne JC (eds.) Geologie

des domaines cristallins. Centenary Societe Geologique de Belgique, Liege, pp 349-360.

Streckeisen AL (1976) To each plutonic rock its proper name. Earth Sci Rev 11:1-12.

Thomas RJ, Eglington BM, Bowring SA, Retief EA, Walraven F (1993) New isotope data from a

Neoproterozoic porphyritic granitoid-charnockite suite from Natal, South Africa. Precambrian Res 62:83e101.

46



Tubosun IA, Lancelot JR, Rahaman MA, Ocan OO (1984) U-Pb Pan-African ages of two charnockite-granite

association from southwestern Nigeria. Contrib Miner Petrol 88:188-195.

Turner DC (1983) Upper Proterozoic schist belts in the Nigerian sector of the Pan-African province of West

Africa. Precambrian Res 21:55-79.

Ugwuonah EN, Tsunogae T, Obiora SC (2017) Metamorphic P-T evolution of garnet-staurolite-biotite pelitic
schist and amphibolite from Keffi, north-central Nigeria: Geothermobarometry, mineral equilibrium modeling

and P-T path. J Afr Earth Sci 129:1-16.

Watkins JM, Clemens JD, Treloar PJ (2007) Archacan TTGs as sources of younger granitic magmas: melting of

sodic metatonalites at 0.6—1.2 GPa. Contrib Mineral Petrol 154:91-110.

Woakes M, Rahaman MA, Ajibade AC (1987) Some metallogenetic features of the Nigerian Basement. J Afr

Earth Sci 6(5):655-664.

Yakymchuk C (2019) On granites. J Geol Soc India 94:9-22. https://dx.doi.org/10.1007/s12594-019-1261-2.

47





