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Abstract

The granitoids and the associated volcanic rocks of the northern part of Kushaka and Birnin Gwari schist belts were emplaced in the ca.
3.5 —1. 0 Ga remobilized basement complex terrain composed of metasedimentary and metaigneous rocks that later underwent medium-
to high-grade metamorphism during the Pan-African thermo-tectonic event. They comprise dominantly of diorite, granodiorite, granite,
granite gneiss and basalt, and are product of metasomatism and injections. The diorite and granodiorite occur as paleosome and the
granite as leucosome with the development of high temperature minerals, locally attaining granulite facie metamorphism. Plagioclase,
biotite, hornblende, pyroxene and olivine fractionation played an important role during their genesis through fractional crystallization of
basaltic magma and partial melting of older dioritic-granodioritic source rock in the deep crust which were themselves ultimately derived
through fusion of mantle materials contaminated by continental crust and enriched by fluids derived from oceanic crust in an arc setting.
Geochemical characteristics have revealed different chemical trends in granitoids and basalts. The granitoids are calc-alkaline, ferroan
and magnesian, metaluminous and peraluminous in character. They also exhibit |- and S-type signatures with enrichment in LILE,
radioelements (Th and U), depletion in Nb, Sr, P and Ti, high LREE fractionation factors (La/Yb) (1.05 to 77.20), and pronounced
negative Eu anomalies (Eu/Eu* = 0.34 to 1.10). Similar patterns of spidergrams show that the rocks are genetically related and were
emplaced in a volcanic arc and syn-collisional setting. The basalt is tholeiitic, metaluminous and high in Fe and Mg with relative
enrichment in LILE, HFSE, low and near flat LREE and HREE, low fractionation [(La/Yb)N = 1.4] with Eu/Eu* value of 1.10. It is
evidently a back arc cum mid-ocean ridge (MORB) basalt. The consistent decrease in the content of MgO, Fe20s MnO, CaO, Sc, Cr and
V of the basalt, diorites, granodiorites, and granites indicates continuous igneous crystallization process. It seems that extrusion of
basaltic magmas from the sub-circular Kushaka Complex derived from subduction of oceanic crust resulted in complete change in the
genesis of the magmas at the time, in this region. The granitoids and the basalt may have formed behind subducted Pan-African plate due
to effects of compressional and tensional forces caused by oceanic plate roll-back which resulted to a zone of extension, parallel to the
island arc. The granitoids present similar chemical characteristics to those in the other areas underlain by the basement complex and
schist belts in the north and eastern parts of the Pan-African mobile belt, while basalts are similar to ophiolites and amphibolites in other
schist belts of Nigeria forming a lateral continuation of the same mobile belt.
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1. Introduction

The western province of the Nigeria Basement Complex is characterized by narrow sediment dominated, N-S trending, low-grade schist
belts which are separated from each other by migmatite-gneiss complex, intruded by Pan-African granitic plutons (Ajibade et al., 1987;
Fig 1). These schist belts have been identified at Iseyin-Oyan, Ife-llesha, Igarra and Egbe-Isanlu and Obajana in the southwest (Rahaman,
1976; Odeyemi, 1977; Elueze, 1981; Annor, 1995; Olobaniyi, 2003; Okunlola and Okoroafor, 2009; Adegbuyi et al., 2017); the Kushaka,
Birnin Gwari, Malumfashi, Wonaka, Kazaure, Maru, Anka, and Zuru in the northwest (McCurry, 1976; Fitches et al., 1985; Turner,
1983; Danbatta, 1999; 2008b; Alaku et al., 2017); the Lokoja-Jakura, Toto-Gadabuike belts (Elueze, 1981; Okunlola, 2001) midway
between the southwest and northwest; and Obudu schist belt recently highlighted in the southeast (Ekwueme & Shing, 1987) (Fig. 2B &
C). The schist belts have been extensively migmatised to form migmatite gneisses, Pan-African Older Granites, syn-, late- and post-
collisional magmatic intrusions of granitic to syenitic composition and closely associated metavolcanics occurring as mafic and
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ultramafic rocks such as ophiolite, basalt and amphibolite (Turner, 1983, Danbatta, 2008; Caby and Boesse, 2001; Mucke, 2005; Oluyede
etal., 2021b).

In the earlier work by Truswell and Cope (1963) on Kushaka and Birnin Gwari Schist belts at least three major episodes of igneous
intrusion have been recognised. The first episode was extensive migmatization. This was followed by the second episode with the
intrusion of coarse-grained granodiorites and biotite muscovite granites, which also form the leucosome to the tonalitic or schistose
paleosome. The last major plutonic activity led to the emplacement of unfoliated or weakly foliated, very coarse-grained to coarsely
porphyritic granite and granodiorite that occur as elongated or oval shaped bodies cutting across the earlier phase of intrusion as well as
the metamorphic rocks. Ajibade (1979; 1980) investigated the structural and other relationships between the gneissic complex and the
schist belts in the Zungeru/Minna area and confirmed the presence of two types of migmatites and gneisses which are believed to belong
to two different ages. Various ages from Archaean to Pan-African have been assigned to the thermo-tectonic events in this area by earlier
workers (Grant, 1972, 1978; Turner, 1983; Dada, 1989; Ajibade, et al., 2008; Adekoya, 1996; Annor, 1998; Danbatta, 2008;
Goodenough et al., 2014). Age determinations on the granitoids show that they were emplaced during the late Precambrian to Early
Paleozoic (750 - 450 Ma). However, granitic gneisses have yielded Rb-Sr ages of over 2000 My (Grant, 1970), making it difficult to
distinguish early basement gneisses from foliated granitoids (Table 1). Turner (1983) reported that the Kibaran date on the Kushaka
gneisses indicates basement reactivation, possibly associated with gneiss dome tectonics and may represent Kibaran plutonism. The
focus of previous workers has been on field relations, structures geochronology, gold and rare metal mineralization, and therefore not
much is known about the granitoids in the northern part of Kushaka and Birnin Gwari schist belts. This paper presents the results of
petrographic and whole rock chemical analyses of basement complex granitoids and newly reported associated volcanic rocks in order to
evaluate the chemical characteristics, provenance and tectonic settings of these rocks. It is a contribution to the understanding of the
geodynamic environment of the granitoid magmatism in this sector of the Nigerian basement complex.

Table 1: Age Data on Some Granite and Migmatite Gneiss Host in the Nigerian Basement Complex

Lithology Geological Age é”“ Ena(t)  Tsr CUI=5 Reference
a Tha

Kaduna granodiorite gneiss 3.46Ga (U-Pb) 3.57 - 3.49Ga 10Ma Bruguier et al. (1994)

3.46Ga (U-Pb) Ekwueme & Kroner (1993)
Kaduna early gneiss 3.1Ga (U-Pb, Rb-Sr) 354 ) 318Ga 440 (Dlz;dgi)(l%g). Bruguier et al.
M_alumf_ashl & NW Kad & Mallam Tanko 3.1 & 2.4Ga (Rb-Sr) } ) } } Ogezi (1977)
migmatites
Ibadan Aplite 2.75Ga (Pb-Pb) - - - - Overshy (1975)
Odo Ogun gneiss 2.5Ga (U-Pb) - - - - Pidgeon et al. (1976)
lle-1fe grey gneiss 2.3Ga/439Ma (U-Pb) - - - - Rahaman (1988)
Ile-Ife granitic gneiss é.bB)SGa/BQMa (L - S - - Rahaman (1988)
Igbetti augen gneiss 1.9Ga (Rb-Sr) - - - - Rahaman et al. (1983)
Egbe-Kabba-Okene gneiss 2.56 2.36 - Dada & Rahaman (In press)
Kaduna (cem) migmatite 2.2Ga (Rb-Sr) - - - - Hurley (1966)
Tilden Fulani migmatite 2.5Ga/500Ma (U-Pb)  1.80 -1.3 680Ma  1300Ma  Dada et al. (1993)
Badiko granite gneiss 2.5Ga/500Ma (U-Pb)  2.10 -146 740Ma 1600Ma  Dadaetal., (1989)
Minna Granodiorite 790 — 760 Ma (U-Pb) - - - Goodenough et al., 2014
Ibadan granite gneiss 2.2Ga (Rb-Sr) - - - - Grant (1970)
SW Ife-llesha granite gneiss 1.8Ga (U-Pb) - - - - Lancelot & Rahaman (1983)
Maru Phyllite 1.06Ga (Rb-Sr) - - - - Ogezi (1977)
Sokoto river migmatite 1.06Ga (Rb-Sr) - - - - Ogezi (1977)
NW Gusau migmatite 1.15Ga (Rb-Sr) - - - - Ogezi (1977)
Kusheriki banded gneiss 1.2 & 1.3Ga (Rb-Sr) - - - - Grant et al. (1972)
NW Kaduna migmatite 1.15Ga (Rb-Sr) - - - - Grant et al. (1972)
Ife-llesha granite gneiss 1.12Ga (Rb-Sr) - - - - Grant et al. (1972)
Sabon Gayam gneiss 1.2 & 0.7 Ga (Rb-Sr) - - - Grant, 1978
Badiko syntectonic diorite 623Ma (U-Pb) 1.90 -12.3 780Ma  1297Ma  Dada et al. (1993)
Ikerre massive charnokite 620Ma (U-Pb) - - - - Tunbosun et al. (1984)
Akure gneissic charnokite 634Ma (U-Pb) - - - - Tunbosun et al. (1984)
Akure porphyritic granite 621Ma (U-Pb) - - - - Tunbosun et al. (1984)
Idanre gneissic charnokite 580Ma (U-Pb) - - - - Tunbosun et al. (1984)
Idanre massive charnokite 593Ma (U-Pb) - - - - Tunbosun et al. (1984)
Idanre porphyritic granite 587Ma (U-Pb) - - - - Tunbosun et al. (1984)
Toro biotite-Hbde granite 607Ma (U-Pb) 2.10 -126 670Ma 1493 Dada et al. (1989)
Toro charnockitic diorite 638Ma (U-Pb) 2.50 -15.6  1.07Ma 1915 Dada et al. (1989)
Bauchi quartz fayalite monzonite (bauchite) 638Ma (U-Pb) 1.70 -3.9 1.80Ga 1062 Dada & Respaut (1989)
Toro migmatite 581Ma (U-Pb) 1.75 -1.86 1280 Ferre et al. (1996)
Toro anatectic granite 616Ma 1.88 -14 1380 Ferre et al. (1996)
Toro migmatite granite 751Ma 271 1960 Ferre et al. (1996)

Birnin Gwari phyllite
Minna Granodiorite
Zungeru mylonites
Kazaure Older Granite

566Ma (Rb-Sr)

505 + 12 (Rb-Sr)
600-700Ma (Rb-Sr)
592 + 14 (Rb-Sr)

Ajibade (2008)
Ajibade (2008)
Ajibade et al. (1982)
Danbatta (2002)

2. Regional geology of Nigeria

The Nigerian basement complex consists of three major rock units: (1) the Migmatite Gneiss Complex (MGC), a heterogeneous
assemblage of predominantly amphibolite-facies migmatites, orthogneisses, paragneisses, and minor-basic to ultrabasic rocks (Rahaman
1988); (2) the Schist Belts, believed to overlie the MGC and consisting mainly of psammitic to pelitic metasediments with interlayered
granite gneisses and rare amphibolites, interpreted as metavolcanics (Turner 1983); and (3) the Older Granites composed of tonalitic to
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granitic plutons and charnockites, strongly foliated to almost unfoliated, and considered to have been emplaced during the Pan-African
orogeny (Tubosun et al., 1984). The intrusion of the “Older Granites” into the Migmatite Gneiss Complex during the pervasive and
protracted Pan-African thermotectonic event has in many cases made it difficult to distinguish them.

In Nigeria, two main terranes, Western and Eastern are separated by a 500 km long N-S lineament (Ferre et al., 1996; Ananaba and
Ajakaiye, 1987) (Fig. 1). The Western terrane is characterized by (i) an Archaean basement and (ii) a cover of synformal schist belts
corresponding to a gold metallogenic province, banded iron formations (BIFs) and greenstone-type deposits (Woakes et al. 1987). By
contrast, the Eastern terrane is characterized by high-grade metamorphic rocks and a tin and uranium metallogenic province (Woakes et
al. 1987; Onyeagocha & Ekwueme 1990). The Western Nigeria terrane has been the focus of several studies in which continuity of the
major structures from north to south, Archaean U-Pb zircon ages and numerous Nd model ages older than 2.7 Ga have been reported
(Caby, 1989), Bruguier et al., 1994; Dada, 1998). The Proterozoic cover in this terrane consists mostly of monocyclic metasediments of
greenschist facies metamorphic grade (e.g. Fitches et al., 1985) and amphibolite facies grade in the south (Caby, 1989). Voluminous
granitic plutons and widespread migmatization, both dated between 620 and 580 Ma, attests that this region has been substantially
affected by tectono-metamorphic events of Late Neoproterozoic age (Tubosun et al., 1984; Dada, 1998).
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Fig. 1: Geological Sketch Map of the Nigeria Province Showing the Neoproterozoic Terrane Amalgamation between the Cratons of West Africa and
Congo (Modified After Ferre Et Al., 1996).

Geochronological studies have shown that the Nigerian basement is polycyclic and composed rocks of Liberian (Archaean) 3400+200
Ma, Eburnean (early Proterozoic) 1200+200 Ma, Kibaran (middle Proterozoic) 1100+200 Ma and Pan-African (late Proterozoic)
600+£150 Ma (Table 1). The Archean-Proterozoic is a distinct crustal initiation event with significant crustal growth, which can be
correlated with the Birrimian system on the West African Craton (Dada et al., 1998). This is seen from the orthogneisses of Kaduna in
north central Nigeria (Dada, 1989; Dada et al., 1993) with Nd model ages that overlap U-Pb zircon crystallization ages (Table 1). The
Eburnean orogeny is regarded as the last major orogenic event to have affected the West African craton on a regional scale (Wright et al.
1985). Although the Eburnean event was accompanied by widespread granite magmatism and greenschist facies metamorphism, there is
no confirmed evidence for the occurrence of Eburnean sediments in Nigeria. Kibaran relics in West Africa are only scattered,
discontinuous and generally overprinted by Pan-African structures and magmatism (McCurry, 1976). The Kibaran event with its limited
localized effect is not considered to have been a major tectonic event in Nigeria, whereas the most obvious effect of the widespread Pan-
African reworking in Nigeria is the emplacement of large volumes of granitoids and the resetting of mineral ages in virtually all rock
types in the basement (Ajibade et. al., 1987; Rahaman, 1988; Ogezi, 1977; Cooray, 1974; Ekwueme and Kroner, 1994; Brougier et al.,
1994; and Dada et al., 1993). The Pan-African orogenic imprints in the Nigerian Basement Complex are characterized by low to high
grade metamorphism, folding, faulting and widespread granite plutonism. These granitoids termed the “Older Granites” in Nigeria, so
named by Falconer (1911) to differentiate them from the Mesozoic tin-bearing Younger Granite suites, which are volcanic/granitic ring-
complexes in the Jos Plateau area, have been dated severally at 750-500Ma (van Breemen et al., 1977; Rahaman et al., 1983; Fitches et
al., 1985; Ferre et al., 1998; Ekwueme & Kroner, 1998).

Geochronologically, these granitoids are comparable to those in the Borborema province which has reported to be associated with the
Brasiliano Orogeny (Long et al., 2005; Guimaraes, 2004). These granitoids are composed of tonalitic to granitic plutons and charnockites,
strongly foliated to almost unfoliated and with wide range of composition from granite through granodiorite, quartz-monzonite, and
tonalite to syenite (Rahaman, 1976; Tubosun et al., 1984). Similar granitic rocks have also been studied in various parts of the basement
complex of northern Nigeria (Olarewaju & Rahaman, 1982), Jebba area (Okonkwo & Winchester, 2004), Obudu Plateau, southeastern
Nigeria (Ukwang and Ekwueme, 2009), Kabba-Lokoja area (Ezepue and Odigi, 1993), among others. Granite magmatism is commonly
associated with several tectonic settings and various stages during orogenic evolution (Pitcher, 1983; Pearce et al., 1984; Whalen et al.,
1987; Maniar & Piccoli, 1989; Frost et al., 1999). The work of Kroner et al., (2001) confirms migmatitic orthogneiss of granodioritic
composition from Kabala in Kaduna (close to the study area) in northern Nigeria which contains elements of an Early Archean basement
complex that survived the Pan-African orogeny that remobilized large parts of the Nigerian crust. Debate exists on whether the Pan-
African event was so pervasive that it completely isotopically rehomogenized all older rocks, thereby obliterating all traces of earlier
tectono-metamorphic events. However, Grant (1978), Mullan (1979), Ajibade (1988), Fitches et al. (1986), and Ekwueme (1987) argued
that the Pan-African orogeny did not overprint all traces of earlier events. All the ages determined from the Pan-African granites show
consistency, and correlates well in both north and southwest.
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3. Geology of the study area

The study area covers a total area of 2,809 square kilometers and lies in the north western part of Nigeria comprising part of Kushaka and
Birnin Gwari schist belts. It falls within 1:100,000 Kushaka Sheet 122 and bounded by latitudes 10° 30' N and 11° 00' N and longitudes
6° 35'E and 7° 00" E. The area is underlain predominantly by five main lithologies: (i) Migmatite-Gneiss-Quartzite suite represented by
dioritic, granodioritic, granite and granitic gneisses with fissile and ferruginous quartzites and banded iron formation (BIF); (ii) the schist
belts represented by the Kushaka graphite and sulphur bearing staurolite, biotite and muscovite quartz schist and in places inter-banded
with iron formations; (iii) Birnin Gwari schist comprising staurolite-biotite quartz schists (iv) the Kushaka Gneiss Complex represented
by extrusive basalts, staurolite and muscovite gneiss and banded iron formation (BIF) and (v) syn- tectonic and late- orogenic biotite-
hornblende syenite (BHS) and biotite-hornblende granite (BHG) in the Kushaka schist belt and biotite muscovite granite (BMG) in the
Birnin Gwari schist belt area (Fig. 2D).

4. Analytical methods

Thirty eight samples of the granitoids comprising 8 Kushaka granite; 8 Birnin Gwari granite; 15 Basement Complex granitoid; 5 Kushaka
Gneiss Complex granitoid and 2 basalt were selected for petrographic investigations at the Department of Geology, Ahmadu Bello
University, Zaria using a petrological research microscope. Estimation of modal composition of each rock type was done on thin the
sections made from the rocks using the JMicrovision software of Nicholas Roduit version 1.2.7. (2002-2008). About 1 kg each of thirty
rock samples selected out of the lot was broken with a hammer, crushed into smaller pieces with a jaw-crusher and pulverized into fine
powder in a disc mill. Each of the pulverised sample was thoroughly homogenized to obtain a representative portion for chemical
analyses. Whole-rock geochemical analysis of the samples was carried out at the Department of Lithospheric Research, University of
Vienna, Austria using XRF Flourescence Analysis. Major elements composition of the rock samples was determined by fused bead
method on calcined rock powder fused with lithium tetraborate as flux to form a glass bead while the trace elements analysis was done by
pressed pellet method directly on the crushed and milled rock powder mixed with polyvinyl alcohol as a binding agent. Analysis of the
REE was carried out using a lithum metaborate/tetraborate flux in a platinum crucible and fused samples poured into a platinum mold to
create a homogenous glass disk and then analysed with PHILIPS PW2404 sequential X-ray spectrometer at the MSALABS Langley,
British Columbia, Canada. The X-ray fluorescence instrumentation comprises a super-sharp end-window tube with a Rh-anode and a
programmable 4kW generator (60kV max., 125mA max.; iso-Watt-switching), with accompanying PANalytical software.
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Fig. 2: Geological Map of Northern Part of Kushaka and Birnin Gwari Schist Belts (Sheet 122) Modified After Truswell and Cope, (1963).

5. Field relations and petrography of the granitoids and associated volcanic rocks

The granitoids in the study area have been classified based on the litho-petrological unit and mode of occurrence into four main groups
namely: (i) Basement Complex Granitoids (BCG), (ii) The Kushaka Gneiss Complex Granitoids (KGC) (iii) The Kushaka Schist Belt
Granite (KG) and (iv) The Birnin Gwari Schist Belt Granite (Fig. 2).

5.1. Basement complex granitoids (BCG)
Granitoids of the basement and Kushaka gneiss complex occur as paleosome of dioritic, granodioritic, compositions and leucosome of

granitic composition; tonalite, granite and granite gneiss (Fig. 3). The dark grey paleosome and light grey leucosome are medium to
coarse grained migmatitic rock with alternating dark and light bands respectively, varying from 0.5 to 15m, and are aligned parallel to the
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regional foliation direction. They are found in localities around Ungwan Madaki, Gwaska and Kwona Mutua. Paleosomes are dark
coloured pyroxene bearing rocks. Microscopically it consists essentially of augite (55%), and accessory biotite (5%) and iron-oxide (5%)
set in groundmass of quartz (25%) and plagioclase feldspars (10%). Quenched augite crystals are elongate, curved and branching in sub-
parallel alignment, others occur as group of branching and diverging needles (Fig. 4). The leucosome occurs commonly as cross cutting
dykes marked by dextral displacement relative to one another. Under the microscope, the leucosome is revealed to be composed of K-
feldspar (40%), quartz (30%), plagioclase (10%), biotite (10%) and iron-oxide (5%) with accessory minerals being apatite and magnetite.
Tonalite is well exposed along River Rafin Magami, and occur as boulders and whale backs which are traceable westward for few
kilometers from the bridge across the Birnin Gwari — Funtua road, north of Sabo-Layi village. It is a fine to medium grained rock, grey in
colour and weakly foliated tonalitic and granodioritic in composition. Microscopically, it consists of orthoclase (5%), plagioclase (60%),
quartz (20%), biotite (10%), orthoclase (5%) and pyroxene (5%) as major minerals and accessory minerals comprising iron-oxide
(haematite and magnetite) and apatite (Fig. 4). Subhedral to euhedral quartz together with vermicular intergrowth of k-feldspar and
plagioclase exhibits mykeritic texture. Tabular and zoned orthoclase (perthitic) and plagioclase (Anis-20) are in equal proportion. The
plagioclase exhibits simple twinning. The mafic minerals comprising biotite, pyroxene, olivine and iron-oxide, occur in clusters.
Granitoids occur as leucosome injection component in the granodiorite and as coarse-grained to porphyritic paleosome component in
Ungwan Madaki and Gwaska areas (Fig. 3). They consist essentially of quartz (40%) and K-feldspar (40%), with biotite (15%) as
ferromagnesian mineral. Quartz occurs as euhedral to subhedral medium-grained crystals between the feldspar crystals which exhibit
mykeritic intergrowth. K-feldspar consists of orthoclase (perthitic and micro-perthitic) and microcline with cross hatch twinning. The
feldspars also contain dense mass of clay and mica minerals as alterations (Fig. 4).

> .
e 4 ’ TN = STSL TN
Fig. 3: (A) Field Occurrence of Porphyritic and Granitic Leucosome and Paleosome in Gwaska (N10° 43 40 E 6°43 34); (B) Granodioritic Gneiss Outcrop
in Marinai (N 10°33 27 E 6°51 31) in the Kushaka Gneiss Complex; (C) Biotite Granite in Manini (N10° 40 77 E 6°51 94); (D) Kampani Doka Granitic
Gneiss Outcrop Used as Quarry (N10° 45 10 E 6°36 13); (E) Marinai Basalt in Kushaka Gneiss Complex (N10° 33” 27” E 6°51 31) And Biotite and
Muscovite Granite In Mando (N10° 43 27 E 6°33 74).

Granite gneisses occur as prominent outcrops and as low-lying whale back exposures along river channels in Kampani Doka and Kugu
areas. In Kampani Doka area, a prominent outcrop (about 520m high) is formed by a fine grained, weakly foliated equigrannular pink to
reddish brown rock, being quarried for constructional material (Fig. 4B). Microscopically, the reddish-brown rock is composed of quartz
(30%), orthoclase (25%) muscovite (25%), iron-oxide (10%) and biotite (5%) in a groundmass of K-feldspars, muscovite iron-oxide and
biotite. The low-lying highly foliated outcrops are found in Kampani Doka (along the tributaries of Kusheriki river channel), Ungwan
Wakili and Kugu to the south. The granite gneisses are fine grained, grey coloured rock. In thin section the rock is composed of
phenocryst of quartz (30%), K-feldspar (25%) biotite (25%) and iron-ore (5%) set in groundmass composed of polygonal quartz, feldspar,
biotite and iron-ore. Accessory minerals include apatite, titanite and magnetite.

5.2. The Kushaka gneiss complex (KGC)
The Kushaka Complex is a sub-circular plutonic rock and occurs in south-west of the Kalangai transcurrent fault where it truncated the

Kushaka metasediments. At the sub-circular outline are series of low lying extrusive basalt and granodiorite (Fig. 3). The boundary with
the basalt was observed anywhere due to highly weathered state of rock and therefore the contact relationship cannot be clearly clarified;
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and high level (500 - 600m) granite gneiss consists of biotite-staurolite and muscovite bearing granitic gneisses in the outer part of the
sub-circular complex. Other rock types of the complex include Banded Iron Formations (BIFs) and rare metal-bearing pegmatites. The
KGC is highly fractured with brittle deformation and the central part extensively weathered.

Outcrops of dark, dense, fine- to medium-grained, dark-coloured basalt occur in Marinai and Kabugu area. The rock is granular in texture,
highly fractured with block jointing. It is composed essentially of anhedral to subhedral glomerocryst to small prismatic crystals of
pyroxene (50%), with preferred alignment in the groundmass. Olivine (10%) phenocrysts are subhedral and pale brown in colour under
plain and cross polarized light and are closely associated with iron-ore. The finer prismatic crystals of this mineral swarm around the
glomerocrysts which stand out from the groundmass of needle-like euhedral plagioclase (10%), pyroxene, quartz (20%), and other
accessory titanite, apatite and garnet (Fig. 4).

Granodiorites in Marinai are exposed along the river channels. They are medium grained dark coloured plutonic rock characterized by
wide (10 - 15 cm) silicified and iron-rich silica veins in some cases traceable for over 100 m with width and trending 60° NE. In thin
section, this rock consists of pyroxene (30%), quartz (25%) K-feldspar (25%), plagioclase (10%) and iron-oxide (5%) set in groundmass
of quartz, pyroxene, and plagioclase with small proportion of iron-oxide (Fig. 4). Accessory minerals are titanite, apatite, garnet, zircon
and magnetite. They are classified modally as quartz diorite, tonalite and granodiorite (Fig. 4A).

The staurolite-muscovite and staurolite-biotite granite gneiss consists predominantly of staurolite porphyroblast (40%), iron-oxide (5%),
quartz (20%), K-feldspar (10%), biotite (15%) and muscovite (10%) embedded in quartz, feldspar and muscovite matrix. Staurolite
occurs as pale brown and euhedral six-sided elongated crystals characterized by quartz inclusions and also dotted with iron-ore crystals

(Fig. 4).
5.3. The Kushaka schist belt granite

The granite plutons that intruded Kushaka metasediments are found in Maganda, Nasarawa- Kwona, Koriga, Manini, Udawa, Sabon-
Kushaka and Kugu. They are biotite-hornblende syenite; biotite, and biotite-muscovite granite and granodiorite. These intrusions form
N-S excellent oval and elongated bodies of whaleback with moderate and high relief on either side of the transcurrent Kalangai fault.
One major feature is their occurrence along the boundary of basement migmatite gneisses and Kushaka and Birnin Gwari schist belts
(Fig. 2). Macroscopically, the colour ranges from light to dark grey, grayish yellow, grayish brown to light (iron) red. They also occur as
porphyritic, coarse porphyritic and medium grained, and are generally devoid of pervasive foliation, but intense deformation responsible
for S1 foliation has caused some varieties to develop slight banding, with the dark minerals forming mafic microgrannular enclaves.
These enclaves are dark grey to black in colour and occur in near circular shape of 3-5cm in diameter (Fig. 3), and consist of biotite,
hornblende and iron-oxide.

Syenite occurs as N-S trending elongated outcrop; medium- to coarse-grained, with hypidiomorphic texture and mafic enclaves. Two
varieties are easily recognized in the field. The first one in around Koriga town is iron-rich and is typified by its more pinkish brown
colour with fragmented and observable boulders; some stacked on top the other, suggesting a disturbed terrain. Microscopically, the rock
consists of quartz (20%), K-feldspar (35%), hornblende (20%), biotite (10%), plagioclase (5%) and iron-oxide (5%). Dominant mafic
hornblende and biotite are slightly aligned in foliation direction. Plagioclase (An ss.40) occurs as platy euhedral phenocryst with albite
twinning and fine mica impurities. Accessory minerals include zircon, titanite, magnetite, apatite and iron ore inclusions (Fig. 5).

Granite constitutes wide range of rock pervading the whole of the schist belt. Rocks range from medium and coarse-grained to
porphyritic, gray to grayish dark and grayish brown in colour. Maganda granite outcrop occur as coarse grained light grey coloured
biotite-muscovite granite and medium grained granular and pink coloured biotite granite. Constituent minerals are quartz (30%), K-
feldspar (25%), plagioclase (30%), biotite (10%), muscovite (5%) and accessory titanite and hematite minerals (5%). Granite in Udawa
area occur as low lying whale back outcrop usually devoid of pervasive foliation and intruded both the basement gneiss and the Kushaka
schist. This is a light grey colour, mediun to coarse grained biotite-bearing granite with no preferred orientation of the slightly pinkish
feldspar. Microscopically, it consists of quartz (35%), biotite (10%), almost equal amount of platy, tabular phenocrysts of K-feldspar
(perthitic orthoclase and microcline) (25%), plagioclase (Anass) (25%) with zoned inclusion of dense clay minerals and interwoven
replacing each other producing a vermicular, wormlike and mykeritic structure. biotite (10%). Granite outcrop north east of Manini
village is a large massive exposure of 632 m elevation, extending further to Kufara and Manini Kan Hauwa. It is a medium to coarse
grained foliated grey granite, characterized by block jointing (Fig. 3). Identifiable minerals are coarse grain, grey quartz, whitish to grey
medium grained feldspars and dark coloured and medium grained biotite and muscovite. Petrographically, mineral associations are
euhedral quartz (30%), euhedral and platy K-feldspar (25%) comprising orthoclase and microcline, plagioclase (25%), biotite (15%) and
muscovite (5%). Phenocryst of K-feldspar shows micro perthite, microcline with tartan and cross hatch twinning with blebs of biotite and
other quartz and tiny dense mica inclusions (Fig. 5); accessory minerals are apatite and zircon. Granite outcrops in Kugu area are low
lying and intruded the Kugu quartz schist ridge interbedded with Banded Iron Formation (Fig. 1). It’s a medium grain, weakly foliated
rock, with pink to reddish brown feldspars, grey quartz and dark biotite minerals. It consists of quartz (25%); K-feldspar (30%) and
plagioclase (25%) are welded together with fine and dense clay minerals inclusion, biotite (10%) and iron-ore (5%) (Fig. 5), patches of
K-feldspar show vermicular intergrowth with quartz.

Granodiorite pluton occurs as medium to coarse porphyritic in Sabon-Kushaka area (Fig. 3), with whitish to pinkish colour feldspar
porphyry 2 - 6 mm in diameter. Biotite shows planar orientation in a 330°NW foliation direction. Microscopically, they are composed of
quartz (25%), K- feldspar (25%), plagioclase (25%), biotite (15%); accessory minerals include ilmenite, haematite and apatite hedged
between orthoclase (Fig. 5). Marinai granodiorites are medium grained dark foliated coloured granite gneisses with thin bands of light
felsic and dark coloured mafic minerals confined to the river channels. They are characterized by silicified and iron-rich silica veins. The
granite, syenite and granite gneiss are classified modally as monzogranite and granodiorite (Fig. 6B).

5.4. The Birnin Gwari schist belt granite

The granite plutons intruded both the Migmatite-Gneiss-Quartzite suite and the Birnin Gwari schist in Gworon Dutse, Mando, Loko,
Bagwoma, Birnin Gwari and Kugu. These intrusions form N-S excellent oval and elongated bodies of whaleback with moderate and high
relief on either side of the transcurrent Kalangai fault (Fig. 1).

Granodiorite alongs the Birnin Gwari/ Mando axis is restricted to the contact zone between the Birnin Gwari staurolite bearing quartz
schist and Mando biotite and muscovite granite. This is a medium grained rock characterized by light grey granitic inclusions in the light-
brown coloured rock slightly aligned in the N-S foliation direction. Under the microscope, it is a coarse to medium grained rock
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consisting of quartz (30%), K-feldspar (30%), plagioclase (15%), biotite (15%), and accessory minerals (5%). Other accessory minerals
are titanite, magnetite and apatite.

Granite occurs as N-S trending isolated plutons and low whale back outcrops on the edges of the Birnin Gwari schists in places with
sharp contacts with the schists and granitic gneisses (Fig. 1). Granite in Goron Dutse consists of four individual closely spaced plutons,
with high relief (550m), and intruded the Birnin Gwari metasediments at the northwestern fringes. Two varieties are coarse porphyritic
and fine- to medium grained equigrannular types, occurring closely together and the latter as dykes and veins in the former. Under the
microscope, the coarse porphyritic rocks show quartz (35%), K-feldspar (35%), muscovite (5%), biotite (15%), plagioclase (5%) and
iron-oxide (5%). Accessory minerals include magnetite, illmenite, titanite and apatite. Granite in Mando and Loko border both the
gneisses and Birnin Gwari metasediment. The contact zones with the metasediments are sharp with chilled margins as observed west of
Mando village stretching for about 1 km. It is a fairly elevated granite outcrop (443m) in places dissected by River Ikanga. Observable
minerals include pinkish to milky feldspars, silvery muscovite flakes, and black to brownish biotite, in places slightly weathered and
brownish green muscovite. The contact zone with Birnin Gwari staurolite quartz schist extends hundreds of meters and is characterized
by granitic dyke intrusion with chilled margins. Petrographically, quartz (30%) occurs as subhedral phenocryst together with plagioclase
(5%), orthoclase (20%) and microcline (20%), as well as medium grain euhedral crystals, closely interlocked with each other and with
biotite (10%) and muscovite (10%) forming part of the groundmass. Accessory minerals include magnetite and apatite. Granite in the
Nasarawa Kwona area form a low-lying outcrop, extending southward along Birnin Gwari — Kaduna road for about 2 km and intersected
by river Faleli and tributaries of Kogi Kusheriki. It’s a medium grained, pink coloured rock. Macroscopic observation shows the pink
feldspar dominating the grey colour quartz; dark colour biotite and muscovite minerals are visible. Microscopically, the rock consists of
quartz (35%), K-feldspar (35%), biotite (10%), plagioclase (Anso) (5%) and muscovite (5%) minerals. Iron-ore occur as assessory
mineral and dotted in the matrix making up 5% of the rock. Granite outcrop in Kugu area is a low lying medium grain, weakly foliated
rock, with observable hand specimen showing pink to reddish brown feldspars, grey quartz and dark biotite minerals (Fig. 1). It consists
of quartz (25%), K-feldspar (30%), plagioclase (25%), biotite (10%) and iron-ore (5%). Patches of K-feldspar show vermicular
intergrowth with quartz. Porphyritic biotite granite in Gwaska occur as porphyritic leucosome that intruded the Gwaska paleosome,
comprising quartz (40%) and K-feldspar (40%), with biotite (15%) as ferromagnesian mineral. Accessory minerals include apatite and
magnetite. Quartzolite forms an isolated outcrop northwest of Bagwoma dam. It’s a light-coloured rock with grey, white, milky and
reddish brown colours and coarse grain fibroblastic texture; with preferred mineral banding (360°NS), light brown to reddish brown
biotite and hornblende. Petrographically, the rock consists of quartz (60%), K-feldspar (10%), hornblende (15%), and biotite (10%)
strongly aligned. Observable alteration is seritization where K-feldspar is altered to an aggregate of finely divided white mica.
Hornblende is anhedral, lath-like and elongated with pale brown & reddish-brown crystals (Fig. 5L). Biotite occurs as needle-like
mineral stacked between the orthoclase polygons. Accessory minerals are opaque inclusions in the hornblende and plagioclase. The
granite and granite gneiss are classified modally as syenogranite and quartzolite as quartz rich granitoids (Fig. 6C).

i :'5‘ .
Fig. 4: Hand Specimen and Photomicrograph of Marinai Basalt; Ungwan Madaki Paleosome; Sabo-Layi Tonalite, All of the Basement Complex and
Gwagwaulu Granite Gneiss of the Kushaka Gneiss Complex in the Northern Part of the Kushaka and the Birnin Gwari Schist Belts.
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Fig. 5: Outcrop, Hand Specimen and Photomicrograph of Koriga Syenite; Maganda Granite in Kuéhaké; and Mando Granite and Bagwoma Quartzolite in
the Birnin Gwari Schist Belts. Mcl=Microcline, Bt=Biotite, Ms=Muscovite, Hb=Hornblende, Or=Orthoclase.
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6. Geochemistry

6.1. Rock classification

The plutonic rocks in the study area with exception of samples KSyl and KSy2, which are straddled between syenite and quartz
monzodiorite show sub-alkaline affinity. The granitoids generally plot in the field of syenite/quartz monzodiorite, granite, quartzolite,
granodiorite and diorite on the SiO2 vs Na20 + K20 diagram (after Middlemost, 1985) (Fig. 7 A). The volcanic rock plots in the field of
basalt, in agreement with petrographic characteristics (Fig. 7B). On the normative Ab-An-Or triangle of O’Connor (1965) diagram the
rocks also plot in granite, granodiorite and quartz monzonite fields. The granites, syenites, quartzolite and granite gneisses plot in the
granite field, granodiorites in the granodiorite field and diorite in quartz monzodiorite field (Fig. 8A). The chemical feature of these rocks
as highlighted is attributed to mobility of Na and K during hydrothermal alteration. The volcanic rocks plot in the High-Fe and High-Mg
tholeiite basalt field (Fig. 8B).
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6.2. Major elements

Granitoids in the Kushaka and the Birnin Gwari schist belts display marked variation in the abundance of some major elements. Silica
(SiOy) is in the granite generally ranges from 60.77 to 82.42 wt %. The wide range in the silica composition suggests diverse protoliths of
the rocks. Enrichment in Mg and Fe oxides correlates positively with their high contents of mafic minerals (biotite, hornblende and
pyroxenes). Most of the major elements display good correlation with silica (SiOz) indicating normal igneous trend (Table 2) with silica
contents in the range of 60.77 - 66.81 wt % for diorite and granodiorites and 64.02 - 82.42 wt % for granite. They are generally enriched
in TiO2 (0.13 to 0.57 wt %), Fe203 (4.07 to 7.15 wt %), MgO (1.11 to 2.68 wt %) and CaO (2.23 to 4.38 wt %). Basalt on the other hand
has lower SiO2 value in the range of 49.56 - 49.72 wt % and is more enriched in TiO2 (0.7 -1.89 wt %), Fe:03(10.14 - 13.12 wt %), CaO
(11.75 - 12.65 wt %) and MgO (6.8 - 8.96 wt %). This suggests two different compositional trends in the Kushaka and Birnin Gwari
granitoids and associated volcanic rocks (Fig. 9). The major element composition of the diorite, granodiorites, granites, and syenites and
as well as granite gneiss plotted on Harker diagram using SiO:z as an index of differentiation (Fig. 5) show that TiO2, Fe203, MgO, CaO
and P20s are all negatively correlated with SiO2, and generally form a well-defined linear trend. K20, Na2O and Al.O3 also show
negative correlation but with slightly scattered trend. Al2Os content on the average is high in granitoids and basalts (13.5 - 16.32 wt %),
meaning plagioclase, hornblende and biotite are enriched in the presence of Al2Os. Na2O values are low in the basalt and diorite (1.40 -
1.67 wt %) but high in granodiorite, tonalite, granite, syenite and granite gneiss (2.42 - 5.42 wt %). The content of K20 is very low in
basalt (0.19 - 0.34 wt %), very high in syenite (5.98 - 6.37 wt %), high in granite, diorite and tonalite (3.71 - 4.76 wt %), and relatively
low in granodiorite (1.6 - 2.97 wt %). Basalt, tonalite, granite and granodiorite are generally sub-potassic with K20/Naz20 <1; while
diorite, syenite, quartzolite and a sample each of granite leucosome (KGR22) and migmatite gneiss (KGN27) with K20/Naz20 >1 are
slightly potassic (Table 2). P2Oscontent is low in basalt (0.05 - 0.17 wt %), vary in granodiorite (0.21 - 0.35 wt %) and granite (0.04 -
0.51 wt %), but relatively high in syenite (0.35 - 0.44 wt %), this probably explains lack of apatite crystals in the granite and granodiorite
compared to the syenite (0.35 - 0.44 wt %) with apatite in the accessory phase. TiOz is high in basalt and diorite (0.7 - 1.89 wt %) and
decrease gradually from tonalite and granodiorite (0.56 - 1.3 wt %) to syenite (0.50 - 0.57 wt %) and granite and granite gneiss (0.13 -
0.45 wt 9%). High TiOz contents in basalt, diorite, tonalite granodiorite and syenite are consistent with higher modal contents of biotite,
hornblende and iron-oxide (magnetite and ilmenite). Lower TiOz content in the granite and is probably as a result of fractionation of
biotite and iron-rich minerals.
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Table 2: Major (Wt %) Abundance in the Granitoids and Associated Volcanic Rocks in the Northern Part of the Kushaka and the Birnin Gwari Schist
Belts

Sampl KGD KGD KGD KGD KGD KSyl KSyl KKG1 KKG1 KKG1 KKG1
a KB1 KB2 KD3 KTN4 5 6 7 8 9 0 1 2 3 4 5
NET " Basement Complex Granitoids (BCG) Kushaka Granite
Volcanic
(%) Basalt eDlont :onallt Granodiorite/Paleosome Syenite Granite
SiO; 49.56 ‘21'9'7 60.77  64.45 67.98 63 67.11 66.81 65.24 65.87 6402 74.28 69.78 71.12 70.79
TiO, 0.7 189 0.93 0.6 0.56 0.84 1.3 0.65 0.82 05 0.57 0.13 0.18 0.18 0.25
Al,O3 14.74 \,13'3'7 135 15.55 1554 1534 1287 1433 1599 1407 1322 1532 16.32 15.03 15.74
Fe,O;  10.14 %3'5 7.04 478 4.03 5.67 7.69 7.15 5.13 4.07 454 0.83 1.57 1.27 2.17

MnO 0.16 021 0.12 0.11 0.04 0.11 0.17 0.18 0.07 0.07 0.09 0.01 0.02 0.03 0.04
MgO 8.96 6.8 42 2.07 1.36 2.53 171 111 231 2.06 2.68 0.26 0.21 0.45 0.38

CaO 12.65 élj 5.2 3.71 4.22 4.93 2.62 4.38 3.06 2.23 2.86 1.28 1.16 157 1.35
Na,O 14 141 167 412 3.83 3.03 2.42 2.73 3.87 4.32 4.08 4.76 5.98 4.86 5.42
K20 0.19 0.34 418 3.09 1.64 2.97 2.66 2.23 1.6 5.98 6.37 3.71 4.2 4.16 3.98
P,Os 0.05 0.17 0.43 0.25 0.21 0.34 0.21 0.15 0.35 0.35 0.44 0.04 0.07 0.06 0.1
LOlI 0.34 0.61 0.66 0.39 0.69 0.92 0.48 0.26 1.09 0.18 0.37 0.47 0.78 0.2 0.46
Total éoo'l 38'8 98.7 99.12 100.1 99.68 99.24 99.98 99.53 99.7 99.24 101.09 100.27 98.93 100.68
Ezaocl) 0.13 0.24 250 0.75 0.42 0.98 1.09 0.81 0.41 1.38 1.56 0.77 0.70 0.85 0.73
2
Samp KKG KBG KBG KBG KBG KBG KGR KGR KQZL KGN KGN KGN KGN KGN KGN
le 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Iég::sl;a Birnin Gwari Granite Basement and Kushaka Gneiss Complex
(%) Granite Leucosome Q/zolit  Granite Gneiss

Si0, 7041 7015 7673 7376 7406 755 7544 7361 8242 7049 7442 7074 7753 6781 74.89
Tio, 031 041 007 004 002 015 011 062 029 045 026 06 039 031 008
AlLO; 1498 1512 1416 153 1495 1286 1299 129 1457 1421 132 1368 1265 1534 15
Fe,0, 193 241 064 066 036 099 132 408 003 255 155 391 193 272 078
MnO 003 004 001 003 006 008 003 008 017 009 005 004 003 003 001
MgO 064 086 01 011 006 013 016 09 17 079 031 11 052 075 009
CaO 19 194 087 041 045 045 082 248 004 231 124 115 15 267 095
Na,O 442 372 402 42 47 429 254 321 028 392 371 209 263 463 515
KO 476 486 452 387 389 414 613 279 041 36 442 581 193 406 387
P,Os 011 012 003 042 051 002 006 013 002 041 004 014 008 017 003
Lol 021 035 042 097 07 051 027 039 057 059 101 056 104 036 04
Total 997 9998 015 9977 9976 9912 9987 1011 1005 9911 1002 gggy 1002 ggg5 1012

7 1 3 5
E;Oé 1.07 1.30 112 0.92 0.82 0.96 241 0.86 1.46 0.91 1.19 2.77 0.73 0.87 0.75
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Fig. 9: Harker Variation Diagrams; Silica (Sio, Wt %) Plotted Against A Range of Major (In Wt %) Elements in the Granitoids of the Kushaka and the
Birnin Gwari Schist Belts (Symbols as in Fig. 6).
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6.3. Trace element characteristics

The trace elements of the granitoids plotted on Harker diagrams using SiO2 as an index of differentiation show that Ba, Ce, Cr, La, Rb,
Sr, Th, U, Zr, Nb and Y are all negatively correlated with SiO2, generally forming a well-defined linear trend; basalts however shows a
trend different from the granitoids (Fig. 10). The trace elements composition and ratios are presented in Table 3. The Sun and
McDonough (1989) primitive mantle-normalized abundance patterns permit characterization of the rocks (Fig. 11). The diorite, tonalite,
granodiorites, granites, syenites, and granite gneisses show similar patterns, an implication of their close genetic relationship different
from basalt (Fig. 12). They generally show enrichment of the large ion lithophile elements (LILE: Ba, Rb, K; radioelements Th and U
and depletion of the high field strength elements (HFSE: Nb, Ce, P and Ti), although four granite samples show depletion in Rb and Th.
Rb is fairly enriched in the syenites (230.8 - 277.8 ppm), granite (116 - 164.4 ppm) and slightly depleted in granodiorite (61.6 - 90.6
ppm) compared to the mean crustal average of 90 ppm. The Ba content in syenite is very high (2644.8 - 2693.8 ppm), decreases in
granite (894.6 - 1732 ppm), granite gneiss (453.9 - 2013.3 ppm) and granodiorites (572.3 - 886.2 ppm). Sr is high in granite (592.8 —
1092.8 ppm), syenite (835 - 857 ppm) and moderately high in granodiorite (160.2 — 538.9 ppm) and granite gneiss (143.4 - 1027.9 ppm)
show positive correlation with increasing SiO2; consistent with relative plagioclase abundances of this rocks. Th/U is 1.06 - 1.98 in
granite, 4.29 - 4.6 in syenite, 3.4 - 5.4 in granodiorite and 0.33 - 4.34 in granite gneiss.

Table 3A: Trace Elements (Ppm) Abundance in the Granitoids and Associated Volcanic Rocks in the Northern Part of the Kushaka and the Birnin Gwari
Schist Belts

Samp KKS KKS KKG KKG KKG KKG
le KB1 KB2 KD3 KTN4 KGD5 KGD6 KGD7 KGD8 KGD9 10 11 12 13 14 15
KGC o .
Volcanic Basement Complex Granitoids (BCG) Kushaka Granite
%) Basa Basa Diori Tonali G/Dior G/Dior G/Dior G/Dior G/Dior Syeni Syeni Grani Grani Grani  Grani
. It It te te ite ite ite ite ite te te te te te te
As 3.1 2.9 0.8 2.4 4 0.2 24 3.8 2.8 14 4.7 0.8 2.1 0.1 2.2
Ba a7 745 2 %1% eger 173 7ea7  s723 275 (9% 20 ggge 1000 1228 gy

Ce 132 277 110 89.3 104.7 73.4 145.9 54.4 63.1 1211 773 10.8 32.9 34.6 79
Co 821 79 51.4 66.4 72.3 41.9 54.6 5ilks 40.9 44.2 51.2 64.2 52.2 48.9 42.4

Cr Co121 132.3 503 14.1 43.6 38.7 22.3 89.2 68.8 84.5 26.5 11.3 25.4 13.7

Cu 266 919 192 15.8 11.8 17.6 27.3 17.3 27.7 9.2 24.2 4.6 7.2 7.9 7.1
Ga 131 186 184 204 16.3 19.1 19.5 17.3 17.5 20.2 19.7 21.6 22.1 20.6 20.7

la 14 133 671 434 69 494 1059 164 319 882 528 52 161 213 469
Mo 07 08 01 01  <i <1 22 03 0.3 01 2 0 4 <« o«
Nb 16 84 174 87 42 151 263 11 104 238 255 25 149 91 203
Nd 06 217 504 257 357 32 1036 286 319 489 363 12 98 145 236
Ni é35' 519 593 159 42 6.7 143 56 29 279 352 1 05 37 27
Pb 67 47 446 335 119 294 183 149 253 713 515 393 33 665 328
Ro 28 44 1984 89 616 1468 1514 906 637 2308 2778 1247 1038 1644 116
sc 253 329 116 78 <1 5.5 177 123 146 54 45 12 04 1 37
Sn 04 14 84 18 47 8.2 8.1 38 38 84 96 69 76 66 83
sr %02' é%' 7637 9905 5389 5979 1336 1602 3249 8574 835 5927 ;012' 917.8 411298
Ta <1 03 <1 <1 <1 <1 <1 <1 <1 17 16 <1 09 05 0

Th 05 19 206 104 119 141 156 75 6.6 31 202 27 63 87 127
U 04 09 87 55 22 49 32 2.2 23 66 68 24 59 56 88
v ‘2166' 284' 1608 861 783 1188 1132 60 1142 506 617 117 114 16 17.9
w 309' %64' 1777 2926 3748 1565 2466 2562 1725 1918 1817 3565 2654 2458 2341
Y 144 324 275 149 6 259 931 274 453 217 21 38 96 66 164
Zn 644 %03' 87 769 5.7 872 83 715 658 695 737 534 578 406 678
Zr 366 %29' 2046 1694 197 2216 3184 2264 1609 383 2825 493 1545 1092 2195
Rb/Sr 002 002 025 008 041 024 113 056 019 026 033 021 010 017 008
ThU 125 241 236 189 540 287 48 340 286 469 420 112 106 155 144

Table 3B: Trace Elements (Ppm) Abundance in the Granitoids and Associated Volcanic Rocks in the Northern Part of the Kushaka and the Birnin Gwari
Schist Belts

Samp KKG KKG KBG KBG KBG KBG KGR KGR KQZL KGN KGN KGN KGN KGN KGN

le 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
é?;:ﬁlga Birnin Gwari Granite Basement and Kushaka Gneiss Complex

(%) Granite leucosome S/ 2l Granite Gneiss

As 2.2 0.7 2.8 45 43 25 2.2 4.6 25 25 2.9 3.8 <1 11 1.8

Ba 1732 998 3689 1471 415 1183 1045 5198 122 élO?. é445' 333 453.9 2013' 1408'

Ce 75 1276 276 12 0 92.7 44.4 95.3 10.6 69.9 75.9 13.2 223 815 22.8

Co 43.2 44.4 49.9 60.5 47.4 102 56.7 67.2 55.8 48.7 67.7 24 35 92.6 44.9

Cr 26.2 285 8.4 6.9 5.8 33 7.8 14.4 6.8 74 37 10.6 124 15.1 12.8

Cu 10.8 14.8 5.4 8.7 5.6 438 6.4 11 33 5.1 13.7 2099 2185 9.1 6

Ga 19.4 21.6 20.7 20.6 16.9 12.7 13.7 17.4 2 14.3 11.4 33 3.8 245 15.5

La 65.8 77.5 13.7 1.9 0.5 1572 251 54.4 <1 46.5 444 0.9 26.2 56.7 12
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Mo <1 0 <1 0.3 0 05 0.1 0.3 <1 0.1 0.3 <1 <1 <1 <1
Nb 8.1 16.6 10.6 30.5 17.7 9.2 7.3 18.3 6.6 7.8 10.3 <1 <1 12 6

Nd 26.9 40.8 11.6 6 0.8 88.7 19.4 43.7 6.5 311 23.8 10.5 55 41.6 16.3
Ni 6.2 8.3 0.9 15 0.9 14 2 5 <1 0.9 1.2 1.8 4 2.2 15
Pb 33.8 334 55.9 13.2 15.7 24.1 33.9 17.6 0.6 41 411 35.3 25.6 41 70.3
Rb 130.3 2155 180.1 3875 363 156.1 430.1 1328 65 1026 1409 13.6 12 85 97.7
Sc <1 51 2.8 1.7 <1 3.7 4.7 6.6 1.8 7.4 1 <1 <1 2 0.8
Sn 6.5 7.8 53 14.6 11.7 72 10 7.9 6.9 5.9 8.2 38.6 30.6 8.4 6.4
Sr §032' 285.3 1331 385 26.3 46.1 334 1028 8.2 230.7 1434 1312 2908 3027' 631.7
Ta 0 15 1 8.6 9.3 <1 <1 0.1 <1 <1 <1 <1 <1 0.5 <1
Th 11.7 17.1 8.6 1 0.4 20.6 19.9 16.6 1.2 14.8 21.7 <1 <1 13.2 3

U 5.9 3.4 5.9 9.5 15.7 6.5 14.2 25 0.1 3.7 5 0.9 2.7 6.1 3.2
\Y 24.5 38.8 6.4 1.1 <1 3.8 6.7 375 6.2 20.7 10.1 2.6 4 31.4 8.8
W 204.7 2529 2938 3373 349 5704 3948 361 341.8 2548 3674 <1 2.3 195 275.5
Y 10.3 27.4 9.4 6.1 4.5 60.5 41.9 51.2 13.9 31.6 21.5 3.6 2.9 7.9 10.5
Zn 46.8 45.9 16.1 38.6 21.8 21.4 18.8 36.9 0.5 54 29.6 43.3 685.6 1334 237
Zr 1573 1506 64 30 224 1441 573 2275 1353 1664 1754  28.2 20 2406 59.6
Rb/Sr  0.12 0.75 1.35 10.06 1380 3.38 1287 1.29 0.79 0.44 0.98 0.10 0.04 0.08 0.15
Th/U  1.98 5.02 1.45 0.10 0.02 3.16 1.40 6.64 12.0 4.0 4.34 1.0 0.33 2.16 0.93

Basalt: KB1=Marinai, KB2=Kabugu. Diorite: KD3=Kwona Mutua. Tonalite: KTN4=Sabo-Layi, Granodiorite: KGD5=Marinai KGD6=Gwaska
paleosome, KGD7=Ungwan Madaki, KGD8=Sabon Kushaka, KGD9=BirninGwari / Mando. Syenite: KSyl0=Koriga, KSyll=Koriga. Granite
(Kushaka): KKG12=Maganda (Por), KKG13=Maganda, KKG14=Udawa, KKG15=Kugu, KKG16=Manini. Granite (Birnin Gwari): KBG17=Goron
KBG21=Nasarawa Kwona, KGR22=Gwaska (Por leucosome),
KGR23=Ungwan Madaki Leucosome. Quartzolite: KQZL24=Quarzolite Granite Gneiss: KGN25= Kampani Doka, KGN26= Kampani Doka,
KGN27=Kungwi Granite, KGN28=Kugu, KGN29= Gwagwaulu, KGN3= Gwagwaulu.

Dutse (Por),

Fig. 10: Harker Variation Diagrams;

KBG18=Goron Dutse,

Ce

Samplef Primitive Mantle

KBG19=Mando,

KBG20=Mando/Loko,

100 150

50

500

Rb

Sr
400 800 1200

0

Nb

0 20 40 60 80
1

0 20 40 60 80

1000 2000 3000

0

0 100 200 300 400

Ni
80 120

a0

0

50

Si0-

60

v

70

Si0~

Cr
300 500

0 100

v
0 100 200 300 400

0 8

Silica (Sio, Wt %) Plotted Against A Range of Trac
the Kushaka and the Birnin Gwari Schist Belts (Symbols as in Fig. 6).

50

%0

0.
e (In Ppm) Elements

8 70 80

Si0;

60 70 8

Sin-

10000

T T T

100 1000
|

10
|

T T T T T 77T

0.1

TTTTIm

g
o

Rb Th Nb

La

Nd Sm Ti

in the Granitoids and Associated Basalt of

Fig. 11: Mantle-Normalized Multi-Element Diagram of Granitoid in the Northern Part of the Kushaka and the Birnin Gwari Schist Belts (Sun and
Mcdonough, 1989) (Symbols as in Fig. 6).



54 International Journal of Advanced Geosciences

E |
L] j
A\
I \
p ® B -
u n
1 A L. | -
L e .
Er L\ s 7 * i
| !
[ » PR
£y L]
E L]
Cs Ba Ce Pr [ Zr Eu Dy Yb
. s 1§ i ] { : f f i i | h
- < Rb Th Nb La Pb Sr Nd Sm Ti G L
§ g
i \
........... LR A Y
8 I o 2/ LN
TEOARFR D W w
\/ W/ AR /\
=) 4 \\! 7/ ) TS
e \ \ Y
\ / o \\1*‘ \\ »
o 8/ ‘/ N P
e f ..
- i < N\
N\
-
D 5 N
o G 8 k. & K g . A s B U K ce Pr Pz B DYm o
3 T T . . T T . T T T b el i i { i i i i i | |

Fig. 12: Mantle-Normalized Multi-Element Diagram of Each Rock Type Showing (A): Basalt=Black (B): Granite =Blue (C): Granitoid Gneiss=Till and
(D): Granodiorites=Red in the Kushaka and the Birnin Gwari Schist Belts (Sun and Mcdonough, 1989) (Symbols as in Fig. 6).

6.4. Rare earth elements distribution characteristics

The REE data and chondrite-normalized distribution patterns are presented in Table 4 and Fig. 13 respectively. The normalization values
are those of Boynton (1984). The total sum of REEs (3REE) in the Basement granitoids ranges from 21.42 - 382.40 while in the
Kushaka granite and Birnin Gwari granite it ranges from 18.90 — 227.51 and 15.90 — 240.56. The different rock types exhibit similar
REE distribution pattern. The granitoids exhibit light rare earth elements (LREE) enrichment relative to the heavy rare earth elements
(HREE) and thus a high degree of fractionation of the LREE relative to HREE. The values of (La/Yb)N increase from 1.05 in granite
gneiss to 77.20 in the granodiorites. The rocks also show moderate negative Eu anomaly with Eu/Eu* values between 0.66 - 0.79.
Syenites however exhibit near flat HREE distribution pattern with near absence of Eu anomaly. Basalts exhibits pattern of MORB and
back arc provenience (Fig. 13) with total REE concentrations of (3REE = 4.96), flat LREE and HREE trend, no Eu anomaly, and low
fractionation [(La/Yb)N = 1.40]. Diorite, tonalite and granodiorite show high degree of fractionation [(La/Yb)N = 13.72 — 77.20] as well
as the Kushaka granite [(La/Yb)N = 43.82 — 44.67] and the Birnin Gwari granite [(La/Yb)N = 6.74 — 45.14].

Table 4: REE Data (Ppm) on the Granitoids in the Northern Part of the Kushaka and the Birnin Gwari Schist Belts

Sample KB1 KD3 KTN4 KGD7 KSy10 KKG17 KBG19 KBG19 KGR23 KGN28
La 0.5 45.8 26.3 80.8 58.3 3.9 61.6 2.9 39.8 3.0
Ce 1.16 91.05 56.72 123.11 99.37 7.58 111.15 5.87 82.16 6.79
Pr 0.2 11.06 5.26 21.01 11.87 1.07 12.17 0.79 10.51 0.98
Nd 1.0 39.7 16.8 81.4 404 4.0 38.4 2.8 38.7 4.1
Sm 0.32 6.22 2.04 18.62 6.04 091 5.83 0.78 8.11 1.03
Eu 0.13 112 0.42 2.86 1.36 0.09 0.64 0.16 0.96 0.24
Gd 0.41 4.06 1.53 20.20 4.58 0.71 4.49 0.80 7.80 1.20
Tb 0.07 0.39 0.15 3.02 0.50 0.08 0.54 0.14 1.16 0.20
Dy 0.49 1.56 0.70 16.90 2.40 0.33 2.79 0.82 6.56 1.23
Ho 0.1 0.24 0.12 2.83 0.42 0.05 0.49 0.13 1.13 0.20
Er 0.27 0.57 0.33 6.37 111 0.10 1.25 0.33 2.64 0.44
Tm 0.04 0.07 0.05 0.76 0.15 0.01 0.17 0.05 0.32 0.05
Yb 0.24 0.40 0.27 3.97 0.88 0.06 0.92 0.29 1.66 1.93
Lu 0.03 0.06 0.04 0.55 0.13 <0.01 0.12 0.04 0.23 0.03
> REE 4.96 202..3 110.73 382.40 227.51 18.90 240.56 15.90 201.74 21.42
(La/Yb)n 1.40 77.20 65.67 13.72 44.67 43.82 45.14 6.74 16.16 1.05
(Ce/Yb)n 1.25 58.88 54.34 8.02 29.21 32.68 31.25 524 12.80 091
(La/Sm)n 0.98 4.63 8.11 2.73 6.07 2.70 6.65 2.34 3.09 1.83
(Ce/Sm)n 0.87 3.53 6.71 1.60 3.97 2.01 4.60 1.82 2.44 1.59
(Eu/Yb)n 1.54 7.96 4.42 2.05 439 4.27 1.98 157 1.64 0.35
Eu/Eu* 1.10 0.68 0.73 0.45 0.79 0.34 0.38 0.62 0.37 0.66

6.5. Magma characterization

The magma types are illustrated by AFM diagram of Irvine and Baragar (1971) and the Fe203/MgO ratios against SiO2 contents of
Miyashiro (1974) and which shows tholeiite and calc-alkaline affinity. Basalt and granodiorite (paleosome samples KGD6 &KGD7) and
granite (leucosome samples KGR22 & KGR23) has tholeiitic affinity while granite, syenite, granodiorite quartzolite and granite gneiss
cluster in the calc-alkaline field (Fig. 14 A and B). The SiO2 vs Fe203/( Fe203+MgO); SiO2 vs Na20+ K20-CaO and ASI vs A/NK
diagram (after Frost et al, 2001) distinguished the granitoids as ferroan and magnesian character, alkalic to calcic and metaluminous to
peraluminous respectively (Fig. 15). The diorites and granodiorites can further be classified into calcic to calc-alkalic while granite and
syenite are alkalic to alkali-calcic on the on the Modified Alkali-Lime Index (MALI) plot of Na2O+ K20-CaO versus SiOz discrimination
diagram (Frost et al., 2001) (Fig. 15B). The granitoids are metaluminous to peraluminous with aluminium saturated index (ASI) ranging
from 0.7 to 1.5, however, syenites straddle the line between metaluminous and peralkaline (Fig. 15C). The alkali concentration
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discrimination diagram K20 vs Naz20 in wt % and SiO2 vs K20 of Peccerillo and Taylor (1976) defined the basalt as tholeiitic; granitoids
and granodiorites as calc-alkaline and high-K cala-alkaline; diorite and syenite as shoshonite series, and all I-type. Diorite sample in
Kwona Mutua (KD3), granite gneiss samples (KGN28) in Kugu and Ungwan Madaki and Gwaska paleosome of granodioritic
composition (KGD6 and KGD7) are S-type granitoids (Figs. 1 & 16A & B). Using the series of diagrams that employ Ga/Al and Y, Ce,
Nb and Zr against various major elements ratios, Ce, Y, Zn and Zr designed by Whalen et al., (1987) to discriminate A-type granites
from I- and S-types (Fig. 17), granitoids plot in the field of I- and S- type or close to the boundary of the A-type granite. On Sr- Rb-Ba
ternary diagram after Tarney and Jones (1994) (Fig. 18A), the granitoids shows a trend towards Ba, known as the HiBaSr trend, typical
of high Ba-Sr granitoids. The Ba-Rb-Sr ternary diagram (after EI Bouseily and El Sokkary, 1975) also shows wide distribution of the
granites and granodiorites as granodiorite and quartz diorite, anomalous, normal”and strongly differentiated; syenite as anomalous and
basalt as diorite (Fig. 18 B).
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6.6. Provenance and geotectonic setting

On the multicratonic R1-R2 diagram of Batchelor and Bowden (1985), the diorite plots in the pre-collision field, granodiorites plot in the
pre-collision and syn-collisional fields; tonalite plots in the post collision uplift field, granites and granite gneisses plot dominantly in the
syn-collisional field; syenite plots in the late-orogenic field and basalt together with some paleosome and leucosome samples plot in the
mantle fractionates (Fig. 19A). This tectonic setting is also confirmed by the Zr vs. Zr/Y discrimination diagram of Pearce (1983) which
shows basalt, granodioritic paleosome and granitic leucosome as oceanic arc type and other granitoids as continental arc type (Fig. 19B).
The Y+Nb vs Rb and Y vs Nb geotectonic discrimination diagram (after Pearce et al., 1984) showed basalt and quartzolite plot in the
volcanic arc field while granitoids plot in the volcanic arc and syn-collision granitoid fields (Fig. 20). The SiO2 vs K20; SiO2 vs
Fe20s/(Fe203+Mg0O), M/AFM vs F/AFM and C/ACF vs F/ACF tectonic discrimination diagram of Maniar and Piccolli, (1989), shows
the granitoids plot in the fields of island arc (IAG), continental arc granite (CAG) and continental collision granite (CCG) (Fig. 21).
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7. Discussions

Basalts are massive showing mineral assemblages of olivine + pyroxene + plagioclase + biotite. Granitoids have mineral assemblages of
quartz + plagioclase + K-feldspar + biotite + pyroxene + hornblende + muscovite + staurolite. Migmatites of granodioritic compositions
and syenites are characterized by mafic microgrannular enclaves. The basement granodioritic paleosome, granitic leucosome and
granodioritic granitoid gneiss in Kugu, are typical S-type. The paleosome also are characterized by high temperature quenched clino-
pyroxene minerals, meaning metamorphism may have reached grannulite facies locally (Oluyede et al., 2021b). The most important
petrographic and geochemical evidence for magma mixing is found in the migmatites with alternating S-type mafic paleosome of dioritic
and granodioritic composition, granitic leucosome and mafic micro granular enclaves in syenites. Mafic enclaves may reflect mechanical
interaction (mingling) and partial chemical hybridization (mixing) of basaltic magma with the host granitoids; which suggest the
involvement of mafic mantle-derived magmas in granite petrogenesis as commonly observed within the granitoids suites in the Lachlan
Fold Belt (LFB) (Grey, 1984). Evidence of mixing is shown in La/Nb-Ti variation diagram (after Pearce et al., 1990) (Fig. 22A) where
basalt samples are gathered in areas close to MORB and OIB, while diorite and granodiorites, syenite with few granites and granite
gneiss samples show evidence of mixing; granites samples plot in subduction melt areas. Additionally, La/Nb versus Ba/Nb plot (after
Jahn et al., 1999) (Fig. 22B) shows that basalts might have evolved from primitive mantle with MORB components (Fig. 13) and
granitoids of arc volcanics. Moreover, incompatible, LREE and HREE in basalts are characteristically low, which is typical of back arc
and MORB (Table 3 and 4; Fig. 13). Wide variation in SiO2 content in the granitoids is usually interpreted as fractional crystallization
and is characteristic of I-type granite (Azevedo and Nolan, 1998); its well-defined linear trend might be the result of either hybridization
or fractionation (Chappell and Stevens, 1988; Hassanen et al., 1996). The positive and negative correlation with increasing SiO2 and the
slightly scattered trend in K20, Na2O and Al20s suggests different geological processes, such as mixing or even distinct effects that
should be investigated (Rollinson, 1993). Low SiO2 content (49.56 - 49.72) typical of basalts, and relatively uniform composition
compared to the granitoids suggests two different compositional trends. The high content of Na2O means that Na has not been removed
from the source rocks (Chappell and White, 1992). Naz0 values of < 3 wt % and high K2O/Naz0 ratios in the dioritic and granodioritic
rocks are characteristics of S- type granite, while Na2O with > 3 wt % and low K20/Na20 ratios in the granite, syenite and Marinai
granodiorite are of I- type granite. Additionally, negative correlation of P2.Os with increasing SiO2 and low K20/NazO ratios are
characteristics of low-temperature I-type granites (Chappell et al., 1988), which may have resulted from fractional crystallization of
basalt and dioritic mantle material and partial melting of pre-existing heterogenous metapellitic-amphibolitic protoliths (Sun and Chen,
1992, Robert and Clemens, 1993; Ajaji et al., 1998). The granodiorite and granite and syenite may have been derived from partial
melting and variable mixing between mantle-derived mafic magma end members and crustally derived felsic end members (Chappell and
White, 1974). General decrease in CaO content from rock with low SiOz to high SiO:is as a result of fractionation of plagioclase, calcic
amphibole (hornblende) and biotite.

High K20 content (> 2.5 wt %), Large lon Lithophile Elements (LILE) and negative Nb and Ti anomaly reinforces the calc-alkaline
character and geochemical indication of a subduction related environment (Whalen et al., 1996; Soesoo, 2000; Ferre et al., 1998;
Grigoriev and Pshenichny, 1998, Rottura et al., 1998). The positive Pb anomaly is more pronounced in all the rock types owing to the
decay of the high uranium content. The Th/U ratios (1.06 - 3.16 in granite, 4.29 - 4.6 in syenite, 3.4 - 5.4 in granodiorite and 0.33 - 4.34
in granite gneiss; and up to 6.64 and 12.0 in granite leucosome and quartzolite respectively) are an indication of contributions from
crustal and mantle materials; rocks derived from the upper crust are characterized by ratio >4, whereas ratio <4 has been related to a
mantle contribution (Cullers and Podkovyrov, 2002; Roddaz et al., 2006). Variation in content and behavior of lithophile elements (Ba,
Sr and Rb) is very useful in magmatic evolution controlled dominantly by fractional crystallization, partial melting or more complex
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processes (Dall Agnol et al. 1999). Sr- Rb-Ba and Ba-Rb-Sr ternary diagram revealed enrichment in Ba, Rb and Sr; typical of High Ba
and Sr granitoids (HiBaSr) as defined by Tarney and Jones (1994) (Fig. 18A) and diverse granite trend such as granodiorite and quartz
diorite; normal, anomalous”and strongly differentiated”granite (El Bouseily and El Sokkary, 1975). Strongly differentiated granites are
those that are distinctly impoverished in Ba but enriched in Rb. They represent a very late stage of differentiation. Anomalous
granites”are those that have undergone chemical changes (e.g metasomatism) or were not formed by simple mechanism, while normal
granites”are those that are characterize by normal”distribution of the three index lithophile elements (El Bouseily and El Sokkary 1975).
The wide range of Rb in the mafic, intermediate and acid rocks (Table 3) is an indication of crustal contamination with mantle materials,
and that subduction-related granites have a much wider range of Rb values than the true’ORG (Flagler and Spray, 1991). The Ni
concentration in basalts and diorites varies from 51.9 to 134.8 ppm (Table 1) indicating that they might have evolved from primitive
mantle as seen from La/Nb versus Ba/Nb plot (after Jahn et al., 1999) (Fig. 18A). Ni concentrations in tonalities, granodiorites and
syenites vary from 14.3 to 35.2 ppm indicating that their source was not primitive mantle but may be a fractionally crystallized depleted
mantle (Machado et al., 2005); an indication that mantle materials are from more than one source. This is also validated by the Zr-Ti/100-
3*Y, Zr-Ti/100-Sr/2 ternary and Zr versus Ti binary diagram (after Pearce and Cann, 1973) (Fig. 23) where basalt plot in MORB and
IAT field. Ternary disgram of Mullen, (1983) and Meschede, (1986) also shows basalt plot in the field of back arc and mid ocean ridge
basalt (Fig. 24). Slightly higher concentration of Ni and Cr in syenite may have resulted in mafic microgrannular enclaves which are
harder to melt restite formed during intense metamorphism. Restite is an important constituent in fractional crystallization and igneous
differentiation processes and represents the product of quenching of basaltic liquid by I-type granite magma (White, 2001; Flagler and
Spray, 1991). Granitoids have also been delineated as continental arc and basalt of oceanic arc from the Zr vs. Zr/Y discrimination
diagram of Pearce (1983) (Fig. 19B); this is supported by the post-orogenic plot of Y+Nb vs Rb and the Y vs Nb geotectonic
discrimination diagram (after Pearce et al., 1984) where basalts and granitoids plot in the volcanic arc and syn-collision granitoid fields
respectively (Fig. 23).

A comparison of geochemical characteristics of the granitoids in this study with those from other parts of Nigeria and the world (Table 5)
revealed that they are very much similar to those of the Pan-African granitic rocks in the schist belts and those located in the eastern
terrane of Nigeria. These characteristics include calc-alkaline, metaluminous and peraluminous character, high iron and LILE enrichment
with strong Nb and Ti anomaly. Compared with published analyses of basalt and amphibolites from Nigeria and elsewhere in the world
(Table 6); the Kushaka Complex basalt are remarkably similar in bulk geochemical compositions, except for its higher Ca and lower Na
content. Basalt is characterized by low K20, Rb, TiOz and low Na;O/K20 values (Tables 2 & 3). This chemistry is consistent with their
eruption/emplacement in a zone of oceanic rifting, near a subduction zone. Their tectonic setting is similar to those of most Pan-African
granitic rocks whose chemistry is characteristically consistent with an arc or syn-collisional tectonic regime (Fitches et al., 1985;
Danbatta, 2002). The high-K calc-alkaline, alkalic to calcic, magnesian and metaluminous character of the Kushaka granitoids make
them similar to the Caledonian granitoids, otherwise variously known as high-K alkali-calcic granitoids, post-orogenic granitoids,
shoshonitic granitoids and K-rich calc-alkaline granitoids (Frost et al., 2001).

Table 5: Comparison of Geochemical Characteristics of the Granitic Rocks in the Kushaka and the Birnin Gwari Schist Belts with Those in Other Parts of
Nigeria and the World

North Central SE Nigeria (4) Camero This
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cal P o L Adama  Sudan Poland( K Kushak
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stics @) @ ) (30) = ) ®) Massif ©) Birnin
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SiO2 wt 62.72- 71.34- 66.61- 63.47- 65.4- 64.17- 64.75- 57.66- 64.02—
% 635-704 75 09 7396 8689 7091  69.89 7719 7627 7206 0076 53-8 7,58
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Explanation: No 1: Olanrewaju and Rahaman (1982); Egbuniwe et al., (1985); 2: Rahaman et al., (1998); 3a: Onyegocha (1986); 3b: Obiora and Ukaegbu
(2007); 4a:Rahaman et al., (1988); 4b: Obiora, (2012); 5: Okonkwo and Winchester, 2004; 6: Haruna, (2014); 7: Lissan & Bakheit, (2011); 8: Baginski et
al, (2007); Karacic et al., (2008). 3a and b were computed by Obiora and Ukaegbu, (2009).



International Journal of Advanced Geosciences

59

Table 6: Comparison of Analytical Results of Rocks Similar to Basalt of the Kushaka Complex

Sample wt% 1 2 3 4 5 6 7 8 9 10 11
SiO, 49.64 49.03 47.11 51.11 50.11 46.88 49.00 51.20 51.40 49.30 51.10
TiO, 1.29 0.63 2.05 2.42 0.55 2.60 1.09 0.96 0.69 1.49 1.60
Al,05 14.23 22.84 16.57 13.52 14.75 20.75 14.80 15.20 14.85 17.00 16.20
Fe,03 11.83 11.48 13.31 14.51 - 11.46 - - - - -
MnO 0.18 0.04 0.26 0.22 0.21 0.05 0.19 0.22 0.53 0.10 0.17
MgO 7.88 6.63 6.59 5.04 8.56 = 6.36 6.40 6.36 7.20 6.20
CaO 12.20 7.83 1.08 8.75 10.34 7.80 9.75 10.70 12.16 11.70 9.90
Na,O 1.40 1.55 1.65 2.79 0.63 3.25 2.07 2.80 2.19 2.70 251
K20 0.26 0.02 0.28 1.13 0.20 0.78 0.25 0.20 0.51 0.16 0.70
P,0s 0.11 0.01 0.52 0.39 0.07 - 0.19 0.14 0.14 0.16 0.22
Ppm

Sr 144.50 3 267 371 45 = 124 102 = 130 400
Zr 82.90 32 85 220 15 - 110 57 130 45 -

Y 23.40 18 22 49 17 - 25 22 36 43 32

Ni 93.85 125 146 59 85 = 150 166 123 97 85
Co 80.55 185 46 - 28 56 48 60 66 32 39
Cu 59.25 24 124 398 185 99 100 111 68 77 127
Zn 84.05 64 170 109 = 60 100 115 = = 100

1: average Kushaka Basalt (present work); 2: average Zuru amphibolite (Danbatta and Garba, 2007); 3: average llesha, amphibolite, SW Nigeria (Olade
and Elueze, 1979); 4: average Jebba amphibolite, SW Nigeria (Okonkwo and Winchester, 1996); 5: average Burum amphibolite, Central Nigeria (Elueze
and Okunlola, 2003); 6: average Obudu amphibolite NE Nigeria (Ejimofor et al., 1996); 7: average Archaan metabasalt, Canadian Shield (Glikson, 1971);
8: average Archaen metabasalt, W. Australia (Hallberg, 1972); 9: average Dhowar metavolcanis, India (Nagvi and Hussain, 1973); 10: average Oceanic

tholeiite (Engel et al., 1965); 11: average tholeiitic basalt (Manson, 1967; Prinz, 1967).
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Fig. 21: Major Element Based Geotectonic Classification of the Granitoids (A) Sio vs K;0; (B) M/AFM vs F/AFM; (C) Sio, vs Fe,03/( Fe,03+Mgo); (D)
C/IACF vs F/IACF (After Maniar and Piccoli, 1989). Field IAG=lIsland Arc Granitoids, CAG=Continental Arc Granitoids, CCG=Continental Collision

Granitoids, CEUG=Continental Epeirogenic Uplift Granitoids, OP=Oceanic Plagiogranites (Symbols as in Fig. 6).
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Fig. 22: (A) La/Nb vs. Ti (Ppm) Plot of Pearce Et Al., (1990) and (B) Ba/Nb vs. La/Nb Plot of (After Jahn Et Al., 1999) of Granitoids and Basalt Showing
Magma Mixing and Setting. SMZ=Sub-Duction Zone Magmatites; MORB=Mid Ocean Ridge Basalt; OIB=Ocean Island Basalt (Symbols as in Fig. 6).
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Fig. 23: Zr-Ti/100-3*Y, Zr-Ti/100-Sr/2 Ternary and Zr versus Ti Binary Basalt Tectonic Discrimination Diagram (After Pearce and Cann, 1973)
(Symbols as in Fig. 6).
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Basalts. Al=Within Plate Basalts, All=Within Plate Tholeiite Basalts, B=MORB, C=Back Arc Basalts, D=Volcanic Arc Basalts; |IAT=Island Arc
Tholeiite, MORB=Mid Ocean Ridge Basalts, OIT=Ocean Island Tholeiite, OlA=Ocean Island Arc, CAB=Continental Arc Basalt.

The collision that resulted in the evolution of magmatic rocks took place under extensional and compressional regimes, and preceded by /
or contemporaneous with subduction of the lithosphere beneath an ancient oceanic crust at the eastern margin of the West African craton
underneath the Tuareg shield (Obiora, 2006, 2012); this resulted in Eburnean and Pan-African deformations as well as Pan-African
intrusion of calc-alkaline granites and volcanics (Danbatta, 2010) supported by the presence of basic to ultrabasic rocks such as extrusive
basalt in the Kushaka schist belt (Oluyede, et al., 2021a) and calc-alkaline volcanics and hypabyssal rocks in the Anka schist belt
(Agunleti et al., 2020) in the Nigerian sector. This has also resulted in characteristics ophilitic complexes and a high positive gravity
anomaly in a narrow zone within the Dahomeyide orogen, located at the southeastern margin of the West African Craton in Togo and the
Benin Republic (Schluter, 2005). Comparison of geochemical characteristics and ages of these granitoids with others Pan-African
granitoids in different parts of Nigeria (notably in southwest, southeast, north-central, northwest, and northeast) revealed their similarities
and their relation to the Pan-African granites also referred to as Older Granite. All the ages determined from the granitoids are Pre- and
Pan-African while the Pan-African granites showed consistency and correlates well (Table 1 & 5).

8. Conclusion

Petrographic and geochemical data have revealed that the Kushaka and Birnin Gwari granitoids and associated volcanic rocks consist
dominantly of diorite, granodiorite, tonalite, granite, and granitoid gneisses and basalt. The early granitoids are product of metasomatism
and granitic injections while the later granitoids are syn-tectonic and late orogenic. Plagioclase, biotite, hornblende, pyroxene and olivine
fractionation played an important role during their genesis through a continuous fractional crystallization of basaltic and partial melting
of older dioritic-granodioritic source rock in the deep crust which were themselves ultimately derived through fusion of mantle materials
contaminated by continental crust and enriched by fluids derived from the oceanic crust in an arc setting. They are characteristics by two
different geochemical trends; mixed tholeiitic and calc-alkaline character, ferroan and magnesian, metaluminous and peraluminous, I-
and S-type components with selective enrichment in Pb, Rb, Th, Ba and depletion in Nb, Sr, P and Ti in volcanic arc and syn-collisional
setting. The granitoids revealed enrichment in Ba, Rb and Sr; typical of High Ba and Sr granitoids (HiBaSr) and with diverse granite
trend such as granodiorite and quartz diorite; normal, anomalous”and strongly differentiated; contaminated with mantle materials and
their source may be a fractionally crystallized depleted mantle. Basalts are tholeiitic with Fe and Mn enrichment and have evolved from
primitive mantle; indications that mantle materials are from more than one source, and originated as back arc and mid-ocean ridge
(MORB) type. Basaltic magmas from the sub-circular Kushaka Complex has resulted in complete change in the genesis of magma in this
region. Granitoids and their associated rocks may have formed behind subducted Pan-African plate due to the effects of tensional forces
caused by oceanic plate roll-back which leads to a zone of extension parallel to the island arc. Granitoids are similar to others in the
Nigerian Basement Complex and schist belts in the north and eastern parts of the Pan-African mobile belt, while associated volcanic
rocks are similar to to ophiolites and amphibolites in other schist belts in Nigeria schist belts in Nigeria forming a lateral continuation of
the same mobile belt.
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