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ABSTRACT

This research work focused on tipetrological and geochemical characteristics of the
granites and pegmatites in therthern part of Mandara Hills part of sheet 114 (Gwoaa),
as to constrain their evolahary history and taletermine their mineralizath potential,
based on new sets of petralcg) and geochemical data. The area is underlain byhmng
migmatite gneiss, amphibolites, granite suites, aplite and pegmatites. The granite suites vary
in texture and composition and comprise of diorite, medyrained biotite hornblende
granite, porphyritic biotite granite, coarse grained biotite granite, medium grained biotite
granite, fine grained biotite granite and tectonised granite (cataclasite). Two types of
pegmatites have been mapped in the areae-Tyggmatite occurs as large olaped
bodies trending in &V directions, and typd occurs mainly as veins often cresstting
their host rocks and strike mainly in the 188V direction.

The results obtained revealed that the migmatiticisgnés metaluminous, cal
alkaline and was derived from igneous protoliths. The amphibolite has tholeiitic chemistry
and TiQ versus Si@discrimination plot shows that it was derived from igneous protoliths.
The granite suites on the othénand, are feran, calealkaline, metalumnous to slightly
peraluminous-type granites. The high Th/U (greater than 2.5), high K and Rb contents, as
well as negative distribution trends of Ba, Sr and Nb on trace elements spider diagram
suggest crustal source for the gtes. The strong negative correlation of most major
element with increasing acidity (Sifoon the Harker diagram suggest that fraction
crystallization has played a significant role in the evolutionary history of the granite suites.

The two tyes of pegmatites mapped in the study area differ significantly not only
in their field occurrences but also in chemistry. The dypegmatite shows negative Ce
anomaly and has high Rb but low Sr and Ba contents. This pegmatite is also moderately
fractionated but barren with respect to ranetal mineralization. However, the pegmatite
hosts Aferroan pyr ol0.00amn% of Me()28.88wt. % ReOgandnt ai n
33.20 wt. % of SiQ. The mineral is considered as a potential ore of manganese. This
pegmatite probably formed from fractional crystallization of a flux bearing granitic melts
and is cemagmatic with the granite suites. The tipgpegmatite, on the other hand is
characterized by low Rb but high Ba and Sr contents. This pegmatite isyaiant barren
and probably formed from the anatexis of granitic rocks at shallow depth.
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CHAPTER ONE

INTRODUCTION

1.1GENERAL INTRODUCTION

The study area lies in the northern part of th& Mending Mandara Hillsrortheastern
Nigeria. The area is considered as the northern extension of the -ObaduMassifs irthe
southeastern Nigeria separated only by the Bémoegh (Abaa and Najime, 2006). The
areais underlain bymigmatitic gness, amphibolites, granite suitegplite and pegmatites.
The granites which are in most places intrubdggegmatites constitute ai sixty percent
(60 %) of the total crystalline basement rocks in the area.

Granites are deegpeated igneous rocks composed of quartz, mica, feldspars and
ferroomagnesian mineral such as amphibole or pyroxene, in grains sufficiently large to be
distingushed by the naked eye and possessing a texture produced by the crystals as a whole
interfering with one another's free development (Read, 1948). Geamisel strictas rich in
potassium feldspar (up to 65% of feldspars) relative to plagioclase, anchiggs@ntent of
quartz (2060%). However with increasing plagioclase gotassium feldspar ratio, and
increasing calcium / sodium ratio in plagioclase, granite grades into rocks called granodiorite
(plagioclase constituting 680% of feldspars) and tongdi(plagioclase constitutingd-100%
of feldspars). In additignwith decreasing quartz content (quartz less than 2@%aites
gradeinto (potassium feldspar rich) syenite or monzonite (Myers, 1997). Granitic bodies
carry abundant information regarditigeir mode of emplacement, sources of melts and the
processes of magma evolution occurring at depth (Audrius, 2004). Apart from their
compositional features, granitic plutons also contain information on the fields of stress that
prevailed during and aftegheir emplacement. Such information is recorded by a range of
structural elements varying in scale from millimetres to tens of kilometres. The study of these

structural elements also allows conclusions with regard to the geodynamics of crustal plates



during the times when the granitic plutons were emplaced. For all these reasons, the study of
granitic intrusions at various scales and regarding various aspects and properties is considered
very important to the understanding of the development of continemnistl and the related
platetectonics processes (Audrius 2004).

Many types of granite are associated with pegmatites which may form pods within
the granite or coalesce upward and segregate toward the roof of the parent granitic pluton.
Pegnatites may also intrude in form of dykes into the surrounding rocks and emanate from
the carapace of the pluton, and are in this case defined as epigenetic pegmatites. Pegmatites
host an exceptionally diverse range of economic commodities, and academastiim them
stemmed in large measure from the scientific quest to understafmorag processes. The
origin and internal evolution of pegmatites continue to be debated on some fronts. Different
models that have been proposed by the early decades 2tth century include

(1 precipitationfrom an aqueous fluid phase

(i) crystallization of silicate liquid tlmugh an aqueous fluid interface

(iii) crystallizaton from a hydrous silicate gel

(iv) crystallization froma flux-rich silicate liquid

(v) Crystallization of a granitic melt from margins to center.

Each of these models has its advocates today (London, 2011). However, most researchers
believe that pegmatites are products of flis&durated residual melts with ndeplogranitic
compositions.These melts evolved from granitoids intrusions at a last stage and at
emplacement depths sufficient to prevent vapour loss typical of volcanic anrdunizeae
magmatic systems (Anderson, 2013).

The compositions of pegmatites reflect an assiociahostly with two granite types,

the Sandthe At ypes. H o yaadvEetr(2005)Lnew ascribed a small fraction of the

LCT and NYF pegmatite totlype granite source. Pegmatites of the LCT family, especially



those enriched in Li, Cs, B, and P, ghggredominate over all others. They indicate that
the metamorphosed juvenile sediments from whietyp® granites arise are particularly
prone to yielding pegmati®rming melts. The abundance of fluxing components in the
sources of Sype and Atype make them distinct from-type granite. These fluxing
components include ligands other than silica and alumina that predominantly influence the
properties of pegmati®rming melts. Sype sources are especially enriched in B, P and F,
which is contributedby the eventual melting of amphibole and biotite. The archetyyalel
granites found in subduction zones are notably rich in Cl and are hydrous, but are largely
devoid of the fluxing components. They generate enormous volume of quartz veins but lack
pegnatite to any significant extent. This distinction points to an essential role for fluxing
components like B, P and F, alongwithH i n t he f or mat i petal,of pe

2012).

This research work seeks to study the petrologicdlggochemical characteristics of
the granites and pegmatites in the study area so as to constrain theiloeapjuhistory
and alsodetermine their mineralization potential, based on new sets of petrological and
geochemical data of the rocks. The impefas this research work is based on the
understanding that detailed petrological and geochemical data of crystalline rock units often

yield valuable insight into their evolutionary history and mineralization potential.

1.2LOCATION AND ACCESSIBILITY OF TH E STUDY AREA

The study area is located in the northeastern part of Nigeria situ#tad iatitude
11°00' and 11°15' N and longitude 13°35 a n d  1It3ies t Ghe northern part of the-N
S trending Mandara Hills (Fig. 1). The Mandara Hills are parthef ObarObudu
MandaraGwaza Complex which lies in theasternpart of Nigeria (Abaa and Najime,

2006). The hills are separated from the OBdoudu Massif by the Benue Rift Trough. To



the north, the hills are bordered by Cretace®sistocene Chad Bassediments and to the
west by the TertianQuatenary BitBasalts. Owing to the rugged nature of the terrain, the
area is relatively inaccessiblelowever, Liga Hill, which is an extension of the main
Mandara Hilk, is accessible through a motorable roaat teads from Gwoza to Damboa.

Places such as Atagara, Pulka, Ngoshe amubbdgda are accessible througimor road

and footpaths.
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Fig 1.1: Location map of the study are

1.3 CLIMATE

The area lies within the tropical climate zart@racterizdoy two main seasons (wet
and dry seasonsThe wet season covers the period from May to September with a peak in
August. Mean annual precipitation is about #atn (Ostaficzuk,1996. The rains are
commonly accompanied by thunderstorms andlipdadt for more than three hours at any
given time. The effective precipitation is appreciably reduced by high rate of evaporation
and evapotranspiration. The dry season is longer, usually lasting seven months {October
April). Temperature variations arexteeme (both annual and diurnal). Cohlights are
experienced in December and January when temperatures of less than 10°C ard bertord
during the day, temperature could rise to over 26°C (Baba 199@).hamattan period
(NovemberFebruary) iscommonlycharacterizedy low humidity due to prevaleMNE-SW
trade wind. During this period the tradénds are laden with appreciable amount of dust
particles which frequently obscure sghit and lead to poor visibility (Ostaficzuk996.
The trade wind and stassociated dust commonly cause irritatiand discomfort The
hottest days occur between April and June during which, tiemperature of over 38°C
could berecorded. The prolonged dryness and short rain fall coupled with high rate of
evapotranspiration limits the roakater interaction which results in low chemical

weathering of the rocks.

1.4VEGETATION AND LAND USE
Vegetation is characterized by sparséigtributed short trees and grass cover
typical of Sudan Savannah. During the dry season, the grasses dry up and the trees shed

their leaves. The common plants includcacia albida, Adansonia digitata, Melia indica,



Delomix regia, Palmae and Adenium ot all of which possess the ability of storing
water in them against the long dry seag¢Ostaficzuk,1996. Soils are poorly developed
but commonly sandy with few claych patches. The Northeastern State Survey and
Planning Report by Max Loc Group Niger(1976) grouped the inhabitants of the area into

three farming communities namely:

(a) The FADAMA (flood plain) community who live and farm on the few flood
plains;

(b) The TABKI (pond) community who settle around the water retaining ponds for
the greater partfahe year and

(c) The FIRKI community who live and farm on the clay flat lands.

Crops produced in the area include guinea corn, millet, maize, beans, groundnuts, onion and

tomatoes. Hides and skins are however the major agricultural cash prothecairea.

In addition to natural climatic factors, annual bush burning and heavy grazing
constantly keep the vegetation low throughout the year. Most of the few trees that survive

the bush fires are used in towassfuelfor cooking.

1.5 RELIEF

The Liga and the main Mandara Hills form prominent parallel and elongapesytaphic

units in Gwoza area. The hills are about 2008bove the sea levelhe lowest elevation in
the area is about 200 m above sea léMet general topography of the areaamthated by

the rugged Mandara Hills which extend from Pulka in the north to Hambagda in the south.

1.6 DRAINAGE
Drainage is poorly developed in the area and is characterized by few seasonal
streams withrellis to dendriticdrainagepattern. The streams rise from near the foot of the

hills and flow northvards into the surrounding plain (Fig 1.1).



1.7 PREVIOUS WORK

Falconer (1911) studietthe geology of the crystalline basement compleXigeria.
Heintrode ed t he term fi©l deétee b@Ggesmuanitedofthe basement
complex which are mainly Pahfrican in age from anorogenigranites of northadral
Nigeria which are mostly Mesozoin age.Okeke (1980) carried out petrological and
geochronological studies of somaeks around Liga Hillsiortheasten Nigeria He reported
that the liga Hill is composed of granites and pegmatites .The granites afdriean in
age. Garba (1986) studied some cataclastic rocks in Limankara area, south of Gwoza
northeastern Nigeria.&ording to the author, threataclastic rocks occur in a inkwide N
S trending shear zones, which cut through theegising basement rocks. He notéuht
the cataclastic rocks developed under fast growing stress during the final stage of the Pan
African Orogeny.Islam and Baba (1989studied the mineraation potential of the
northern part of the Mandara Hills and reported the occurrence of mandeaese) ore
associated with pegmatites, large crystals of pure milky quartz and feldspars, and some
heary minerals such as; monazite, leucoxene, zircon, apatite, magnetite, cassiterite in
streams sediments in Pulka and Ngoshe area. A proven reserve of quartz and feldspar at
Liga Hills has been put at 1,336,038 and 648,372 metrics tons respectively andergyc
being mined in the area (Islam and Baba, 19B8pa (1990) studied Petrography and alkali
feldspar geochemistry of rocks in Liga Hills (an extension of the main Mandara Hills). He

noted that the rocks are-genetic and have crystallized from @i mainly crustal origin.

Okeke (1990) studied the geochemistry of volcanic rocks in Kirawa area
northeastern Nigeria. The author noted that the rocks are peralkaline and were derived from
the same parental magnmBabaet al, (1996) and Baba (1997) sted the petrology and
geochemistry of Liga Hill granitoids and noted that the rocks argeoetic and have

crystallized from melts that areafttionated to different degreesbaa and Najime2006



noteda good similarity between the Ob&budu Massif andMandaraGwoza Complex.
According to these authors, the two zones are separated by the Benue rift trough. Rock
typesthat aresimilar in the two zones includgneisses, migmatites, charnockites and series

of granites and granodiorite. Theseithos also casidered the whole Ob&dbudu
MandaraGwoza Complex as a possible metallogenic province in NigBaha et al,

(2006) studied the petrogenesis of some granite in Pulka area and noted that the granites
mainly show itype characteristic though someades of Sype feartures were also
observed. The granites wer e .Basshystalg 2006)t | vy
carried out a LANSAT study asome part othe northeast basement region and northern
Cameroun and identified some NV, NS, EW amd NW-SE trending structures in

Limankara area which extend for overi@ southward.

1.8 STATEMENT OF THE RESEARCH PROBLEM

The geology of thedsement complex of northeast@&tigeriawhere the study area
is situated is the leagéinown in the country. Mayity of the work done o the area are
essentially preliminary in nature. Although the presence of pegmatites was reported by
Islam and Baba (1989) in the northern part of Mandara Hills, northeastermaNigedetail
work has been carried out on suchmatjtes. By contrast, similar pegmatite which occur in
other parts of the country have been stddéxtensively in the nortkntal to northwestern
Nigeria byJacobson and Webb @8); Kuster (1990); Garba (2002003); Adekeye and
Akintola (2007); Akintda and Adekeye (2008)Okunida and Ocan (2009gnd in
southwestern Nigeria biatheis (1987);,0Okunlda and Oyedokun (20090kunlda and
Akinola (2010); Akintolaet al, (2012)] as well as in theutheastern Nigeria &chuiling
(1967); Wright (1970);Ekwueme and Matheis (1995Kingsley and Ekwueme (2009);
Oden et al., (2013) among others. Abaa and Najime (2006) have proposed that the

pegmatites and quartz veins in the basement rocks of the-QthathiMandaraGwoza



Complex should be target for minerakploration since gem minerals and tin with
associated tantalite have been reported in some of the areas. However, no known mineral
potential study on the area has been dtmvell therefore be a worthwhile research to study

the geology, geochemistry asttuctural settings of such pegmatites as wethagranite

suites that are spatially associatgth the pegmatites in therea.

1.8SCOPE OF THE PRESENT WORK

The present worknvolved geological mapping of the study area orsaale of
1:50,000followed by petrographic studies of the rock samples collacsédy petrological
microscope Whole rock geochemical analyses rejpresentative samples of the granite
suitesand feldspars extracted frotime pegmatites was undertakesing ICRMS ard ICP-
AES. Mineral identification wasarried out usingMiniFlex Benchtop Xray diffraction
Instrument Variation in concentratiorof major, trace and REE elemerits the granite
suites was used to determine their geochemical features and petrogenesis. The geochemical
composition offeldsparswas usedto establish the geochemical signatures, mode of
evolution, and mineral potential of pegmatites in the study area in line with the work of
Gordiyenkg (1971, yEktalZ6G) 9 81 J(E82)Mellermnd Morteani (1987);
Sheareret al.,, ( 1 9 8 5)y; and Mleaintzer (198); Neiva (1995); Larsen (2002). In
addition, an attempt wamade to establish the genetic relationship between the pegmatite

and the granite suites with which they are igiflgtassociated in the study area.



1.100BJECTIVES

The objectives of the research are:

i. To produce geological map of the study area on a scale of 1:50,000
ii. To determinghe geotectonic setting and petrogenesis of taritg suites and
pegmdaites
iii. To evaluate the geochemical signatures of the pegmatites and the surrounding
granites.
iv. To establish and describe the chemical and mineralogical variation in a single
pegmatite zones (wall, intermediate and core) and determine the relationship between
the zoned and unzone (simple) pegmatites.

v. To update mineralogical and geochemical dateagkment rocks in the study area.



CHAPTER TWO

REGIONAL GEOLOGY

2.1 INTRODUCTION:
This chaper focuses on a review dhe regional geology of Nigeriddore emphasis
is given to the basemenbmplex which consists of the Migmatitegjsses complex, the

metasedimentand the @der Granite suites.

Nigeria is underlain by Precambrian basement complex rocks, anorogenic Younger
Granites of Jurassic age, Gze¢ous to Recent sediments and Tertiary to Recent volcanic
rocks. The basement rocks occupy about half of the land mass of the country (Black, 1980).
2.2The Nigerian Basement Complex

The Nigerian Paf\frican Basement is part of an Upper Proterodmever
Phanerozoic mobile belt situated between the West African and Congo Cratons (Fig 2). The
belt is interpreted to have evolved by plate tectonic processes which involved continental
collision between two blocks, the passive continental margin of the Mfiesan Craton
and the active continental margin (Pharusian belt) ef Thareg Shield about 600 Ma
(Burkeand Dewey, 1972; Leblant981; Blacket al.,1979; Cabyet al.,1981; Ajibadeet
al., 1987; Garba 2002). The Nigerian Basememin@lex lies in theeactivated pardf the

belt (Ajibadeet al, 1987).
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Fig 1.1: Location of the Nigerian Basement Complex between the West African and Congo
Cratorsand in relation to Hoggar aRbrborema Provinces (adapted from D&z0)8).



2.2.1 Lithologic units
Thelithology of the basment complex has been describgdnany authors namely;
Oyawoye (1972); McCurry (1976); Woakest @l., 1987); Rahamaifl976; 1988) Garba
(2003); Dada (2006, 2008); Babat (al, 2006) among other The Nigerian Basement
Complex is dvided into three major lithological units. These include:
I.  Polymetamorphic migmititgneiss complex.
ii.  Metasediments

iii. Older Granite suite

2.2.2The Migmatite-gnass Complex

The migmatitegneiss complex is generally considered as the basement complex
ASemwsga i ct oo ( Rah amaén,Abodt h&lf8of the DNigdrian &ethénD
consists of themigmatitegneiss omplex Kroner et al, 2001). It is a heterogeneous
assemblage including migmatized gneisses, banded gneisses and a series of metamorphosed
basic ad ultrabasic rocks. These rocks strongly resemble ttmali-tetrondhjemite
granodiorite(TTG) suites of Archean and Early Proterozoic terrains elsewhere in the world
(Dadaet al, 1993). Petrographic evidence indicates that-Rfaiican reworking led to
recrystallization of many of the constituent minerals of the migmagtiteiss complex
during partial melting, and most display medium to upmenphibolites facies
metamorphism (Dada, 2008) .The gneisses of the migrugtéisss complex are interleaved
with anphibolites that may be derived from Migh rocks such as continental basalts
(Cabyet al, 1990;Dada,1999; Dada2008). However, there are no conclusive age and
isotopic data to elucidate their origin (Dada, 2008). Oyawoye (1972) noted that the banded
gneisses are possibly the oldest rocks in the country, older than granite gneiss thatyielded
Rb-Sr whole-rock isochron age of 21968 Ma. Ajibade (1988) distinguished the ancient

migmatites in northern Nigeria from the PAfrican migmatites by their coptex



polyphase deformation and mylonitization. Possibly because of their mixethanefore
complex nature, it has been difficult to define the protoliths of the banded gnéissesr(

et al, 2001). Some authors suggested that they were metasedia@mied from
graywacke andhale (Freeth, 1971; Burke and Dew&9/72), whereas others interpreted
them as orthogneisses (Onyeagocha 1986; Ekwere andellevd99]1 Kroner et al.,

2001). However, most workers agree that migmatization occurred during upper
amphibolitefacies regionaimetamorphism @yawoye 1972; Onyeagocha and Ekwueme
1990). There is also consensus that metamorphic segregation, partial melting, and injection
of leucogranitic material contributed to the formation of the banded gneisses and migmatites
(Kroner et al, 2001). According to (Dada, 1999; 200@neisses and amphibolites in
Nigeria form a bimodal association whose petrological and geochemical charasteristic
indicate a primary igneousigin. Another study b¥latikpoet al, (2013) revealed that the
gneisgswithin Malumfashi schist belt northwestern Nigeria, have-a#taline affinity and

igneous origin.

2.2.3The metasediments

The metasediments are dive d inienti AMet asedi ment so
Met asedi ment so (Oyawoye, 1972) or AOI di
Met as e d(@oCarryt1976).

The AAnci ent Met asedi ment so (Oyawoye,
(McCurry, 1976) are high gradmetasedimentary remnants in the gneisses and migmitites
and are believed to have been formed about 2,500 Ma (McCurry, 1976). They consist of
calcsilicate rocks, arkosic quartzite and high grade schist that occur as lensoid relics in the

regional greisses or as paleosomes of migitea (Danbatta, 2008).



The HANewer Met asedi mentso (Oyawoye,
(McCurry, 1976) are lowgrade sediment dominated sclysbups and are composed mainly
of pelitic and semipelit schist metacoglomerate, quartzite, cakilicate rock marble,
mafic to ultramafic rocks, acid to intermediate volcanic rocks and rare banded iron
formations (Danbatta, 2008). In the western half of the country, they occur as discontinuous
north-southtrending belts within the basement. There are twelve di soetasedimentary
belts namely:ZungeruBirnin Gwari, Kushaka, Malumfashi, Kazaure, Wonaka, Maru,
Anka, Zuru, Toto, IseyiDyan River, Ifellesha and Igar&abbalLokoja belts (Ajibade,
1976; Turrer 1983; Danbatta, 1999; 2008).The metasediments are poorly represented in the
eastern half of the country and this is attributed by Ajibade (1988) to the strong
migmitization and assimilation effects on the sediments by the large volumes of the Pan
African rocks. However, few outcrops of some mershs the metasedimenparticulary
quartz schist, biotite schistnd calesilicate rocks occur in Gwoza and Ngoshe area in
northeastern Nigeria (Nwabufo and Mbonu, 1988). Furthermoutcrops of some
memlersof the metaseimentsere equally reported in the Oban Massif, Obudu Plateau and

the adjoining @meroon Republic (Ekwuem&990; 1991).

In recent years, much attention has been given to the evolution of the
metasedimentgAnnor, 1995; Adekog, 1996; Olbaniyi, 1997; Annorl998; Danbatta,
1999; 2001; 2003; 2008). The main points of contention thatecortbe evolution of the
metasediments include the timing @rmation of the basin of deposition, their age
relationship,origin of the mafic ad ultramafic roks associated with some of them, and
structural contraol All the models proposed over the years for the evolution of the

metasediments could be classified under ensialic and ensimatic processes.



According to those in fawo of ensialic evolution process, crustal thinning in
response to initial crustal extension and continentahgifat the cratonic margin about 1000
Ma ago, led tadeposition of sediments in a grabléee structures floored by continental
crust. The closte of the ocean at the ¥t African cratonic margin led to deformation and
metamorphism of the sediments and underlying basement resulting in the formation of the
metasediments and reactivation of older basement during thé&fReen orogeny (Russ
1957; Qrawoye, 1964; 1972; McCurry, 1971;718 Vaniman, 1976; Grant978; Chukwu
ke, 1978; Turner, 1983; Ajibadel976; Ajibadeet al, 1987., Danbatta, 1999). Ensimatic
models of evolution had also been proposed to explain the evolution of the metasediments
(Ogezi, 1977; McCurry and Wright, 1977; Ho#t al, 1978; Holt, 1982; Utke, 1987,
Rahamarnet al, 1988; Ajibade and Wright 1989; Danbatta 1991; Elueze 1992). Earlier
proponents of this model attributed the formation of some metasediments (eg.Anka, Ife
llesha and Zuru metasedimentary belts) to the closure of some oceanic basins. They
proposed that some marginal baak basin floored by oceanic material were first fedm
and in which some sediments were subsequently deposited. However, Holt (1982) observed
that the Anka metavolcanic rocks have chemical characteristics of both island arcs and
continental envonments. He concluded that theetasediments were deposited in a retro
arc basin related to subduction processes along the margin of the West Afratan. Cr
According to Utke (1987), these metasediments possibly represent additional

microcontinents that were separated fromgxisting ones.

2.2.4The Older Granite suites

The Older Granite suites comprise thgtectonic to late tectonic granitoids. Vhe
intrude both the migmatitgneiss complex and the metasediments. The granitoids include

rocks varying in composition from granite to tonalite and charnockites with smaller bodies



of syenite, gabbro and pegmatite (Ajibade al., 1987. The granitoid have yielded
radiometrics ages in the range of 7810 Ma which lie within the PaAfrican spectrum.
These Pai\frican granitoids are referred to as the Older Granites in Nigeria to distinguish

them from the Mesozoic anorogenic granite fiogmplexes (tb Younger Granites).

Based on orogenic criteria, Truswell and Cope (1963) grouped the Older Granite
rocks into synkinematic and lakenematic types. The synkinematic rocks are usually
coarse grainedfoliated bodies with gadational contacand containxenolith of thér
country rocks, \Wwile the latekinematic types are commonly fine grained, rarely foliated and

have sharp contacts with the surroundingntoy rocks.

Jones and Hockey (1964) have, on the basis of field relatmnsineralogy and

texture, rcognised three phases of the Older Granite suite:

1. Early phase which comprises rocks of high colour index and relatively complex
mineralogy. The phase comprises of closely intermingled gabbroic, doleritic and
granitic rocks usally intrudedby acid veins. They are of minor occurrence and do
not form distinct topographic featuraad areusually found as xenoliths within the
latter phase. Hockegt al., (1986) havedescribed a number of doleritic xenoliths
within coarse porphyrit granite in LokojaAuchi area.

2. Main phase includes the most dominant and extensive unit of the Older Granite
suites. The rocks, premiminantly medium grained biotieornblende granite and
porphyritic biotite granite, are readily distinguished from otheby their
characterigsc large subhedralpinkish to reddish (occasionally whitish) alkali
feldspar set in a medium to fine grained groundmass oftzjuaricrocline,
oligoclase, biotite andchornblende. In many cases the feldspar megacrysts are

commonly aligned along with the biotite which imparts a gneissose appearance to



the rock. Rahaman (1976) equated this phase to the synkinematic type of Truswell

and Cope (1963)I'he foliation is usually weltleveloped at the margins of the rock

bodies which indicate soe degree of movement during emplacement. Rahaman

(1988) pointed out that the activity of the fluid phase during the emplacement may

also be important in determining the structural feature of the granite mass.

3. Late phase comprises of homogenous gramitewell aspegmatite and aplites
dykes Homogewus granites comprise @he to medium grained biotite and biotite
muscovite granites and granodier Although the homogenous granites are
generally equigranular in some varities the feldspar crystaldlyjodavelop to
megacrystic size. The homogenous granites are second to the coarse porphyritic
granites in abundance and topographic expression. The rocks of this phase generally
lack foliation and are evidently instrusive.

In the northeast of Nigeria, Feret al, (1998) have described hypersthdrearing
monzogranitic and quadmonzonitic rocks of Neoprterozoic age with fepotassic
transalkaline and metaluminous characteristics which have affinity with watata or
postcollisional granites. They assignduese rocks to the pesbllisional stage of the
PanAfrican orogeny. In southeast Nigeria, Ukwang and Ekwueme (2009) have
documented granitic rocks in Obudu Plateau with volcanic arc and syncollisional

affinity emplaced with regard to the Rafrican orogay.

2.2.5Geochronology and Tectonic Evolution of the Nigerian Basement Complex

The common view, based almost exclusively onSRlgating, is that the Nigerian
Basement evolved during a long and polyphase teatwetamorphic htory, including
Liberian (200+200 Ma), Eburnean (2000+200 Ma), Kibaran (1100+200 Ma), and Pan

African (600450 Ma) events (Grant970; Ajibadeet al, 1987; Dada 1998).



According to Dadet al, (1993)and Dada (1998), Pb zircon age of 2.4 to 2.5 Ga
on grey gneisses from northern and southwestern Nigeria suggests distinct crustal initiation
event with significant crustal growth at the Archdmoterozoic boundary (Liberian).
Ajibade et al, (1987) revewed the naturef the early Proterozoic Eburae event in
Nigeria, which clearly indicates its importance and involvement in the evolution of the
Nigerian Basement Qoplex. According to these authors, the Ebamevas probably
accompaniedby sedimentation deformation, metamorphisnand syntctonic igneous
activity. The Kibaran is the most controversial event because no granite of that age is found
in Nigeria. However, Ogezi (1977) obtained a-®bisocchron age of 1086 Ma on the
phyllites from Maru metasedtients, northwestern Nigeria. The author interpreted this as the
age of metamorphism that affected the sediments. This interpretation implies that there was
a major tectonic event in some parts of the Nigerian Basement during the Kibaran. The Pan
African event was related to the collision of Birrimean plate (comprising the present West
African Craton) and the Dahomean (comprising the present day NBemia Shield)
(Burke and Dewey ,1972). The orogeny started with the opening of the Buem Ocean in
Neoproteroic time, its subsequent closure reactivated Dahomean while Birrimean remained
stable.Many workers orthe Nigerian Basement, (McCurry, 1971; Rahaman ,190&hen
et al, 1984) are of the view that the Pdkfrican orogenic event was the latest, most
penasive and penetrative deformation episode, and that it completely obliterated earlier
structures, primary fabrics and metamorphic assemblages of the cor@uiethe other
hand,Grant (1978), Mullan (1979), Ajibade (1988), Fitchatsal, (1985), and Ekwuee
(1987) are of the opiniothat although it was pervasive, the R&nican event did not
completely homogenize the rocks of the basement, so that traces of earlier structures still
remain within the complexMany workers considered the Fy method to benreliable in

dating migmatitic rocks from which most ages older tham RAfrican were obtained



(Kroneret al, 2001). Ajibade and Wright (1989) argli#hat the Nigerian 8sement is an
aggregation of allochthonous terranes, which expléieselicts of Lberian, Eburnan, and
Kibaran orogenic events, as well as the spread of radiometric atipgs thie ParAfrican

range (750450 Ma).

Field evidence has fa very long time (Oyawoye, 197RIcCurry, 196; Rahaman,
1976; Fitcheset al., 1985; Ajibadeet al, 1987) recognized the NigerianaBement as an
assemblage of contrasted termmath a welldeveloped metasedimentary cover to the west
and a largely vestigial crystalline terrain to the east. It is a continuum between the Hoggar to
the north (McCurry, 186) and the Borborema Province to the south (Caby, 1989; Dada,
2008) (Figl.2. Sutures have been proposed along two transcurrent fault zones, and in
particular within the Iféllesha schist belt, which has been interpreted as a-drack
marginal basin (Ramaanet al, 1988), and easterging nappe$Caby andBoesse 2001;
Dada, 2008). Structural studiby Black et al., (1994 andFerreet al, (1996) have also
strengthened the view on the t@sted nature of the NigeriaraBement. The presence of
Archean custal segments in the Nigerian as in Central Hoggar is compatible with an
intracratonic seiihg (Dada 1998). Furthermortine relict Archean ages strongly support the
Continental collision model of Calst al.,(1981) and Caby (1989) that the region aral th
West African and Sao Luis Cratons must have been part ghthe crustal province which
wasrifted apart, reunited and in part reworked in the Late Proterozoic (Etaala 1995,

Dada and Rahaman 1®%®ada, 1998).

2.3 THE NIGERIAN PEGMATITES

Pegmatites occur either asytiveins (few centimeter in wid}tor as dykes cross
cutting other rocks. Occasionally they occur as huge bodies of simple or complex
mineralogy and structar with raremetal and gemstone mineralizatioithe pegmatite

belongs to the terminal stage of P&fmican magmatism (Rahamaet al, 198§. The



Nigerian pegmatites were formed during the time span of 82 Ma, indicatinghat their
emplacements related to the enaf the PapAfrican magmatic activity (Jacobson and
Webb 1946, Garba 2003). Both barren and mineralized pegmatites wahin the

Nigerian Basement Complex (Fig. 2.2)
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Fig 2.2Geological mamf Nigeria showing the location of barren and raretal pegmatites

adapted after (Garba, 2003).

2.3 1 Barren Pegmatites

Barren pegmatites bodies are ubiquitous in the NigerianAR&an Basement.

According to Matheis and Cadrachette (1983), the barren pegmatites are about 100 Ma




older than the rarenetal pegmatites and are not directly related to any apparent intrusive
activity. However, Kinnaird (1984) suggested they are related teatiedtine syntectonic
granitoid. They are found associated with all the major lithologies of the basement, i.e.
gneisess, migmatites, schists and granitoids. The morphology and majeralmin
composition (quariZeldspar mica) are mostly not different from those of the naretal

types (Garba, 2003).

2.3.2 Rare Metal Pegmatite
Rare metal pegmatite were hitherto thought to be known almost exclusively along

the NE SW striking belt coverig about400 km longstretching from the Wamba area (near
the Jos Plateau) in centridigeria to llesha area in sowtkstern NigeriaWright 1970;
Kuster 1990) Recently, ocurrencesof prominent pegmatites have been reported in the
Obudu and Oban massifs southeastern Nigeria (Ekwueraed Matheis 1995Kingsley
and Ekwueme 2009; Odeet al., 2013) Similar raremetal pegmatites are known to
continue into the northeastern Brazil (Holt 1978; Slihgi1967; Garba 2003). Garba
(2003) reported occurrences @fre metal pegmatite in Nasarawa and Richifa in central
Nigeria and Kushaka, Magami and Maradun in the radhktern Nigria. Okunlola (2005)
defined the metallogenyf the rare metal pegmatites in Nigeria and outliidifoad fields,
namely:

i. Kabbalsanlu

ii.  ljero-Aramoko

ii.  Keffi-Nasarawa

iv. LemaShare

v. OkeOgun

vi. Ibadani Osogbo

Vil. KushakaBirnin Gwarri



In most of these areas, there are more than a dorzeinelonseries of dyks, sills and
irregular pegmatiticbodies usually forming ridges. Mineralization is in the form of

dissemination and discrete concentrations of colunthitalite (Garba, 2005).

2.3.4 Structural Control

The ancient lineament system betNigeria Basement Complex has been known to
control the distribution ofraremetal pegmatite with the intersections hosting the richest
pegmatite (Okunlola, 2005). This is especially true in relation to cassiterite,)(SnO
concentration (Ajibde and Wrigh 1989;Okunlola, 2005). This may suggest intermittent
activeness of these lineaments especially in the late Precambrian times. Garba, (2002) and
Okunlola, (2005) noted that rich concentrate of rare metal pegmatites in the late
Precambrian terrain of Niga are concentrated close to major transcurfaotts for
example, the Kalangai, the Ifewaraand the Anka fault systegsrwhich has southern
extension up to the Oke Ogun areas in the south west. The trend of the fault and inherent
displacement is highlyariable according to the type of rock. Mylonitisation, silicification
and localized dextral sense of shearing especially of amphibolite and diorite emplacement
are some of the surface expressions of the faults and these may represent remnants of
obducted ophiolite (Ajibade and Wght, 1989; Garba, 2002; Okunlola, 2005).
Deformational episodes producing tight to isoclinal folds mainly controlled the mineralized
pegmatites in most of the rare pegmatites fields in Nigeria and these isoclinal folds are
linked also to major transcurrent faults (Garba, 2002, Okunlola, 2005). Both the rare metal
and gold mineralizations are associated with prominent regional faults in the basement

complex of Nigeria (Garba, 2002).

2.3.5 Geochemical Features
The raremetal pegméies of Nigeria are generally complex albitised muscevite

guartzmicrocline pegmatites with indiscernible to distinct zonations (Okunlola and Jimba,



2006). Extreme fractionation of lithophile elements such as Rb and Cs is a common
geochemical feature oheé granitic pegmatites, especially theremetal bearing types

(L ey et al., 1985; Garba 2003, 2005). Whiknrichment inRb is an indicator of the
degree of fractionation in the granitic pegmatigsichment inCs appears to be the most
importantdiscriminator of the rarenetal pegmatites. Okunlola (2005) noted that the rare
metal pegmatites of Nigeria are characterized by widespread development of moderate to
intense ditization and lepidolite development and with variable internal structureand

be said to be similar to the albite type and the complex lepidolite subtype df (1986)
classification. He also noted that they are similar to the Woringa pegmatifassiralia,

Heng Shen pegmatites field in China and Buck peigiesain Colorad USA. According to
Kinnaird and Nex (2013), the Nigenaare metal pegmatites share similarites with the
Damaran pegmatites of Namibia with both having LCT pegmatites and-\W 8oh

pegmatites association.

2.3.6 Mineralization Potential

Mineralization potential of the Nigerian ranmetal pegmatites are highly variable
according to the host rock type.-Nb concentrates, which have been won in the Kabba
Isanlu, ljereAramoko, KeffiNasarawa, Lem&hare, OkeéOgun, Ibadani Osogbo and
KushakaBirnin Gwarri fields are usually of varying grade in terms of total pentoxide
enrichmem (Okunlola, 2005). According t®kunlola (2005)the Nigeria pegmatites fields
are relatively poorer when compared with the highly mineralized Tanco (Canada),
Homestead and Woding&({stralia) pegmatites but are comparable to-toedium Ta

(LCT) pegmatites of Buck, Oasis, and Noumas pegmatites in USA.



2.3.7 Origin

The rae-metal pegmatites have both magmatic and crustal charactedisticed by
enrichment of the LREE, magk negative Eu anoaly and relative depletion of the HREE
(Garba, 2005). The magmatic origin of the raretal pegmatites is not disputable from the
REE and lithophile element trends, except that there appears to be evidence of some crustal
influence, possilyl because of their metasedimentary host rocks (Garba, 2003). According
to Garba, (2005) the similarity in their REE distribution pattern in rare metal pegmatites and
the Younger Granites cast doubt on their origin from magmas of the maiectgnic
grantoids (the Older Granites). Garba (2002) suggested that they may have been sourced
from peraluminous lateectonic granites rather than the typically eallkaline syatectonic
granitoids noted by Fitcheet al., (1985). The rare metanriched pegmatiteof
southwestern Nigeria are rather products of partial melting and leaching processes of the
basement units than the truly pegmatitic phase of proximal Older Granites (Matheis and
CaenVachette, 1983). Matheis and Emofurieta (1987) also suggest derichtiare metal
pegmatite mineralization, especially in southwestern Nigeria, from reactivation of deep
seated tectonic lineaments combined with partial melting and external fluid supply. Since
the pegmatites appear to be emplaced alongmiaplts lineamets, the albitzation and
raremetal mineralization may have been due to late stage fluids available at the close of the
PanrAfrican metamorphic cycle (Ekwueme and Matheis 1995), or due taicNa
hydrothermal solutions from the mantle along ancient linedsn@Vright 1970 and>arba,

2002). Kuster (1990) presented evidence to show that the development -oietate
pegmatites of the Wamba area of central Nigeria is genetically related to the late tectonic
granite magmatism which was controlled by the late-&frican NE-SW and NWSE shear
system. Kuster (1990) also noted that since the degree of mineralization can be dorrelate

with the degree of late Nametasomatism (albitization), it follows that both gramé&ated



pegmatites emplacement and subsequémenalization are related to the laertonic shear
movements. It is probable that the host rocks contributed significantly to the individual
characteristic of each pegmatite occurrence, as demonstrated by marked difference between
pegmatite in the soutlest, southeast and central Nigeria (Matheis and Emofurieta 1987;

Ekwueme and Matheis 1995, Garb002).



CHAPTER THREE

METHODOLOGY

3.1 INTRODUCTION

The methalology adopted for this research work consists of field study and
laboratory analysesThe feld studyinvolved geological mapping on a scale of 1:50,000
which was undertaken wittopographt map, geologic hammer, compadimometers and
GPS. he lalwratory work involve sample preparation, petrographic study and
geochemical analysis. €hpetrographic study was undertaken with the aid of petrological
microscope at the d®rographic Laboratory, Department of Geology, Ahmadu Bello
University, Zaria. Fothe geochemical analysis, a combinat@nlCP-MS and ICPAES
techniques was employed the determination of major, trace and REE elements while
mineral idenfication was carriedout using-ray powder difraction techniquesat the

ACME analytical laboratry Vancouver, Canada

3.2 FIELD INVESTIGATION

The field investigatiorwas carried out in two (2) stages, first was a reconnaissance
visit for five daysfollowed by the second field visduring which geological field mapping
was undertaken on a scale of 1(80. Fresh (urweathered) rock and mired samples
were collectedor hand specimen examination. Preliminary observation and identification
of each constituent mineral were carried o8ng magnifying lens. Field data measurement
of strike and dip diretions of lineaments with compasknometer and recording diie co
ordinates of every samplimgpint using Gldbal Positioning System (GPS) were atsoried
out. Other structural impnts like trends of fractures, dimension of veins and dykes were

alsorecorded.



3.3. LABORATORY WORK

3.3.1 Petrography

For the petrographic studies, twelve rock samples were cut into chips with a cutting
machine and subsequenpiglishedusing carborundunpowder of 0.6 0.4and 0.2mm to
obtain slides withrequired thickness and a perfectijnooth surfaceThe prepared slides
were examined under the petrological microscopal¢ntify minerals and othefieatures

that were not hitherto seen with aid of mdginig lens

3.3.2 Analytical Techniques

A total of twenty one (21) sample®mprising(Eleven (11) wholeocks, eight(8)
feldspars, one (1) biotite and orig) unknownmineral were selected for gawemical
analysis. The feldspand biotite samples were extracfieom the pegmatite Thewhole
rock samples consist akpresentative samples of each mappable lithologic which
include migmatitic gneiss, mphibolite, cataclasite, coarse grained biogtanite, medium
grained botite granite, fine grained biotitgranite, porphyritic biotite granitediorite and
aplite. About 1 kg of each sample was broken into pieces with a hammer and crushed into
smaller pieces with a jasrusher. The samples were theregftgiverized in a disc mill for
about two minutes. Eacpulverised samplevas thoroughly homogenized to obtain a
representative portio The samples were thereafter shipped for major and trace elements
anlysis at theACME analytical laboratory ®¥ncouver, Canadasing ICRMS and ICPAES
techniques. In additiomineral identificatiorwascarried outusing XRD.

Major elements were analyzed using inductivebyipled plasma atomic emission
spectrophotometry (IGRES). As a means of dissolving the mineral constituents, the
analytical procedure involved addition of &l each of perchloric acid (HCIQ),
trioxonitrate (V) HNQ and 15 ml Hydrofluoric acid (HF) to 0.5 g of sample. The solution

was stirred properly and allowed to evaporate to dryness after it was warmed at a low



temperature for some houour (4) ml of hydrochloric acid (HCI) was then added to the
cooled solution and warmed to dissolve the salts. The solution was cooled; and then diluted
to 50 ml with dstilled water. The solution wathen introduced into the ICP torch as
agueous aerosol. The emitted lig by the ions in the ICP was converted to an electrical
signal by a photo multiplier in the spectrometer, the intensity of the electrical signal
produced by emitted light from the ions were compared to a standard (a previously
measured intensity of a knowconcentration of the elements) and the concentrations were
then computed. Analytical precisionsrydrom 0.1% to 0.04% for major elements.

Trace elements were analyzed by Inductiv€lpupled Plasma Mass Spectrometry
(ICP-MS) from pulps after 0.2y of rock powder was fused with 1% LiBO, and then
dissolved in 10ml of trioxonitrate (V) (HNOs). The REE (rare earth element) contents
were determined by IGRIS from pulps after 0.2§ rockpowder wadissolved with 5 ml
of perchloric acid (HCIG) and trioxonitrate (V) HNQ and 15 mlof hydrofluoric acid
(HF). Analytical precisions vary from 0.to 0.5 ppm for trace elemerasd from 0.01 to
0.5 ppm for rare earth elements.

Mineral identification was carried out usildiniFlex Benchtop Xray diffraction
Instrument The mineral samples were first groundfitee powderabout (125 m). Small
powdered samples wetken mounted on glass fiberdd. 1.5cm in length. The tip of the
fiber was then dipped into epoxy and then into the powder. The powderedesdorpted
spherical shape on the tip of the fiber. The glass fibers virmre mounted on a sampe
holder. Clay materials wengsed to stabilize the fiber on the holder. A monochromatic x
ray from an xray tube was directed toward the powdered sample. raktten of the
incident xrays with the samples produced a set of diffraction peaks. The diffraction peaks
were then converted to a set ofkphacings. The -dpacings from the mineral were then

compared withtie standard reference patterns.



CHAPTER FOUR

RESULTS

4.1 INTRODUCTION

The results obtained using the methodology dised in the previous chapter are
presented in this chapter. The field relationship, structures and petrography of the rocks are
presented under the shbe adi ng fAgeol ogy and petrograpl
migmatitic gneisses, amphibolitgrandliorite, aplite and graniteasre preseted under the

subheadingwvhole rock geochemistry.

4.2 GEOLOGY AND PETROGRAPHY

The study area composed of lying migmatitic gneiss, minor amphibolite,
diorite, aplite, granites and pegmatites (Fig. 4dgntact relationships between the various
rock types are commonly sharp although gradational contacts were also encountered. The
results of modal analysis ofdlrock samples is presented iable 4.1 while the €A-P

ternary plot of tle rock samples is presented in Figure 4.2
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4.2.1 Migmatitic -Gneiss

The migmatitic gneisses are medium grained in texture and occur both in the
northwestern and southeastern part of the study #reabelieved to have been patrtially
migmatized by the instrusiaof acidic magma resulting into distinct felsic and mafic bands
of few millimeters to tens of centimeters hence the name migmatiticsgi@is common

structure observed in this rockps/gmatiticfolding (Rate 1).

Thin section studies revealed that thnielanosome (mafic part) consist of hornblende,
biotite and pyroxengaugite) while the leucosome (felsic part) consist of plagioclase
(andesindabradorit¢, quartz and muscovite. The horntde occurs as xenomorphic
crystals with moderately high reli¢Plate 11 and Ill) Biotite also occurs as xenomorphic
crystals with high relief, the crystahre brown in colour. Augiten the other hand, occurs
as sibhedral crystals whiclare easily distinguished by thetharacteristics of double
cleavage at angle ci b o u t 8 7 e hileaptadiocl&8& eccur aaplourless subldral

crystals whichare easily distinguished by thémella twining.



Plate I. Potograph of an outop of migmatitic gneiss witlptygmatic folding Sanple location
HambagdaQuarry L at i t u®4 INleand Longi tude 13A 43' 22




Plate Il: Photomicrogragh obf migmatitic gneiss under PPIQtz= quartz, Mcrn=microcline.
Plg=plagioclase Hbl=hornblendeand Bt=biotite. Saple location Hambagda Quarry (Latitude
11emM3" N and Longitude 13A 43 22 E)

Plate Ill: Photomicrograph of migmatitic gneiss und¥PL. Qtz= quartz,Mcrn=microcline.
Plg=plagioclaseHbl=hornblen@ and Bt=biotite.. Sanple location Hambagda Quarry (Latitude
11em3" N and Longitude 13A 43 22 E)

4.2.2 Amphibolite

The amphibolites are fine grained in texture (Plate &)l occur as pockets and
lensesinterleaved with the migmatitic gneiss in southeastern part of the study area
especially within Atagara villageThin section study of the rock shows that the major
minerals in the rock include; hornblende, biotite, plagiocl¢eseradorit@, augite, quad,

iron oxide while accessory mineral includes; apatite and zircon. Quartz cystals occurs



largely as poikiloblastic crystals characterized by inclusion of small grains of hornblende.
However, few quartz crystals occur as discrete crystals with no incl(Biate V and VI).
The crystals are highly fractutred as a result of which they show very strong undulatory
extinction. Hornblende occurs as subhedral crystal. It has light green to dark green
pleochroic colour under PPL and moderate birefringence unédr. Xugite occurs as
interstitial mineral between quartz megacryst, the mineral is easily distinguished by its

double cleavage characteristic at angle of

Plate IV: Photograph of amphibolite showing minor fold,ldeationis atAtagara villaggLatitude

11e06" &m®Md Longitude 13A 49' 25''E)



Plate V: Photomicrographof amphibolite under PPL Aug=augite qtz=quartz; Bt=Dbiotite;
Hbl=hornblendeSample location Atagara villageL at i t ude L at'i tNilLdagiwlkel ¢ 06"’
13° 49' 25"E)

Plate VI. Photomicrograph of amphlbollte under XPL. Aug=augitgiz= quartz Bt=biotite;
Hbl=hornblende. Sample location Atagara villgge. at i t ude L at'i tNi daen dl 1ledOn6d |
13° 49' 25")



4.2 .3Diorite

Diorite occurs as small boulders within the porphyritic biotite granites (Plate VII). It
is medium grained in texture. For the most part, the rocks are highly weathered and are
poorly exposed. Thin section studies shows that the major minerals present in thrs rock
order of abundance include; plagioclase, hornblende, quartz, nmeroiotite,augiteand

garnet(Plate VIl and 1X).

Plagioclase occurs as subhedral crystals, which are moderately altered already. The
mineral is easily distinguished from microdirby its characteristic of carlbad twinning
while microcline shows crodsatch twinning. Hornblende occurs as xenomorphic crystals
and are easily distinguished from augite owing to the fact that the double cleavages
observed in thisnineral are paralldio each other while in augit¢he double cleavage are

at ananglechbout 87e¢e and 93e respectively.

Plate VII: hotograph of Diorite outcroplhe Iccation is at Hambagda villagedi. t ude 1 1 ¢
02'30 ' N and Longitude 13e¢e 43" 23'' E)



Plate VIII: Photomicrographof Diorite under PPL. . Qzt=quartz; Gnt=gam®&t=Dbiotite.
The Iccation is at Hambagda villagedii t ude 11eNOahd@OLongi)tude 1

Plate IX: Photomicrograpbf Diorite under XPL. Qzt=quartzBt=biotite Gnt=garné The
location is at Hambagda villagedi. t ude 11eNO2ah&8OLongi)tude 13¢



4.2 AMedium Grained Biotite Hornblende Granite

This rock occurs together with the porphyritic biotite granite in the seastern
part of the study areaspecially near Hambagda village where sharp contacts between the
two rocks have been observed (Plate X). Thin section study of the rock shows that the major
minerals present include quartz, biotite, hornblende, plagioclase and microcline (Plate Xl

and XII) while accessory minerals present are apatite and opaque mineral.

Biotite occurs largely as poiliic crystals characterized by inclusion of apatite.
However, few biotite crystals occur as interstitial crystals between hornblende crydtals wit
no inclusion. Hornblende occurs as large crystals sandwiched between biotite and quartz.
The crystals are xenomorphic and appear green in colour. Plagioclase occurs as colourless
subhedral crystals. The mineral is easily distinguished by the charactefistarlbad
twinning while microcline occurs as subhedral crystals whicheasly distinguished by

their characteristic of crodsatch twnning.

Plate X: Photograph of an outcrop in whitke sharp contact betwedhe medium grained
biotite-hornblende granite and porphyritltiotite granite was observedLocation is at
HambagdavillagéL at i t ude' 1 Ne@2dl1B8BongBh tude 13e43"' 2



Plate XI=Photomicrographof biotite-hornblende granite undelPPL. Apt=apatite;
Hbl=hornblende; Location is at Hambagda village @t i t ude ' 1 Ne@&2'dl 3 ong
13e4F) 23"

Plate Xll: Fhotomicrograph of biotite-hornblende granite under XPLApt=apatite;
Hbl=hornblende; Bt=bitite. Location is at Hambagda village @t i t ude ' 1 Ne B2'd1l
LongitudeE)13e¢e43"' 23" "



4.2.5Porphyritic Biotite Granite

The porphyritic biotite granite is the most widespread rock type in the study area.
Sharp contact of this rock with the medium grained bidtdmblende granite has been
established in the southwestern part of the study area (Plate X). The rock hosts simp
pegmatitic veins and is mostly weathered although fresh outcropped were observed in some
rock quarries. In hand specimen, the phenocrysts are pink in colour with the longer axis

aligned parallel to the biotite flakes thus giving a gneissose appe#&oaheerock.

Thin section study of the rock sample show that it is made up of large subhedral
phenocrysts of microcline set in the medium grained groundmass of quartz, plagioclase,

pertite and biotite (Plate XIV and XV). The acccesory minerals are iroie @ad zircon.

Plate XIII: Photograph of prphyritic biotite granite intruded by quartzofeldspathic vein
Thelocation is at Luva quarryThel ocati on i s at Luva quarry
LongitudeE)13e¢e42' 04°""



Plate XIV: Photomicrograph of porphyriticbiotite granite under PPL Qzt=quartz;
Mcrn=Microcline Thel ocati on i s at Luva quarry (Lati
13e4ZE). 04" "

Plate XV: Fotomicrograph of porphyriticbiotite granite uwder XPL; Qztquartz;
Mcrn=microcline Thel ocati on i s at Luva quarry (Lati
13e4ZE) 04"’



4.2.6 Medium Grained Biotite Granite

Outcrop of this rock was observed within the Pulka quarry in northwestern part of
the study area.The outcrop of the granite appears dark due to high content of
ferromagnesian minerals like biotite. The rock is generally poorly exposed. It is medium
grained in texture. Thin section study shows that the major mineral present include; quartz,

microcline, plgioclase(oligoclase)and biotite (Plate XVI and XVII).

Microcline occurs as subhedral crystals which are sandwiched between large
crystals of quartz. The mineral appear colourless and it is easily distinguished by their
crosshatchedtwinning. Plagioclase occurs as colourless subhedral crystals and is easily
distinguished by its carlbad twinning.dite occurs as elongated discrete crystdigch are

light brown in colour



e ‘\ . 2 . ; Y ‘
I 'o_-’F . ™ e ‘- » L
Plate XVI: Photomicrograph of medium graindaotite granite under PPLQzt=quartz;

Bt=biotite; Mcrn=microcline. The location is at Pulka aréaa(t i t udellel4'’ 2
LongitudeE)13e47"' 13"

Plate XVII: Fhotomicrograph of medium grained biotite granite under XPL; Qzt=quartz; Bt
=biotite; Mcrn=microcline. The location is at Pulka ardaa(t i t udellel4'’ 2
Longitude 13e47'’ 13" E)



4.2 7 Cataclasite

This rock occupies theentral portion of Liga Hills. The rock occurs within a fault
zone, and field relationship has shownat it is probably derived from the fine grained
biotite granite. The rocks dark grey in colour (Plate XVllland porphyroldstic and
composes ofeldspars and quartz. The quartbise in colour whildeldspars occur as large
pink crystals (megacryst)The feldspars and quartz crystalee set ina fine grained
groundmass. In thin sectiothe megacryst are fractuteand strained due to the effect of

cataclastic processes

Quartz occurs both as megacryst and in groundmass. The mega@ysitdlike in
shape highly fradutred andshow very strong undulatory extinctigRlate XIX and XX)
The quartz crystalsoccurring in groundmass are anhedral and show varying degree of
undulatory extinction. Microcline forms the major megacryst in thek ralthough éw
crystals of this mineral aralso found in the groundmass. The menyst are subhedral,
fractured andstrained. Plagioclas@lbite)is the most abundant mineral in groundmass and
occus as discrete crystals. The crystsit®w carlbadtwining and are easily distinguished
from microcline. Biotite crystals occuas tiny flakes Iron oxide forms a significant
proportion ofthe accessory minerals. It is opaque, subhedral amslisly associated with

biotite. Apatite crystals occuas roundeda subrounded crystals



Pte XVIII: Hand specimen of cataclasiféhe locationis atLigahilld(at t i t ude 11e 0 3
and Longitude 13e¢e36' 33""')



Plate XIX: Fhotomiciograph ofcataclasite under PPRQzt=quatz; Bt=biotite;.The location
isatLigahilsLat ti tudelleO03' 26"" N and Longitude

Plate XX: Fhotomicrograph of cataclasite under XPTLhe location is at Liga hills
LattitudelleO3' 26" " N and Longitude 13e36



4.2.8 Coarse Grained Biotite Granite

This rock occurs wthin the porphyritic biotite graniteisliccarse grainedh textue
(Plate XXI). The rock is highly weathered atiterefore fresh samptuld not beobtained

for petrographic study. However, minkrdahat were identified in hand specimens include

feldspar, quartz and biotite.

Plate XXI: fhotograph of highly weathered asa grained biotite granite. It is located north

of Liga Hil!/l (LattitudellE03' 38" N and Lo



4.2.9 Fine Grained Biotite granite

This rock ocurs in Liga Hills and it is intruded by typé pegmatites It is
leucocrdic (pink) inequiganular in textureand shows evidence ofmetasomatism
(tourmalinization Plate XXIII) Outcrops of the rock are massive and are occasionally
jointed (Plate XXII). Petrographic study shows that the major naheresent in the rock
include quartz, microcling Plagioclase and biotitenvhile zircon, apatite and iron oxide
constitute the accessory minerals present in the (Rleke XXIV and XXV) Quartz occurs
as discreate crystatharacterized by very fainindulatory extinctiongracks and inclusion
of feldspar are commorwithin the larger quartz grains. Microcline is the most dominant
mineral and it is characterized by créssch twiming. Plagioclaseanges from albite to
sodic oligoclase and occas discree crystals with carlbatlvining characteristic Biotite
constitute a very small proportion of the major mineral, it is light brown in colour and

pleochroicfrom light brownto dark browrunder PPL



oy ~ A

Plate XXII: Photograph of fine grained biotitgranite The rock is located at Lighills
(Latitude 11e03" 27"E) N and Longitude 13e¢

Plate XXIII: Photograph of hand specimen of fine grained biotite granite with
tormalinizatonThe rock i s | ocated at Liga hills (L
36' 12"E)



Plate XXIV: Photomicrograph of fingrained biotite granite under PPL. The rock is located
at Liga hills (Latitude 1KEeO3' 27"''" N and

Plate XXV: Hotomicrographof fine grained biotite granite under XPL. Theckois
| ocated at Liga hills (Latit&de 11e03' 27"



4.2.10Aplite

Aplite occur as small lensoid dyke trending roughly in NNBSE. Fresh outcrops
are leucocratic (pink),while weathered outcrop appeared reddish bvbanocline, quartz,
and plagioclase form the essential minerals while biotite, apatite and iron oxide are the

accessory minerals in the rock (Plate XXVI and XXVII).

Quartz occurs as intestitial crystals between feldspars, and as inclusion in
feldspars. Microcline crystals are anhedral with charatic of crosshatch twinin
Plagioclase(albite) occus as subhedral crystals, occasionally, the larger crysiatain

guartz inclusions.



Plate XXVI: Fhotomicrograph of aplitender plane polarized lighThe location is akiga
Hills( Latitude, 11e02' 47E) N and Longitude 1

Plate XXVII: Photomiciograph of aplite undesross polarize light. The location is atiga
Hills( Lati tude, 11e02' 47E) N and Longitude 1



Table(4.1): Modal compositior{based on visual estimatioa) the rocks from the study
areaAll values are in percentage (%).

Migmatitic | Amphi Diorite Granites
Gneiss | bolite Aplite
Minerals A2 A3 H3 H2 V2 P1 L1 L3 L2 ]| L9
Quartz 35 11 20 25 40 40 41 43 42| 41
K-feldspars 10 10 11 26 28 25 34 40| 43
Plagioclase 23 20 30 26 24 23 21 12 13| 15
Biotite 10 6 10 20 9 9 8 6 4 0.7
Muscovite 5 - - - - - 06 - - -
Hornblende 12 52 20 20 - - - - - -
Pyroxene 5 10 9 1 - - - - - -
Opaque
mineral - - - 01 05 - 2 0.2 07 -
Zircon - - - - 05 - - 08 02| 0.2
Apatite - 0.8 - 09 - - 04 - 01| 01
Tourmaline - - - - - - - 4 - -
Epidote 0.2
Garnet - - 1 - - - - - - -
Total 100 100 100 100 100 100 100 100 100| 100
Legend
A2=Migmatitic gneiss P1=Medium granied biotite granite
A3=Amphibolite L1= Cataclasite
H3= Diorite L2 and L3= Fine grained biotigranite
H2=Medium grained biotite hornblende granite L9=Aplite

V2=porphyriticbiotite grante
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Fig 4.2 Q-A-P ternary plot of the rock samples from the study destapted after
Streckeisen, 18).

Legend;

BH granite=medium grainediotite-hornblnde granite
FB granite=fine grained biotitgranite

M gneiss=migmatitic gneiss

MB granite=medium grained biotigganite

PB granite=@rphyritic biotite granite



4.3 Pegmatites

Pegmatitedorm an interesting part of the geologytbé study area. On the basis of
field relation and mode of occurrence, two types of pegmatites have been mapped in the
study area. This first category of pegmatite (tfpeoccurs as large, zoned, oghlaped
bodes trending in BV directions. These pegmatites occur in the northern tip of an isolated
north-south trending Liga hill which forms part of the main Mandara Hills. The northe
and southern parts of Liga Hills is occupiey fine grained biotitegrante, while the
centralportion of the hill is occupiedby small bodies of tectonized granite (cataclasite).
Apart from the cataclasites, the central portion of the hillls® &haracterized by the
presenceof some cobbles of quartzite and mylonized rocksctv indicate that the central
portion of the hill iscut bya fault zone. The twovatshaped bodies of pegmatiecur in
the northern part of the hill and are hosted bg fine grained biotitggranite already

described above.

The second category of pegite (typell) occurs as veins. The veirsdrike
mainly in the NESW directions concordant with the major structural trienthe areaThe

general structural trend di¢ pegmatite is represented ig.F.3
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Fig (4.3): Rose diagram showing the general structural trends of the pegmatites.

4.3.1Type-l1 Pegmatites

This pegmatite occurs mainly in the northern part of Liga hills forming a
morphological unit rising about 50 m above the surrounding plain. A soalirrence of
the pegmatite has been recorded in the western part of the hills. Four major concentric zones
have been established in typpegmatites viz; the wall, intermediate zanentermediate

zonell and the core.

Wall Zone: This zone has sharp tact with the host rock. Because of-going mining
activities in the area, the zone has been disturbed and hence its actual thickness of the zone

could not be established during the mapping exercise. Microcline, albite and quartz are the



major mineral costituent, while muscovite occurs in accessory amount (Plate XXVIII and

XXIX).

Plate XXVIII: Photomicrograph othe wall zone of typé pegmatite under PPIlffom Liga
Hills (Latitude 11e03' 25"'"' N and Longitud

Plate XXIX: Fhotomicographof the wall zone of typé pegmatite under XProm Liga
Hills (Latitude 11e03'" 25"'"' N and Longi tud



The Intermediate Zone: This zone is divided into two subzones, althogether
measuing about 12 m thick. The subzone | (intermediate Aprednsist of microcline,
guartz, plagioclase and minor muscovite (XXX). It is also characterized by the presence of
dark brown mineral. The dark brown mineral occurs as discontinuous veins (patches)

measuring about 1 m thick (Plate XXXI)

The subzone Il (intermediate ZonH) consists mainly of blocky crystals of
microcline. The microcline is pink in colour and constitutes about 90 % of this subzone
(Plate XXXII). Quartz, biotite, muscovite, and a klarown mineral make up the remaining
10 %. The dark brown mineral occurs as small pods within this subzone (Plate XXXIII).
Quartz occurs as inclusion within the microcline, while biotite occurs as pockets within the

microcline.

Plate XXX: Fhotograph of a section of the first intermedizad@e of type pegmatites from
Liga Hills (Latitude 11e03" 25" " N and Lon



Plate XXXI: Photograph of a section of the second intermediate sboging sheets of
biotite

Plate XXXII: Photograph of a section of the second intermediate of typel pegmatie.



Plate XXXIII: Photograph of a section of the second intermediate zone showing patches of
ferroan pyoxmangite.

The Core: the core is about 4 m thick and consists exclusively of milky quartz (Plate

XXXIV)

Plate XXXIV: Photograph of the core zone of tyijggegmatites with large crystals of milky
quartz.



4.3.2Type-lIl Pegmatite

These pegmatites occur as veins simsting their host rocks (Plate XXXV). The
veins are about 1t 25 cm thick and trend mainly in the NBV directions concordant to

the general structural trend the area. Quartz anehicrocline arethe mapr mineras

observed in hand specimen, while muscovite occur as accessory mineral.

Plate XXXV: Fhotograph showing a pegmatites vein within a weatheraghgdtic
granites at Hambagda village (LaH).itude

l1le



4.4 Structures

Fractures which are products brittle deformation are the most dominant structures
mapped in the study area (Plate XXXVI). The fractures strike mainly in th&\WE
directions although few minor fractures trending in the{S%®/and in EW directions were
also observed. The fractures affected all the major lithologic units but are more common in
the biotite-hornblene@ granites. &tellite imagery interpretation cardeut by Bassegt al.,

(2006) indicatedNE-SW, N-S, EW and NWSEas the major structuratrendsin Limankara
area (south of the study area). Another notable structural feature istuthe area is
ptygmatic folding, which occus exclusively in themigmatitic gneisses (Platg. IThe
lineaments mapf the study area is shown ingF 4.4 and theose diagram showing the

major structural trends ithe study area is shown igF4.5



Plate XXXVI. Photograph of fracture within ittite-hornblende granite aHambaga
(latitude 11e12' 24'E).). N and |l ongitude 13e
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Fig. 4.5 Rose diagram showing the general structural trefideactures and faulte the
study area.



4.5 Whole Rock Geochemistry

A total of eleven whole rockamples were analysed for major and trace elements

including rare eath element (REE). These includene representative sample of the

migmititic gneiss, amphibolite, diorite areight samples of gramis The major elements

were analysedy inductively couple plasma atomic emission spectrometry following a

lithium borate fusion and dilute acid digestion while trace and REE were analysed by

inductively couple plasma mass spectrometry following a radii digestion methodThe

detail on the analytical procedures adopted has been discussed in the work ef Maja

(2011).

Table 4.2: Mapr element data of rocks in the study gahvalues are in wt %)

Legend

Migmatitic | Amphi- | Diorite Granites Aplite
Gneiss bolite

Oxide A2 A3 H3 H2 V2 P1 L1 L4 L3 L2 L9
SiO, |71.86 50.14 |56.12 | 68.85 69.88 72.67 75.87 7413 76.2 T77.47|77.57
Al,O3 | 14.93 19.36 |14.58 |14.23 13.7 12.72 11.02 12.83 11.79 11.05| 11.47
NaO | 4.48 2.48 282 |3.88 361 355 297 3.62 349 352 |3.34
CaO | 2.69 2.95 6.62 234 2.00 1.07 0.74 1.02 0.73 0.73 |0.36
KO |2.64 2.11 225 |3.63 385 393 3.88 419 4.02 3.64 |3.78
P,Os | 0.02 0.27 0.31 |0.16 0.16 0.07 0.02 0.13 0.01 0.01 |0.01
MgO | 0.58 5.98 6.82 |0.8 0.71 0.36 0.08 0.28 0.05 0.03 |0.02
MnO | 0.02 0.17 0.12 |0.04 0.05 0.03 0.03 0.05 0.01 0.01 |0.01
FeO; | 1.52 7.01 7.57 277 287 127 2.34 1.66 053 04 0.37
FeO |1.36 6.30 6.83 250 259 114 211 1.49 0.48 0.36 |0.33
TiO, |0.25 0.92 161 |043 056 0.20 0.25 0.3 0.19 0.03 | 0.07
Total | 100.35 97.69 |99.83 | 99.63 99.98 97.01 99.31 99.7 97.5 97.24|97.33

A2=Migmatitic gneiss

A3=Amphibolite

H3= Granodiorite

P1=Medium granied biotite granite

H2= Medium grained biotite hornblende granite

L1= Cataclasite

L2 and L3= Fine grained biotite granite

L9=Apl&=porphyritic biotite granite




4.5.1Major Element Geochemistry

The major elementontents are presented irallle 4.2. Silica (¥),) content is
50.14 wt. % in amphibolite andl.86wt. % in migmititic gneiss. Té K;O is2.64 wt. % in
migmititic gneiss and 2.1ivt. % in amphibolitesN&O is 2.48 wt. % in amphibolite and
4.48 wt. % in migmititic gneiss. The CaO content is 2.69 and 2.95 wt. %, while MgO
content is 0.58 and.88 wt. % in the migmititic gneiss anamphibolite respectively.
Expectedly, the amphibolite has significantly high iron content having FeO a@} Fe
values of 6.3(and 7.01 wt% respectively wite the mgmititic gneiss has Fe@hd FgOs
values of 1.36 and 1.5&t. % respectively which arsignficantly lower than those in
amphibolite. However, bottocks are characterizdxyy low content of MnGand BOs which
is 0.02and 0.02wt. % in migmatitic gneiss and 0.17 and 0.@7. % in amphibolite
respectively and high AD; content which isl3.36and 14.93wt. % in migmititic gneiss

and amphibolite respectively.

The granite suites hawlica (SiO,) content rangig from 68.85 wt% in medium
grained biotite-hornblende granite to 77.47 wt. % in fine grained biotite granite. MgO
content ranges from @ wt. % in fine grained biotite granite to 0.8 wt% in medium grained
biotite-hornblende granite. Fe@nd FgO; content range from 0.3&nd 0.40wt. % in fine
grained biotite granite to 2.5hd 2.7Avt. % in medium grained biotithornblende granite
respectrely. P,.Os content ranges from 0.04t.% in in fine grained biotite granite to 0.16
wt. % in in medium grained biotiieornblende granite while CaO contenDig3wt. % in
fine grainedbiotite granite and®.34wt. % in medium grained biotiBornblende ganite
TiO, content ranges from 0.08t. % in fine grained biotitegranites to 0.56n:t.% in
porphyritic biotite granite. Al,O3; content ranges &m 11.05 wt. % in fine grained biotite

granite to #.23 wt. % inmedium grained biotithornblendegranite. It can be observed that



SiO; and ROs contents increase fromedium grained biotithornblende granitéo fine-
grained biotite granite while Fe@®e0; MgO, and CaGdeaeases from medium grained
biotite-hornblende granite granite to fine grain@dtite granite. The cataclasiteaslower
Al,O3 content(11.02wt. %) relative to other granites. The aplite has highi€, andAl 03
content (77.57and 11.47 wt% respectively) than the granites. The rock also has lower
FeQ FeOs; and MgO (0.33, 0.37and 0.02wt. % respectively)than the granites.
Expectedly, the major element composition of the diositmarkedly different from those

in granites. i has highCaO(6.62wt. %) and TO, (1.61wt. %) but low SO, content(56.12

wt. %). The rock has Fefntent(6.83wt. %) andFe,O; content(7.57wt. %)similar to that

of the amphibolite but it hasgher MgOcontent 6.82wt. %) than the amphibolite.

Normative @mpositions

It has been observed that the mineralogy of igneous rock is directly relatieel to
chemical composition. This relationship is called Norm and it is the most popular
classification that uses the great majority of the chemical constituents of the rock
(Ekwueme, 1993). Accordingly, the commonly used Cross, Iddings, Pirsson and
Washingta (CIPW) Norm was calculated for the diorite and granite suites samples using
geochemical toolkit of Janousek (2006)date result are presented inafle 4.3). The
result show that normative diopside is completely absent in all the granites. The average
normative corundum is less than 1% in all the granites and differentiation index (Di) ranges
from 80.16 in the medium grained biottternblendegrante to 93.66 in fine grained biotite
granite. While the diorite has 8.4% normative diopside and DI valu&t®4 which is

significantly lower than that of the granites.



Table 4.3: CIWP Norm for diorite and grangefrom the northern part of Mandara Hills

Normative | Diorite Granites Aplite
Minerals H3 H?2 V2 P1 L1 L4 L2 L3 L9

Q 7.76 25.88 28,54 34.14 41.37 34.35 41.33 40.37 | 42.77
C 0.00 0.048 0.33 0.97 0.63 0.78 0.02 161 |1.23
Or 13.32 | 21.45 22.75 23.23 22.93 2476 21.51 23.76 | 22.34
Ab 23.86 |32.83 30.55 30.04 25.13 30.63 29.79 29.53 | 28.26
An 20.48 |10.56 891 452 3.56 424 359 0.00 |1.77
Di 8.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 |0.00
Hy 1765 |3.65 3.32 166 1.79 166 038 0.28 |0.28
Mt 10.97 |4.02 416 184 3.39 241 058 0.77 |0.54
Il 2.21 0.82 1.07 0.38 0.47 0.57 0.05 0.36 |0.13
Ap 0.73 0.37 0.37 0.17 0.04 0.21 0.01 0.03 |0.01
Fr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 |0.00
Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 |0.00
Sum 105.21|99.64 99.99 96.96 99.31 99.71 97.24 97.78 | 97.34
Dl 4494 |80.16 81.84 87.41 89.43 89.74 92.62 93.66 | 93.37

The major element composition of the diorite]itapand the graniteplotted on

Harker diagram using 6p as an index of differentiemn (Figures 4.6 and 4.7) show that

TiO,, Al>,O3, FeOt, MgO, CaO and,®s are all negatively correlated withiO,, generally

forming a welldefined linear trends. Such linear trends might be the result of either

hybridization or fractionation (Hassanen al, 1996). Potassium K,0) show somewhat

opposite behavior, it increaswith increase inSiO, but at SiQ value of about 75wt% it

begirsto decrease while N@ shows scatter trend
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Fig 4.6: Harker plot of TiQ PO,, MgO and FeOt against Silica (S)Jor granites suites
and aplite in the study area.

Legend:

BH granite= Medium grained biotite hornblende granite

CB granite=Coarse grained biotite granite

FB granite=Fine grained biotite granite

MB granite=Medium grained biotite granite

PB granite=porphyritic biotite granite
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Fig 4.7 Harker plotof Al,O,, CaO, KO and NaO against silica (Si¢) for the granite
suites and aplite in the study area.



In the normative AmAb-Or diagram (Fig 4.8) all the granites and the aplite plot
within the granite field, the amphibolite and therde plot within the granodiorite field

while the migmitic gneiss straddle the granodiorite and granite field.
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Fig 4.8:Normative ArADb-Or diagram showing theistribution of the rocksn granitic to
granodiot i ¢ fi el d (after O6Connor, 1965) .



The granites andplite are metaluminous to weakly peraluminous with aluminium
saturated index (ASI) ranging from 0.99 to 1.12 and modified dikadi index ranging
from 5.17 to 6.79 (Fig 4.9Table 4.4). The dioritbas ASI value of 0.77, MALI value of
1.54 andplot in a metaluminous field, e the amphibolite and the migmitic gneiss plot in
the peraluminous and metaluminous field respectively.

Table 4.4: @lculaed values of iron numbemodified alkaltlime index and aluminium
saturation index ofacks from the northern part of Mandara Hills, northeastern Nigeria

Samples Iron number (Fe#) Modified aHiatie index Aluminium saturation
index
(MALI) (ASI)
L1 0.98 6.11 1.06
L2 0.96 6.43 0.99
L3 0.95 6.78 1.03
L4 0.91 6.79 1.05
V2 0.87 5.45 1.01
H2 0.86 5.17 0.99
H3 0.67 -1.54 0.77
P1 0.86 6.47 1.07
A2 0.82 4.43 0.99
A3 0.81 2.32 1.06
L9 0.97 6.76 1.12
Legend
A2=Migmatitic gneiss P1=Medium granied biotite granite
A3=Amphibolite L1= Cataclasite
H3= Diorite L2 and L3= Fine grained biotigranite

H2=Medium grained biotite hornblende granite =~ L9=Aplite



V2=porphyriticbiotite granite
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Fig.4.9: A/NK versus A/ICNK plots showing the idtribution of the rocksfrom
metaluminos to weakly peraluminous field (after Shah@43).

AFM plots of the all the rocks (Fig. 4.10) enable classification of the rocks into
calk-alkaline and tholeiite series based on the proportiorheif {CaO, kO, FeO*, and
MgO content. The migmititic gneiss , the aplite, and all the granites plot in the field -of calc
alkaline series owing to the fact that these rocks have high percentage of Ca@Dand K

relative to FeO*, and MgO. The amphibolite &hd diorite on the other hand, plot within



the field of tholeiite series because these rocks have high percentage of FeO*, and MgO

relative to CaO and 0.
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Fig 4.10:AFM plots showing the idtribution of the rocksvithin the fields of tholeiite and
calc-alkaline seriesfeer Irvine and Baragar (1971),

On the (KO versus Si@) diagram, only migmititic gneiss plot within the field of
calcalkaline series. The amphibolite, diorite, aplite, and all the granites on the other hand,

plot within thefield of high-K-calc-alkaline series (Fig: 4.11).



o ® Amphibolites
" Aplite
4 BH granite
* (Cataclasite
0 — 4 CB granite
& Diorite
. . s
Shoshonite Series 4 Ggggrs'se
ngh K calc- A{ MB granite
L PB granite
9 “=u
o™
e
(f) —
(!Ic-alkaline
Series
N —
Tholeiite Series
2 T T T T I I
45 50 55 60 65 70 75
Si0,

Fig 4.11:k,0 versusSiO, diagram showing theistribution of the rockwvithin the fields of
High-K-calc-alkaline and cakalkaline series aftéPeccerillo and Taylor (1976)

There have been sonwm®ntroversies as to whether the granites in the study area
belong to Stype or Hype granite Islam and Baba 1992; Baleh al, 2006). The reason for
thesecontroversies is not fdetched as the CIWP norm result (Table 4.3) has shown that

normative diopgle is absent in all the granitites thus suggesting that the granitedyge S



(they form from sedimentary progenators). However, the average normative worusd

less than 1%According b Chappel and White (1974, this feature isadlmark of type

(igneous progenitor) granites. Furthermore, when the granites were plotted on the A/CNK

versus SiQ discrimination diagram after (after Chappel and White, 1974), Fig 4.12a), all

the rocks plotted within the field oftype granites. Moreover, the migmitigmeiss and the

amphibolite also have igneous progenators as shown on thedi€dis Si@discrimination

diagram (after Tarney, (1976) (Fig 4k)2
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Fig 4.12 a= A/CNK versusSiO, discrmination diagram (after Chappel and White, 1974),
b=T TiG versusSiO, discrimindion diagram after (Tarney, 19y ér the granite suites

and apliten the study area.

Fenumber (Fe@/ (FeQ.t+tMgO=Fe*) distinguishes ferroan granites, which

manifest strong iron enrichment, from magnesian granites which do not ¢Feds2001).




Plot of the granites and granodiorite BRQy/ (FeQu+MgO versus SiQ discrmination
diagram after Froset al, (2001) Fig 4.13 a, shows that the granites which have higher
values ofFenumber (0.86).980, Table 4.4) plot within thierroans field. The diorite on
the other hand has lofve-number(0.67) hene it plots in magnesian fieldhe diorite and
granites carfurther be classified into alkali, alkatalcic, calealkalic and calcic on the basis

of their modified alkallime index (MALI) content (Froset a.l, 2001). Plot of the granites
and diorite on NgO+K,0O-CaO versus Si@discrimination diagram reveals thiaoth rocks

are calealkalic to calcic (Fig 4.13b).
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Fig 4.13 a=FeQq¢ (FEirtMgO Vs SO, discrimination diagram aftefrostet al.,(2001),
b= NaO+K,0-CaO versusSiO, discrimination diagram afteFrostet al,(2001) for the
granite suites and aplite in the study argemi$ols same as Figure 4.11



4.52 Trace Element Geochemistry

Trace elements play significant roles in revealing the petrogenetic and evolutionary
history of rocks. It has been observed that major element composition in rocks tend towards
uniformity and it is only their trace element compositions and ratios thaidprelues to
their unique differences and petrogenesis (Buéeral, 1962, Baba 1990). The trace
elements composition and ratios are presented in Table 4.5. Spider diagrams for all the
rocks samples normalized to average crust after Weaver and Tard@4) éke shown in
Fig. 4.14.The normalized abundance patterns permit characterization of the rocks. The
migmattic gneiss, amphibolite and thdiorite show similar pattern, they are all
characterized by negative anomalies of some high field strength éte(HESE), namely;

Nb, Th, Hf, Zr; and positive anomalies of some heavy rare earth elements (HRBEly;

Tbh, Yb, and Y. Thediorite is characterized by negative anomaly of some large ion
lithophile elements (LILE) namely Sr and Ba, while the migmatitieigs show positive
anomaly of Ba and negative anomaly of Sr, the granites and aplite on the other hand are
characterized by negative anomaly of some LILE (Ba and Sr) and some HFSE ({#s)and
Unlike the amphibolite andiorite, these rocks show positit# anomaly. The negative Nb
anomaly reinforces the caldkaline character suggested by the major element data.
Furthermore, the granites and aplite show positive anomaly of U and La. The positive U
anomaly is more pronounced in the fine grained biotigaigg owing to its high uranium
content. The ratio Th/U is 5.12 in fine grained biotite granite and 9.56 in porphyritic biotite
granite. The migmatitic gneiss has comparatively higher Th/U value (33.00), while the

diorite, ampbibolite and the aplite have/U values of 7.30, 9.71 and 11.14 respectively



Table 4.5 Trace elements composition of the rocks in the study(aliegalues except ratios are in ppm)

Elements | Migmatitic Gneiss | Amphbolite Diorite Granites Aplite
PPM A2 A3 H3 H2 V2 P1 L1 L4 L3 L2 L9
Rb 52.40 93.40 79.70 126.70 144.10 145.00 174.00 186.10 308.20 261.10 163.10
Sr 836.00 284.00 65.00 364.00 334.00 224.00 76.00 212.00 65.00 57.00 14.00
Ba 1820.00 763.00 618.00 1464.00 1001.00 668.00 525.00 439.00 50.00 32.00 21.00
U 0.40 0.70 1.00 2.80 2.50 1.70 4.20 440 54.60 6.00 2.80
Th 13.20 6.80 7.30 19.00 2390 15.00 30.10 35.10 342.60 30.70 31.20
Ta 0.60 1.10 0.80 1.00 2.50 0.60 3.50 1.80 3.20 0.70 0.50
Nb 2.94 12.72 0.63 8.81 21.56 5.73 45.29 16.27 33.65 2.41 3.21
Cs 1.40 1.40 2.10 2.60 2.63 2.40 3.90 4.10 4.40 4.13 5.10
Ga 17.15 18.24 18.38 21.09 2361 21.39 21.96 19.09 19.25 17.46 19.88
Hf 0.10 0.80 1.04 5.54 2.51 2.54 7.33 2.47 17.45 0.82 1.56
Zr 4.40 26.50 31.20 195.70 81.20 81.00 220.70 6250 592.3 25.10 41.70
Sn 0.90 2.50 2.00 1.60 3.30 0.60 6.30 2.60 1.30 0.30 0.50
Be 2.00 2.00 2.00 1.00 2.00 5.00 3.00 4.00 7.00 6.00 2.00
Ni 3.50 76.60 153.80 0.90 3.20 1.00 0.40 0.50 0.10 0.10 0.40
Cr 5.00 95.00 442.00 11.00 9.00 3.00 3.00 6.00 3.00 1.00 3.00
Pb 23.79 8.36 8.04 20.31 25.18 25.87 37.21 27.06 41.05 26.84 25.74
Zn 25.30 99.20 75.80 60.50 67.90 38.60 73.50 35.10 8.60 7.60 12.30
Co 57.10 71.00 59.90 66.00 59.70 58.20 73.90 56.40 47.20 64.10 60.70
Y, 17.00 26.00 173.00 38.00 39.00 15.00 1.00 17.00 7.00 7.00 1.00

Ratios

K/Rb 417.94 262.31 234.63 237.57 222.07 224.83 185.06 186.91 108.37 115.66 192.52

K/Ba 31.97 31.97 31.97 31.97 31.97 48.80 61.33 79.27 668.00 943.75 1495.24
Rb/Sr 0.06 0.33 0.17 0.35 0.43 0.65 2.29 0.88 4.74 4.58 11.65
Rb/Ba 0.03 0.12 0.13 0.09 0.14 0.22 0.33 0.42 6.16 8.16 7.77
Ba/Rb 34.73 8.17 7.75 11.55 6.95 4.61 3.02 2.36 0.16 0.12 0.13
Th/U 33.00 9.71 7.30 6.79 9.56 8.82 7.17 7.98 6.27 5.12 11.14
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Concentrations of selected trace element plotted on Harker diagram using
SiO, as an index of differentiation (Figures 4.15 and 4.16) reveal that Sr, Ba, V, Zn and Co
decrease with increase $10; just like TiO,, Al,O3, FeOt, MgO,CaO and BOs. Such trace
element are said to be compatible (Zoratoal, 2007). Rb on the other hand shows
converse behavior (it correlates positively with §iénd therefore incompatible. Cr and Ni
show weltdefined linear trend with increase in Si€xcept for the fact that the diorite has
anomalous concentrations of such trace element and plots at the top left hand side of the

diagrams.
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Fig 4.15: Harker plot Sr, Ba, Rb and V against silica {5f@r the granite suites and
aplite in thestudy area.
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Lithophile Elements Behaviours (Ba, Sr and Rb)

The variaton in Ba, Sr and Rbcontent isvery useful in determining whether
magmaticevolution was controlled dominantly by fractional crystallization, partial melting
or more complex processePdll Agnol et al 1999. Rb is fairly enriched in all the granite
(126.2308.2 pm) and slightly depleted diorite (79.70 ppm) and migmatitgneiss (52.40
ppm) compared to the mean crustal average @fpPm. Ba and Sr, whichre strongly
compatible in granitic systemshow large variatio(82.00 to 1464 ppm and 65 to 364 ppm
respectively, in the granites Sr decreases readily during the course of fractional
crystallization since it replaces Ca in plagioclasewa$i as K in Kfeldspars. Ba also
replaces K in feldparsand hence itlecreases during the course of fractiamgstallization
(El Bouseily and El Sokkary 1975). Large variation of these lithophile elements in the
granites suggests that fractional crystallization was probably responsible for their evolution.

On RbBa-Sr ternary diagram (Fig.4.17), tléorite plos in quartz diorite field; the
porphyritic granite, medium grained biotite granite and coarseeagdiotite granite plot in
anomalous granite field; the mediwgranied biotitehornblendegranite and the cataclasite
plot in namal granite field while fineggrained biotitegranite as well as the aplite plot in
strongly differentiated granites field. Strongly differentiated granites are those that are
distinctly impoverished in Ba but enriched in Rb. They represent a verystage of
di f fer entmdausg roanni tiieAsnoo ar e t h aclemicalchaadges (b v e

metasomatism) or we not formed by simple mechanismhile finormal graniteSare those

t hat are <char act er inafethe thyee ifidexolithophileléementdsiEls t r i b

Bouseily anl El Sokkary 1975).



Amphibolites
Aplite

BH granite
Cataclasite
CB granite
Diorite

FB granite

M Gneiss
MB granite
PB granite

£ e ¢ p B B

Fig 4.17 Rb-BaSr ternary diagram showing the distribution of tpeanitesand the
granodiorite in the study area (afielrBouseily and El Sokkary975).



