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Abstract

The study is aimed to unravel the presence of low-grade minerals in the migmatite terrain of
Southwestern Nigeria. Mineral and textural relationship of mineral assemblages were
determined using a petrographic microscope, while chemical composition was analyzed using
XRF and LA-ICP-MS. Petrographic studies show the mineral assemblage, biotite + plagioclase
+ chlorite + epidote + quartz + muscovite + ilmenite + calcite. There is intense alteration of
both biotite and plagioclase. Textural evidence shows chloritization of biotite and epidotization
of both biotite and plagioclase. Epidotization of biotite is basically at the edges of biotite while
that of plagioclase in more intense at the core of grains. Primary foliation is defined by
mineralogical banding of quartzo-feldspathic and mafic minerals, while secondary foliation is
defined by both biotite and chlorite. SiO> contents are high in both gneisses (> 60 wt %), while
there is a high depletion of REE. The results from field observations, mineral assemblages and
textural relationship suggests that deformation due to shearing could have enhanced the
retrograde chloritization of gneisses. Shearing could have created a path for the influx of fluid
(H20 & COy) thus triggering alteration of both biotite and plagioclase. Hydrothermal fluids
containing K" can be said to have initiated the retrograde process which gave rise to reactions

that produces secondary low grade minerals; chlorite, epidote and muscovite.
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1. Introduction

Several researches have over the years been carried out on the chloritization of biotite [1-8].
Chloritization can be described as a mechanism of conversion of two two layer biotite to one
layer chlorite [9, 10]. Chlorite has been found to be a common accessory mineral in low-grade
(greenschist facies) to medium-grade metamorphic rocks and also igneous rocks which has
initial composition of ferromagnesian minerals that has undergone hydrothermal alteration
[11]. Chlorite is usually unstable at temperate occurring at the surface. Chloritization of biotite
gives rise to the formation of secondary minerals such as muscovite, K-feldspar, plagioclase,
epidote, calcite, fluorite and Fe-oxides [12]. The breakdown of biotite has been reported to
begin with the diffusion and exchange of K* for H" within biotite interlayers [4]. Biotite
chloritization can take place in both hydrothermal [8, 13-15] and metamorphic [7, 16-18]
environments. Chloritization of biotite can also result from the weathering process of rocks
[19-21]. Weathering of migmatite can form residual soil which can be used as road pavement
[22]. Such weathered rocks, as well as fractured zones, are important sources of groundwater
[23, 24]. The conversion of biotite to chlorite happens when K is dissociated from biotite
interlayers [25]. Two different mechanisms have been identified by which biotite is hydrated
to chlorite; the first is the brucitization of the interlayer [2] , while the second involves the
alteration of brucite to chlorite by the brucitization of talc-like layer [26]. The structure of
chloritized biotite has been studied using analytical methods such as Transmission Electron
Microscopy [26, 27], Electron Microprobe [15] and X-ray diffraction (XRD). Chloritization of
biotite has been reported on the mafic minor intrusive rock (diorite) from this area [28]. The
area under study comprises of the highly migmatized rocks of the Basement Complex of Ikare
area, Southwestern Nigeria. Previous studies [29-31] have been able to document the transition
upper amphibolite to granulite facies type of metamorphism. Medium pressure and granulite
temperature metamorphism has been reported for rocks (pelitic) of this region [32]. Also,

retrograde assemblages have been reported in the rocks of Ikare region [32, 33]. In this study,
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samples were collected from two areas of Akoko North West area of Ondo State, Southwestern
Nigeria (07°35.401°N, 05° 51.311’E & 07° 34.415°N, 05° 46.603’E). The rocks under study
vary from fine to coarse-grained texture and it displays a gneissose banding of millimetric
separations (Figure 1a). The rocks show evidence of deformation due to the effect of shearing
as seen in the contortion of foliation (Figures 1b -1d). The geological map shows that the study
areas lie within the Precambrian Basement Complex (Figure 2a), and along the areas of
contorted foliation within the Migmatite-Gneiss Complex (Figure 2b). In this study, we
investigated the various mineral assemblage associated with chloritization processes, as well
as the textural relationship to determine why low grade minerals are present in the highly

migmitized rocks of Ikare area southwestern Nigeria.

2. Methodology

Thin sections were prepared and studied in detail at the labouratory of the Department of
Geology, Obafemi Awolowo University. Photomicrographs of areas of interest were taken
using a digital camera. Whole rock chemical analysis was carried out at the Central Analytical
Facility (CAF) of Stellenbosch University, South Africa using XRF (X-ray fluorescence) and
Laser Ablation Induced Coupled Plasma Mass Spectrometry (LA-ICP-MS). Using 0.7 g of the
powder sample and 7 g of high purity trace element and rare earth element-free flux (LiBO2 =
32.83%, Li2B407 = 66.67%, Lil = 0.50%), glass discs were made for XRF analysis. Major
elements were analyzed on a fused glass disc using a 2.4 kW Rhodium tube. Trace element
determination was carried out using a Resonetics 193 nm Excimer laser coupled to an Agilent
7500ce ICP-MS. At a flow rate of 0.35 L/min, He gas was used for the ablation process, which
was subsequently combined with argon (0.9 L/min) and nitrogen (0.004 L/min) before being
introduced into the ICP plasma. Two 173 m spots were ablated on each sample for traces in

fusions using a frequency of 10 Hz and 100 mJ of energy.
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Figure 1: Field Photographs showing; a) foliated gneiss at Erusu, b) contorted and sheared
foliation at Imo Arigidi, take note of the rusty stains, c) contorted and sheared foliation at Imo
Arigidi, d) dragged foliation at Erusu, take note of the brownish rusty patches adjacent to
fractures
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Figure 2: a) Geological settings showing the study area to be located within the Precambrian
Basement Complex of Nigeria, modified after [34]. b) Geological map of Ikare region showing
the study areas located along trends of contorted foliation within the Migmatite-Gneiss
Complex, modified after [35].
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Basaltic Hawaiian Volcanic Observatory (BHVO) glass and powder by United States
Geological Survey (USGS) which are certified references were used as standards for trace

element analysis [36, 37 ].

3. Results
3.1 Petrography

Biotite and plagioclase occur as primary minerals. Secondary minerals which include chlorite,
muscovite, calcite and epidote are found on altered biotite and plagioclase (Figures 3 - 6). There
is a mineralogical banding with alternation of mafic bands with quartzo-feldspathic band
defining the primary foliation (Figures 3a & 3b). Most crystals of biotite are xenoblastic in
nature and show a high level of alteration (Figures 3a, 3c, 3d, 4a & 4¢). Chlorite appears along
cleavage planes of biotite as well as around biotite (Figures 3a, 3c, 3e & 4a). There is a
preferred alignment of biotite crystals defining a secondary foliation (Figures 3a & 3b).
Plagioclase feldspar crystals are idioblastic to sub-idioblastic and show a high level of
alteration (Figure 3f, 4b, 4c & 4d). The altered plagioclase consists of the following minerals;
muscovite, epidote and calcite (Figures 3f, 4b, 4f, 5a & 5b). The alteration of plagioclase is
more pronounced at the centre of the grains (Figure 4e & 4f). Plagioclase feldspar show
zonation (Figures 4b & 4c¢). Opaque minerals (ilmenite) are mostly concentrated around grains
of biotite (Figure 3c). Quartz crystals display triple junctions along grain boundaries (Figure
3f) and are closely associated with biotite epidote and plagioclase. Epidote that replaces
plagioclase are colourless (Figures 4a, 4b, 4e, 4f, 6b & 6d), while epidote replacing biotite are
both yellowish-green and colourless (Figures 5 & 6). Epidote grains are significantly present

along cleavages and between grains of biotite (Figures 5a, 5S¢ & 6c¢).
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Figure 3: Photomicrographs showing; a) chlorite within cleavages of biotite, dotted lines
defining foliation, PPL b) foliation defined by alternation of mafic (Bt & Chl) and felsic
minerals (Qtz & Kfs), XPL c) chlorite (Chl) developing along the cleavage planes of biotite
(Bt), muscovite (Ms) cuts the cleavage planes of biotite, PPL d) quartz (Qtz) and chlorite
occurring in spaces created by alteration of biotite (Bt), XPL e) biotite (Bt) altering to chlorite
(Chl), surrounded by calcite (Cal), PPL f) plagioclase (Pl) in close contact with calcite (Cal)
and quartz, quartz (Qtz) exhibiting triple junction, XPL
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Figure 4: Photomicrograph showing; a) altered biotite (Bt), chlorite (Chl), centre dominated by
colourless epidote (EP), PPL b) epidote (Ep) occurring at the centre of a zoned plagioclase (P1),
alteration occurring from core to rim, XPL c) zoned plagioclase, and the minerals quartz (Qtz)
and biotite (Bt), XPL d) biotite (Bt) with K-feldspar and quartz occurring along the cleavages,
quartz (Qtz) in contact with plagioclase (P1), XPL ¢) greenish biotite (Bt), colourless epidote
occurring at the center, PPL f) epidote (Ep) developing on plagioclase (P1), XPL
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Figure 5: Photomicrographs showing; a) epidote (Ep) developing on biotite (Bt), alteration of
biotite from rim to core, PPL b) epidote (Ep) developing on both plagioclase (P1) and biotite
(Bt), XPL c) green-yellow epidote (Ep) developing on greenish biotite (Bt), while colourless
epidote concentrated around a colourless mineral, PPL d) quartz (Qtz) contact with biotite (Bt)
epidote and plagioclase (P1), XPL e) epidote (Ep) surrounded by biotite (Bt) grains, PPL f)
epidote (Ep) surrounded by grains (Bt) and quartz (Qtz) grains, XPL
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Figure 6: Photomicrographs showing; a) yellow-green epidote developing at the expense of
greenish biotite (Bt), biotite (Bt) in close contact with colourless epidote (Ep), PPL, b) quartz
in contact with epidote (Ep) and plagioclase feldspar (P1), XPL c) yellowish epidote surrounded
by colourless epidote (Ep), PPL d) altered plagioclase in contact with epidote (Ep) and quartz
(Qtz), XPL

10
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3.2 Geochemistry

The results of the whole rock chemical analysis are presented in Table 1. Both samples have
SiO; content greater than 60 wt % but sample 1 has higher content of 73.69 wt % compared
with sample 2 which has 61.06 wt %. Cao is higher in sample 1 (2.18 wt %) compared to
sample 2 (1.62 wt %). Sample 2 has higher contents Al,O3 (17.82 wt %), Fe2O3 (5.05 wt %),
K20 (5.32 wt %) and NaO (6.21 wt %) compared to sample 1 with 14.04 wt %, 1.92 wt %,
3.62 wt % and 3.54 wt % respectively (Table 1). Extremely low contents were reported for
TiO2 (0.21 — 0.22 wt %) and MgO (0.28-0.54 wt %) in both samples. Sample 1 has a higher
contents of V (40.95 ppm), Co (225.76 ppm), Sr (334.42 ppm) and Ba (679.61 ppm) compared
to sample 2 which has 19.48 ppm, 15.32 ppm, 68.93 ppm and 212.03 ppm respectively. Rb
(276.86 ppm) and Nb (514.75 ppm) contents are higher in sample 2 compared to sample 1 that
has 79.29 and 2.45 respectively. Light Rare Earth Element (LREE) is enriched with respect to
Heavy Rare Earth Element (HREE) in both samples, but the Rare Earth Elements contents of

sample 2 is far higher than sample 1 (Table 1).

4.0 Discussion

Two sets of foliation were identified (Figures 3a & 3b), the first foliation (S1) was defined by
alternation of felsic (feldspar and quartz) and mafic (biotite and chlorite) minerals, while the
secondary foliation (S2) which is perpendicular to the S; is defined by biotite. These foliations
could have resulted from two sets of deformation D and D> respectively. A previous study on
Ikare region had suggested at least four episodes of deformation [31], while a minimum of
three themo-tectonic episodes were identified in the Okene area of the Basement Complex of
Nigeria [38]. Also, Boesse and Ocan [39] in a study of high grade terrains of southwestern
Nigeria have recognized two phase of deformation in southwestern Nigeria. Biotite

chloritization at the shear zones have been reported in different parts of the world [7, 40-42].
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The geological map (Figure 2b) and field photographs are evidences that the rocks of Arigidi
and Erusu (Figures 1b, 1c & 1d) have been subjected to shearing. Patches of rust stains were
observed on the outcrop (Figure 1b), which might be an indication of the presence of pyrite
[43], or iron oxides [44, 45] resulting from alterations of minerals within the rock. Microtexture
that show high level of alteration of biotite to chlorite, epidote and muscovite (Figures 3a, 3c

& 6¢) can be represented by the reaction [46]:

Plagioclase + Biotite + H,0 => Albite + Quartz + Muscovite + Chlorite + Epidote (1)

Based on the reaction above, two layered biotite is changed to single layer epidote and chlorite,
while the released interlayer K* is used to form muscovite. The presence of epidote along the
cleavages (Figures 5a) suggests that cleavages provide pathway for fluid migration during
epidotization process [42]. The cutting of cleavage planes of biotite by muscovite (Figure 3c),
indicates that muscovite is secondary. Alteration of biotite due to influx of fluid might have
given rise to chlorite a process which has been proven to be associated with shear zones.
Retrograde processes required a fluid [47, 48]. At shear zones, there could be interaction of
fluids between meteoric, magmatic and metamorphic fluid, a process which is usually
associated with deformation [49]. There could be a potential introduction of fluids into rocks
through areas associated with brittle failure as well as through grain boundaries [50].
Chloritization during retrograde metamorphism involves the release of Si, Al and K, as well
as a decrease in volume [9]. Biotite chloritization begins with the exchange K* and H" within
the cleavages of biotite [4]. The incipient change of chlorite to biotite is commonly found in
gneiss of the greenschist facies [51, 52]. Occurrence of opaque minerals such as ilmenite in the
proximity of biotite (Figure 3c), is an indication that ilmenite is one of the by-products of break

down of biotite [8];

Biotite ==> Chlorite + Ilmenite 2

13
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Ilmenite in close association with altered biotite implies Tiand Fe liberated by the breakdown
of biotite did not move far from the site of reaction [27]. Some Fe content are retained in
chlorite while others will form opaque mineral (ilmenite). Also, presence of chloritized biotite
has been linked to retrograde part of metamorphic evolution [53]. Biotite chloritization usually
occur at temperature of about 600°C [54]. Based on the secondary minerals, hydrothermal
alteration of red stained rocks could have occurred at temperatures of between 250 — 400 °C
[44]. Plagioclases show high level of alteration with some crystals exhibiting zoning structure
(Figure 4b & 4c). The plagioclase is replaced by colourless epidote (Figures 4e, 4f, Sa, 6¢c &
6d). Through saussuritization plagioclase is altered to form epidote, chlorite and calcite [45,
55]. The saussuritization of plagioclase is more intense at the core of plagioclase crystals which
are likely to have a higher anorthite content (Figures 4a). Calcite in close contact with biotite
and plagioclase (Figures 3¢ & 3f), suggest that Ca?" released from breaking down of
plagioclase react with CO3?* to form carbonate [56], and can be represented by the reaction

[46]:
Plag. +Biotite + CO, + H,0 => Albite + Quartz + Muscovite + Chlorite + Calcite  (3)

It is also important to note that transfer of products from biotite chloritization facilitates
plagioclase alteration [57]. Thus, alteration of plagioclase usually occurs in the proximity of
biotite chloritization [58]. The presence of triple junctions at 120° among crystals of quartz are
indication of equilibrium and stable arrangement (Figure 3f). The extremely low content of
TiO; is an indication that Ti has been dissolved away. Studies has shown the mobilization of
Ti and Al through distances in hydrothermal environment [59]. Low K>O content (Table 1)
might be linked to the fact that K-content of biotite is depleted during the early stages of
chloritization [6]. Chloritization of biotite can lead to depletion of Cs [60] as reported for both
samples (Table 1). Previous study has described retrograde assemblages in the rocks of Ikare

area in which high grade mineral orthopyroxene was retrogressed to amphibole by rehydration

14
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process [33]. The mobility of rare-earth elements may occur during the development of shear
zones and migmatites [61-63], and thus could be responsible for the extremely low contents of

REE in studied gneisses (Table 1).

5.0 Conclusion

The mineral assemblages in the gneisses are indicative of low-grade (i.e. greenschist) as against
the granulite facies peculiar to this region and this might be due to the fact that both gneisses
are located along shear zones. Intense biotite alteration as observed, could have resulted from
the effect of hydrothermal fluid which was made available along the shear zones. Epidote is
the most abundant alteration product of biotite and plagioclase. The concentration of epidote
along cleavages of biotite is an indication that the fluid available at the shear zones flows
through path ways created by cleavages in biotite. Also, altered plagioclase could have
provided free Ca ions for the formation of epidote due to the close association of both altered
biotite and plagioclase. Zoned plagioclase observed, might by an evidence of the precursor

rock which is indicative of igneous origin.
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