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[ ABSTRACT ]

Etam is located in the southwestern sector of the Tombel plain and belongs to the
central domain of the Central African Fold Belt in Cameroon. In addition to basaltic rocks,
this area is made up of a metamorphic basement (gneisses) intruded by felsic plutons
(Granodiorite, Granites). These formations were affected by a major discontinuity: the Etam
Shear Zone (ESZ).

Etam granitoids (biotite granite, fine grain granite and granodiorite) are syntectonic S-
type granitoids. They are high-k calc-alkaline affinity to shoshonitic, feroanand strongly
peraluminous. The high Rb/Sr (0.92 — 1.46) and low Sr/Ba (0.18 — 0.26) ratios coupled with
strong negative Eu (Eu/Eu* = 0.37-0.59) anomaly characterized the lower degrees of vapour-
absent crustal melting upon their formation. The CaO/NaO2>3 ratio shows that granitoids
from Etam were derived from mostly clay-poor, plagioclase-rich psammitic source material
and probably crystallized between 800 and 950 °C, at ~750 kbar.

The Etam shear Zone (ESZ) which is considered here as part of the Central Cameroon
Shear Zone (CCSZ) is a NNE-SSE- to NE-SW-trending discontinuity with coexistence of a
sinistral ductile shearing mylonitic corridor and brittle zone. The mylonitic zone is evidence
of progressive deformation from the wall rock towards the shear zone centre. Primary
minerals include Qtz1 + Kfsl + PI1 + Btl. These minerals increasingly and gradually reduce
from the wall rock towards the shear zone center. Quartz recrystallization also gradually
increases in the same direction. Microstructures observed include: recrystallization, sub-grain
boundary, myrmekites and undulose extinction. Mica-chlorite-epidote assemblages define the
greenschist assemblage, but the observation of amphibole in the mylonite and the presence of
“flame perthite” in feldspar suggest transitional greenschist-amphibolite metamorphic
condition in the Etam Shear Zone.

This study focused on the evaluation of the high purity quartz (HPQ) potential of a
shear zone-hosted hydrothermal and metamorphic quartz deposit in Etam, southwest-
Cameroon. The shear zone quartz-rich rock is monomineralic and consists of both milky and
translucent varieties. The combination of ICP-MS and LA-ICP-MS analytical techniques was
used to assess the chemical purity of both quartz varieties. These compositional analyses
show that all quartz samples have SiO, content of 98.46-99.75 wt% with very low
concentrations of all the other elements. Translucent quartz when compared to the milky
quartz variety show low concentration of most of elements including the following principal
impurities: Al (mean 107ug.gt), Ca (mean 27.85ug.gt) and Fe (mean 26.05 pg.g?). Bubble
generation in the samples after flame-fusion over a silica plate was assessed to test the
suitability of the quartz in industrial uses. The results obtained from the chemical analyses
and bubble formation tests indicate that all the samples investigated do not meet the HPQ
requirement. However, the translucent quartz shows characteristics of medium purity quartz
and can produce silica glass for some industrial manufacturing even without further
purification. In this study the fluid inclusions in the samples were examined as this bears
information on the economic viability of the deposit and provides clues on the genesis of the
quartz vein. Also, tiny mineral inclusions within individual quartz grains were identified by
SEM-EDS. The results of these studies show that the deposit is probably of metamorphic
origin marked by crystal-plastic deformation in quartz grains. The veins were later modified
by hydrothermal fluid input. The results also indicate that the majority of impurities are likely
hosted by fluid inclusions and thus the quartz can be upgraded to HPQ after purification by
suitable methods as HCI-NH4ClI and H2SO4-NH4ClI systems.

Key words: Etam shear Zone, hydrothermal quartz, medium purity quartz, High Purity
Quartz
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[ RESUME ]

Etam est situé dans le secteur sud-ouest de la plaine de Tombel et appartient au domaine central
de la chaine panafricaine d’Afrique Centrale au Cameroun. En plus des roches basaltiques, cette
zone est constituée d'un socle métamorphique (gneissique) et montre un plutonisme felsique
(granodiorite, granites). Toutes ces formations ont été affectées par une discontinuité majeure : le
cisaillement Etam (ESZ) ou sont observes des gisements de quartz hydrothermales.

Les granitoides d’Etam sont syn-tectoniques et de type S. lls ont une forte affinité calco-
alcaline a shoshonitique et sont fortement peralumineux. Les rapports Rb/Sr (0,92 - 1,46) et Sr/Ba
(0,18 - 0,26) elevés, associés a une forte anomalie Eu négative (Eu/Eu* = 0,37-0,59),
caractérisent des faibles degrés de fusion de la croute en 1’absence de liquides lors de leur
formation. Le rapport CaO/NaO2>3 montre que les granitoides de I'Etam dérivent d'un matériau
psammitique principalement pauvre en argile et riche en plagioclases et ont probablement
cristallisé entre 800 et 950 °C, a ~750 kbar.

La zone de cisaillement de I'Etam (ESZ) est orientée NNE-SSE a NE-SW avec une
coexistence d'un corridor mylonitique et d'une zone fragile. La zone mylonitiqgue montre une
déformation progressive de la roche saine vers le centre du cisaillement. Les minéraux (Qtzl +
Kfsl + PI1 + Btl1) diminuent de taille progressivement vers le centre de la zone de cisaillement,
tandis que la recristallisation du quartz augmente également progressivement dans la méme
direction. Les microstructures observées sont : la recristallisation, les myrmekites et I'extinction
roulante. Les assemblages mica-chlorite-épidote + flamme perthite dans le feldspath suggerent un
métamorphisme transitionnel schist vert-amphibolite dans cette zone

Cette étude fait I'évaluation des gisements de quartz hydrothermal et métamorphique
d’Etam comme source potentielle du quartz de haute puret¢ (HPQ). Ces roches sont
monominérales et sont composées de variétés de quartz laiteux et translucide. La combinaison
des techniques d'analyse ICP-MS et LA-ICP-MS a été utilisée pour évaluer la pureté chimique
des deux variétés de quartz. Ces analyses montrent que tous les échantillons de quartz ont une
teneur en SiO; qui varit de 98,46 a 99,75 %. Le quartz translucide, comparé a la variété de quartz
laiteux, présente une faible concentration de la plupart des éléments, y compris les principales
impuretés suivantes Al (moyenne 107ug.g-1), Ca (moyenne 27,85ug.g-1) et Fe (moyenne 26,05
Mg.g-1). La production de bulles de vapeur dans les échantillons apreés fusion a la flamme sur une
plaque de silice a eté évaluée et montre que tous les échantillons étudiés ne satisfont pas a
I'exigence de QHP. Cependant, le quartz translucide présente les caractéristiques d'un quartz de
pureté moyenne et peut produire du verre de silice pour certaines fabrications industrielles, méme
sans autre purification. Dans cette étude, les inclusions fluides et des analyses SEM-EDS ont été
également faites. il en decoule de ces etudes que les gisements sont probablement d'origine
métamorphique et ont été modifiées par la suite par I'apport de fluide hydrothermals. Les résultats
indiquent également que la majorité des impuretés est probablement logee dans des inclusions
fluides et donc ce quartz peut étre re evaluer en HPQ apres purification par des méthodes
appropriées telles que les systemes HCI-NH4Cl et H2SO4-NH4Cl .

Mots clés : Cisaillement d'Etam, quartz hydrothermale, quartz de pureté moyenne,quartz
de haute pureté
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GENERAL INTRODUCTION




I Context and justification

High-purity quartz (HPQ) defined as quartz with < 50 pg/g content of contaminating
substances (Muller et al., 2010), is essentially pure quartz with very low levels of impurities
and pigmenting agents such as Ti, V, Ni and Cr. Because the levels of these trace elements in
quartz are generally very low, the process of ascertaining the prospectivity of quartz
occurrences as potential HPQ deposits requires high quality cathodoluminiscence (CL),
scanning electron microscopy (SEM) and laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) analysis of the quartz crystals. These analytical techniques
provide quantitative data that allow for the comparison of quartz from less studied areas with
HPQ from currently producing sites across the world. These data, combined with the
composition of mineral inclusions in quartz also permit economic geologists to calculate the
temperature of metamorphism/formation, model element diffusion (solid-solid redistribution)
between quartz and the mineral inclusion phases as well as the mechanisms by which
inclusions in quartz exsolve from the silicate phase with falling temperature and/or pressure.

These aspects are of significance to science and are examined in this thesis.

Laser ablation techniques are increasingly being used to determine trace element
composition in various mineral phases especially elements whose concentrations are within
the parts per billion (ppb) range (e.g. Pasava et al., 2013, Depine et al., 2013, Oberthur,
2013). These studies have increasingly pointed to the fact that the trace element content of
mineral phases can be a useful tool for provenance studies of mineral deposits (magmatic,
hydrothermal/metamorphic or post depositional enrichment). Although literature has a fair
amount of such high-quality data relating to pyrite (e.g. Koglin et al. 2010), same can not be
said of HPQ. This study seeks to contribute to this knowledge gap. This is particularly
relevant as the demand for HPQ worldwide is increasing and its usefulness for various

industrial applications relies on the minor element content in the quartz crystals.

In southwestern Cameroon numerous quartz-rich rocks of metamorphic and fault-
related origin have been described (e.g. Njome and Suh, 2005). These rocks lie essentially
along a fault trend that is part of the transatlantic shear zone system referred to as the Central
African Shear zone that extends from the interior of Africa across the Atlantic into South
America (Fig. 1, e.g. Ngako et al., 2008, Kankeu et al., 2012). Although this structure has
witnessed numerous structural and economic studies (Mosoh Bambi et al., 2013), no previous

studies have focused on these quartz-rich fault rocks whose contribution to the over all



evolution of the shear zone and potential role as HPQ source is of more than local

significance.

Il Objectives of study

The principal objective of this work was to evaluate the suitability of quartz-rich fault rocks

in Etam and environs in southwestern Cameroon as potential HPQ sources.
The specific objectives were:

I To produce a geological map underling the quartzitic rocks and their
metamorphic/igneous associated rocks in the Etam area.

ii. To determine the origin of quartzitic rocks and quartz vein relatively to the host
rocks

iii. To Determine trace element concentration in quartz by LA-ICP-MS, bubble
formation by fusion of quartz grains over silica plate

iv. To determine the quality of Etam HPQ relative to standart (IOTA) and other HPQ

V. To identify the methods used to upgrade low and medium purity quartz to high

purity qurtz

111 Thesis outline

The main results of this work are presented in four (04) chapters which previously
start by a General Introduction that rise problem relative to HPQ over the world and
immediately follow by Chapter one whichdeals with natural setting and generalities.
Chapter two presents thematerials andmethods used, while Chapter three gives the results
of the study, Chapter four deals with the interpretationand discussion. The work ends by a

General conclusion and Recommandation.



CHAPTER I
GEOGRAPHYCAL SETTING AND GENERALITIES




I Geographical setting of the study area
1.1 Location
Etam area is located in the Kupe Manenguba Division, South West Region of

Cameroon. It has a grid reference location between latitude N04°36°52°- N04° 48’ 3”’and
longitude E 09°28° 5°°- E09°39°8”’ (Fig. 1).
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Figure 1: Location of the study area.



1.2 Relief

Basically, Etam is lowland but comprises of a number of hills and valleys. The hills

are characterized by steep slopes, while the valleys are narrow and deep. The maximum

height noted in the study area is about 590m and the lowest is 300m (Fig. 1).

1.3 Drainage

The drainage pattern in Etam is dendritic (Fig. 2) due to the branching of smaller

streams (Jambo, Sambo) into rivers (Kobe) which eventually drain into the River Mungo,

which flows from North (Rumpi Mountain) to South. Rivers in this area are mostly

interrupted by falls and rapids.
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Figure 2: Drainage pattern of the study area.




1.4 Climate

Etam and its environs have a tropical climate. This type of climate has shot slightly dry
season. Temperature and precipitation vary during the year (Fig. 3). The total annual average
temperature is about 25.9°C while the average precipitation is usually about 2865mm for

total annual precipitation (www.besttimetovisit.com.pk, acess on 22 April 2019).
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: 400
: 360
: 320
: 280
: 240
: 200
: 160

- 120

20 - II L 40
0 -0

o1 02 03 04 05 06 O7 08 09 10 11 12

Figure 3: Etam climate: temperature (red line) and precipitation (blue stick). 01, 02, 03...and 12

represent January, February, March... and December respectively.

1.5 Vegetation

The vegetation of the study area falls within the primary, secondary, and tertiary type of
vegetation. The tropical rainforest and the equatorial rain forest make up the primary
vegetation characterised by a thick canopy which results to scanty undergrowth. The
secondary vegetation is made up of a relatively tempered forest; while the tertiary vegetation
consists of farmlands and shrubs.Some of the tall evergreen hardwoods found here are

mahogany, Iroko, Sapelle, Akan and Boma.


http://www.besttimetovisit.com.pk/

1.6 Soil

Vertisols and lateritic soils are common in the area. Vertisols are dark and clayey while

lateritic soils are locally impregnated with iron-rich nodular crust.
1.7 Land use pattern

The major ethnic groups in this area are the Bakossi tribe, which constitute the Bantus
(Eyongetah and Brian, 1981) and the Bafaws. People from the Northwest region (Meta) have
also settled here for agricultural reasons. Land use is mainly restricted to agriculture. Both

small scale and plantation agriculture are practised in the area.
Il Geological setting

I1.1 Regional geological setting

The study area is located in the south-west region of Cameroon. It is part of the
Tombel graben, which is a southwestern segment of the Central African Shear Zone (Njome
and Suh, 2005) in Cameroon (Fig. 4a). Etam also belongs to Adamaoua Yade Domain (AYD)
of the Central African fold belt in Cameroon (Fig. 4b, Penaye et al., 1993; Toteu et al., 2001,
2004.).

The Central African fold belt in Cameroon is also known as Pan-African North
Equatorial Fold Belt (Nzenti et al., 1988; Ngnotue et al., 2000) and it is a part of the Central
African orogenic belt (Trompette, 1997), generally trending E-W with 5000 Km in length and
over 300Km wide (Fig.4a). It is bordered to the West by Pan-African Trans-Saharian fold
belt, to the South by the Congo Craton, and runs into the Northeast of Brazil through the
Sergipano Belt, which represents the Brasiliano-Pan-African orogeny (Almeida et al., 1981;
Castaing et al., 1994; Brito de Neves et al., 2002). The Brasiliano-Pan-African fold belt
resulted from the convergence and collision of large continental blocks involving West
Africa, Sao Francisco and Congo Cratons as well as the intermediate domain of
Neoproterozoic age that consists of the polycyclic basement domain of Hoggar, Nigeria and
Borborema. Moreover, paleomagnetic, geochronologic, geochemical and structural
similarities between the Africa and South America suggest that the separate units once
formed a continuous unit in the past called the composite megacontinent of Gondwana
(Abdelsalam, 2002).
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Figure 4: Geological map of Cameroon, showing major lithotectonic units and shear zones: a)
Continental structures of Western Gondwana after Pan-African tectonic evolution (modified
after Njome & Dewit, 2014). Shear Zones: CCSZ (Central Cameroon Shear Zone); (SF)
Sanaga Fault; (TBF)Tchollire-banyo Fault; (Pe) Pernambuco fault; (Pa) Patos Fault. b)
Geological map of Cameroon (modified after Toteu et al., 2001). The Central Cameroon
Shear Zone is defined by a system of NE trending faults comprising Tchollire-Banyo Fault
(TBF), Adamawa Fault (AF), Sanaga Fault (SF), and Kribi-Campo Fault (KCF). NWC, North
western Cameroon domain; AYD, Adamawa-Yade Domain; YD, Yaounde Domain.

11.2 Geology of Cameroon

11.2.1 Precambrian geology

It is a period on the geologic timescale older than 600+ 50Ma) and consists of rocks of
two main age range: the Archaean (>2500Ma) and the Proterozoic (2500Ma- 600Ma, Cahen,
1984).

11.2.1.1 Archaean lithologies in Cameroon

The Archean Ntem Complex defines the north-western border of the Congo Craton.

The principal Archean domains found in Cameroon include:



(1) The Ntem Unit: This is part of the Congo Craton (Fig.5) and represents the oldest
lithologic group in Cameroon. It is a set of Palacoarchaean to Mesoarchaean and Late
Archaean charnockites, Mesoarchaean greenstone formations, Late archaean TTG basement,
dolerite dykes and high-K granite (Shang et al., 2010; Chombong et al., 2013; Ganno et al.,
2015; 2018; Ndime et al., 2018). Archean rocks in the Ntem Complex are dominated by
massive and banded plutonic rocks of the charnockite suite and by intrusive tonalites,
trondhjemites and granodiorites. Some of these bodies were previously dated at ca. 2.9 Ga
(Toteu et al., 1994;, Lasserre and Soba, 1976).Two important reactivation episodes affected
the Ntem complex in Eburnean and Pan-African times. Old Rb-Sr whole-rock data from
Lasserre and Soba (1976), though seemingly unreliable, suggest recrystallization between
2400 and 1800 Ma. Shang et al., (2004) reported Rb—Sr biotite ages between 2299 and 2064
Ma, confirming Lasserre and Soba (1976), and interpreted this as Eburnean reactivation.
Recent reviews of the geochronologic data from the Ntem complexreveals that the
charnockites crystallized at ~2.92 Ga; the trondhjemitesand associated amphibolite
protoliths, crystallized synchronouslyat 2.87—2.86 Ga (Li et al., 2016).
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Figure 5: Geological sketch map of southwestern Cameroon (modified after Maurizot et al., 1986;
Tchameni et al., 2010)
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This complex hosts severalrock units of economic importance which include high grade iron
ore and itabirites (Suh et al., 2008; llouga et al., 2013; Nforba et al., 2010; Feybesse et al.,
1998, Ganno et al., 2017; Ndime et al., 2018) with less prominent ultrabasic rocks containing
elevated Ni, Cr and Co contents (Milesi et al., 2006).

(2) The Nyong unit: The Nyong unit, constitutes the northwestern border of the Ntem
Complex (Fig. 5), it is about 240 km long and 160 km wide NNE-SSW trending band of
dominantly Paleoproterozoic metasedimentary and metaigneous rocks. Initially interpreted as
being part of the Archean Congo craton reactivated during Paleoproterozoic and Pan-African
orogenies (Lasserre and Soba, 1976; Maurizot et al., 1986), this unit is now considered as a
Paleoproterozoic nappe thrust onto the Congo craton (Penaye et al., 2004; Lerouge et al.,
2006), yielding both Archaean and Paleoproterozoic materials associated with various
migmatitic gneisses of TTG composition, granitoids, and remnants of greenstone belts
commonly made up of pyroxenites, serpentinites, banded iron formations (BIF), mafic and
ultramafic metavolcanics and post-tectonic metadoleritic dykes (Ndema Mbongue et al.,
2014; Ganno et al. 2017; Soh et al., 2018). More recently, Loose and Schenk (2018), Bouyo
Houketchang et al. (2019) and Ngah Essomba et al. (2019) reported the existence of well-
preserved to variably retrogressed eclogite facies metamorphic rocks associated with
greenstones belt in the Nyong unit. The SHRIMP U-Pb age of these eclogites was
constrained at 2093 + 45 Ma (Loose and Schenk, 2018). This date which is similar to that of
their host rocks (2050 Ma, Lerouge et al., 2006) suggests that the Nyong Group underwent
the same metamorphism by coupling field relationships with the contemporaneous zircon
growth between both rock types during the Paleoproterozoic between 2100 and 2000 Ma
(Bouyo Houketchang et al., 2019). The new findings allowed the reinterpretation of
Paleoproterozoic Nyong unit as one of the oldest subducted oceanic slab or trace of a suture
zone so far recorded within the West Central African Fold Belt (Ngah Essomba et al., 2019).
Moreover, ca 600 Ma Pan-African high-grade recrystallization and static overgrowth was
recorded in the western part of the Nyong unit. This suggests that this unit underwent a

polycyclic evolution (Toteu et al., 1994; Lerouge et al., 2006; Ndema Mbongue et al., 2014).

(3) Archaean remnants in the Pan African domain: These are isolated and often
well-preserved blocks within Neoproterozoic (Pan-African) terranes in Cameroon. Archaean
ages (~2.6 Ga) have been obtained in this domain in the Meiganga area, using 207Pb/206Pb
single-zircon evaporation method (Ganwa et al., 2008a).Recent U-Pb dating indicates that
the protoliths of some orthogneisses from the Adamawa-Yadé domain were emplaced during

Tonalite-Trondhjemite-Granodiorite (TTG) suites in the Makénéné area and intruded at
11



ca.3.0-2.5 Ga, as well as Nomalé migmatitic gneiss that yielded an upper intercept age at
2980 + 36 Ma (Tchakounté et al., 2017).

11.2.1.2 Proterozoic lithologies in Cameroon

The Proterozoic formations in Cameroon comprise the Paleoproterozoic rocks, which
derived from old Archean rocks reactivated during the Eburnean metamorphic event and
those generated during the same event and the Neoproterozoic rocks which are considered as

rocks reactivated during the Panafrican metamorphic event between 550 and 650 Ma.

- Paleoproterozoic lithologies in Cameroon

Paleoproterozoic lithologies in Cameroon have been recorded mainly in the Ayna unit
and the Nyong series described in section 11.2.1.1. Therefore, recent studies also described
remnants of Paleoproterozoic basement rocks within the Pan-African Central Africa Fold
Belt(Penaye et al., 1989), where they are well preserved in some domains in the belt or
displayed only as isolated blocks in other domains.The Paleoproterozoic ages within the Pan-
African Central Africa Fold Beltare essentially recorded in rocks in the northern part of the
belt (Poli region) and central part (Kékem, Banyo, Tibati, Makenene, Tonga, Meiganga and
Mbé). In Meiganga,age determinations employing the 207Pb/206Pb single-zircon
evaporation method yielded Late Archean (2.6 Ga) to Palaeoproterozoic (1.7 Ga) ages
(Ganwa et al., 2008b). In the Bafia group, ca. 2.1-Ga zircon age (Paleoproterozoic) was
recorded in orthogneiss from Makenene (Toteu et al., 2001; Nzolang, 2005) and in garnet-
amphibolite and biotite-amphibole gneiss in the Tonga area (Tanko Njiosseu et al., 2005).
Similar age was obtained inthe Mbé region to the north of Ngaoundéré where U-Pb dating on
meta-igneous rocks (hornblende-biotite gneiss) gave an age around 2.1 Ga (Penaye et al.,
1989).

- Neoproterozoic lithologies in Cameroon

The Pan-African Fold Belt (Nzenti et al., 1988; 2006; Ngnotué et al., 2000) is a major
Neoproterozoic Orogen linked to the Trans-Saharan Belt of western Africa and to the
Brasiliano Orogen of NE Brazil (Castaing et al., 1994; Neves et al., 2006). In Cameroon, the
Pan-African Central Africa Fold Belt (Fig. 6) which is partly covered by basalts and trachytes
of Tertiary to Recent age is subdivided into three domains (Nzenti et al., 1994; 1999; 2006;
Ngnotué et al., 2000; Tanko Njiosseu et al., 2005): The southern domain (Yaounde domain),
the central domain (Adamaoua-Yade domain) and the Northern domain.

The southern domain corresponds to the northern edge of the Congo Craton, formed

by Neoproterozoic metasediments deposited in a passive margin environment and
12



metamorphosed under high pressure conditions at 616 Ma. This domain consists of the
Yaoundé Group which is composed of the Yaoundé Series located at the centre, Mbalmayo-
Bengbis —Ayos, Yokadouma and Bafia Series located to the South, East and North of the
Yaoundé Series, respectively. They are Neoproterozoic volcanosedimentary series thrusted
onto the Congo craton (Nzenti, 1987; Nzenti et al., 1984; 1988; 1998b; 1999; Nédéléc et al.,
1986; Soba, 1989; Penaye et al., 1993). This southern domain shows a polyphased and
monocyclic evolution (Nzenti et al., 1988; Nzenti and Tchoua, 1996; Ngnotué et al., 2000;
Owona et al., 2010) with two main deformational phases contemporaneous with high
temperature and high-pressure metamorphism. The early Dideformational phase is

responsible for a compositional banding.
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Figure 6:Geological map of Cameroon (modified from Toteu et al., 2001, Nzenti et al., 1994, Ngnotué et
al., 2000, Kankeu et al., 2009 and Kankeu et al., 2012; Vishiti et al., 2015), showing three
domains of Central African fold belt in Cameroon: (1) southern domain; (2) central domain;
(3) northern domain. The Central African Shear Zone is defined by a system of NE-SW
trending faults comprising Tchollire-Banyo Fault (TBF), Adamawa Fault (AF), Sanaga Fault
(SF), and Kribi-Campo Fault (KCF). AYD, Adamwa-Yade Domain; YD, Yaoundé Domain;

The location of the study area is marked by a yellow box.

The subsequent D.deformation phase is characterized by tangential tectonics that
resulted in thrusting onto the Congo craton (Nzenti et al., 1988; 1992; Ngnotue et al., 2000;
Tadjou, 2004). It developed under granulites-facies metamorphism whose P and T are
estimated at T = 800°C, P = 12Kb (Nzenti, 1987; Nzenti et al., 1984, 1988; Owona et
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al.,2010) in the Yaoundé region. The southern domain probably corresponds to a continental
margin. However, the presence of evaporitic compositional level and alkaline volcanictes
strongly suggest a shallow water depositional environment during extensionnal tectonic
processes (Nzenti et al., 1988; 1992; 1998b; Nzenti et Tchoua, 1996; Ngnotué et al., 2000).
This domain may be considered as an extensional tectonic domain to the North of the Congo
craton, generating fracturing of older crustal materials, which resulted in rift-related basins.

The central domainis a transition domain between the north and south domains, which
stretches from the south of Bafia area to the south of Poli. It consists of (i) large strike-slip
faults (Cameroon Central Shear Zone, CCSZ), Foumban-Tibati-Banyo fault considered as
ductile transcurrent shear zone (Nzenti et al., 1988; Ngako et al., 1991; 2003; Abdelsalam et
al., 2002), Bétaré-Oya ductile-brittle fault ( Kankeu et al., 2009) and Sanaga Fault (Dumont,
1986); (ii) widespread syntectonic granitoids (leucogranites, granites, syenites) of aluminous
to high-K calc-alkaline affinities (Nzenti et al., 1994; 1998; Nguiessi et al., 1997; Tagne
Kamga, 2003; Tagne-Kamga et al., 1999; Nzolang et al., 2003; Njanko et al., 2006; Nzenti at
al., 2006; 2010; Djouka-Fokwé et al., 2008; Njiekak et al., 2008; Kouankap Nono et al.,
2010; Chebeu et al., 2010; Mosoh Bambi et al., 2013; Asaah et al., 2015; Ntieche et al., 2016;
2017), (iii) Neoproterozoic metasedimentary rocks (Soba, 1989; Tchaptchet Tchato et al.,
2009, Bouyo et al., 2009) and (iv) 2100Ma Paleoproterozoic granulites (Nzenti 1987; Nzenti
et al., 1998; Penaye, 1988; Toteu et al., 2001; Tanko Njiosseu et al., 2005; Ganwa et al.,
2008a). Literature available (Nzenti et al., 1994; Tagne Kamga, 1994 Ngnotué et al., 2000;
Kapajika, 2003; Nzolang et al., 2003; Tanko Njiosseu et al., 2005; Nzenti et al., 2006, 2007;
Kouankap Nono et al., 2010; Chebeu et al., 2010; Nzenti et al., 2010) shows that the central
domain is a polycyclic domain, it consists of three Neoproterozoic deformational phases
developed under low to high grade amphibolites facies:

- Dideformational phase is represented by Si foliation associated with Limineral
lineation; shear plan C1, shear band cleavages (S-C) structures associated with F1 fold. This
deformation phase is contemporaneous with low to medium grade amphibolites-facies

metamorphism;

- Dodeformational phase is responsible for Coshearing plane, F-fold with S;as axial
plane schistosity, associated with a lineation L. It developed under high grade amphibolite-
facies metamorphic conditions with P and T estimated at (5-7Kb, 700-800°C respectively). It
is also coeval with the emplacement of some plutons in the central domain such as those of
Tonga (Tanko Njiosseu et al., 2005), Bantoum (Nzolang et al., 2003), Bangangté, Batié
(Njiekak et al., 2008), Kekem (Tchaptchet Tchato et al., 2009 ), Bafoussam (Djouka et
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al.,2008), Bandja (Nguiessi et al., 1997), Banyo (Nzenti, 1998a), Kongolo (Lasserre et Soba,
1976), Koata-Tibati (Njanko, 1999; Njanko et al., 2006, Kapajika, 2003; Nzenti et al., 2006),
Ngaoundéré (Tchameni et al., 2006), Banefo-Mvoutsaha (Kouankap Nono et al., 2010),
Akum-Bamenda (Nzenti et al., 2010); Batié-Bapa (Chebeu et al., 2010);

- D3 phase is mainly a brittle phase, characterized by Csshearing plane associated with
large scale folding F3. The works of Nzenti et al. (1994; 1998 and 2007), Tanko Njiosseu et
al. (2005) and Ganwa et al. (2008a and 2008b) revealed in this domain, the occurrence of
2100 Ma old Paleoproterozoic high grade gneiss intruded by 550 + 50 Ma old Neoproterozoic
plutons. According to these authors, the central domain represents an ancient continental

domain reworked during Pan-African orogeny.

The northern domain is a polyphase and polycyclic domain (Toteu et al., 1987,
Penaye et al., 1989; Nzenti et al., 1992; 1999), consisting of metasediments known as the Poli
series, associated with subordinate 830 Ma-old volcanics of tholeiitic and alkaline affinities
which have been interpreted as an extensional stage; metabasites and calc-alkaline
orthogneiss interpreted as an accretion domain (Toteu et al., 1987; Danguené, 2003). The
remnants of Paleoproterozoic crust dated at 2100 Ma (U/Pb zircon age, Penaye et al., 1993)
are interlayed with orthogneiss. U/Pb and Sm/Nd geochronology data from the Buffle Noir
and Mbé regions, located to the South East of Poli (Toteu et al., 2001; 2004) have revealed
that these areas have experienced a long and complex crustal evolution from upper Archean
(2900-3000 Ma) to Neoproterozoic (620-580 Ma), which is characterized by three successive
deformational phases:

- The early Dideformation corresponds to tangential tectonics dated at 800-700 Ma,
(U/Pb zircon age, Toteu et al., 1990). Structures related to Dideformation are most often
obliterated by subsequent D.and Dsdeformation. It developed under amphibolite-facies
conditions (650°C, 6-7Kb, Nzenti et al., 1992);

- Dodeformation phase, coeval with an intensive migmatization (Njel, 1988; Nzenti et
al., 1992) and granitisation (Syn-Docalc- alkaline granitoids dated at 580 Ma U/Pb Zircon
age, Toteu et al., 1987; 1990), evolved both under amphibolite facies conditions (600°C, 5-
7Kb) and green schist metamorphic conditions (550°C, 5Kb). This D.deformation phase
(Nzenti et al., 1992) is characterized by N-S or NW-SE oriented sinistral strike-slip fault,
associated with thrusting and E-W to WSW-ENE in “echelon antiform and synform . This

stage is also contemporaneous with an important crustal melting;

- Dsdeformation marked by E-W dextral strike —slip and E-W to N-S oriented drag

fold, is associated with granitoids dated at 545 Ma (U/Pb zircon age, Toteu et al., 1987).
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I1. 2.2 Central Cameroon Shear Zone (CCSZ)

The CCSZ is a corridor of high strain rocks that extends across central Cameroon in a
NE-SW direction (Dumont, 1986; Ngako et al., 2003) and continues into north-eastern Brazil
as the Pernambuco shear zone (Fig. 4a, Castaing et al., 1994; Trompette, 1994; Neves et al.,
2005). It is a set of an anastomosing transcurrent fault (Kankeu et al., 2009) and shows an
important mylonitic band, low- to medium-grade with a variation of direction from N70°E to
N30°E (Fig.4b). Deformation along the CCSZ is heterogeneous. Sinistral and dextral shear
movement are separately recorded within the shear zone (Ngako et al., 2003). F2> asymmetric
fold consisting of boudinaged granitic veins and preferred orientation of feldspar phenocrysts
oblique to concordant syn-kinematic vein characterise sinistral shear movement, while
dextral shear movement is indicated by asymmetric boudins in granitic veins cross-cut by ¢’
shear planes. An important relation has been indicated between CCSZ, generation and
emplacement of granitic intrusions in the Pan-African North Equatorial Fold Belt (Ngako et
al., 2003; Tagne Kamga, 1994; Nguiessi et al., 1997; Njanko, 1999; Njanko et al., 2006;
Nzenti et al., 2006).

11.2.3 Previous studies in Tombel graben

Tombel area is located in the continental sector of the Cameroon volcanic line (CVL,
Regnoult, 1986; Neba, 1987) also known as ‘Cameroon Hot Line’ (CHL, Deruelle, et al,.
2007). The metamorphic basement in the Tombel graben and its environs comprises gneisses,
biotite-schists, migmatites and meta-granitoids (Njome and Suh., 2005). Gneisses and schists
are low-grade metamorphic rocks evidenced by the appearance of biotite in the mode (Njome
and Suh, 2003).

Structurally, the metamorphic basement in the Tombel graben region is marked by
two major tectonic events, made up of a NE-SW mylonitic foliation reminiscent of ductile
deformation along a sinistral strike-slip fault. The mylonitization event reworked an older N-
S gneissose foliation and a younger brittle event marked by three principal sets of fractures:
N140E-N150E, N120E-N130E and N9OE-N110E. The mylonites have a distinct greenschist
facies assemblage with the appearance of sericite + chlorite + epidote, and the silicification of
the matrix (Njome et al., 2003). The sericite in the mylonite forms from the breakdown of
feldspars in the precursor rocks and points to the fact that mylonitization was accompanied by
fluid infiltration resulting in retrograde metamorphism. The tectonic evolution in the Tombel

graben segment of the CASZ system follows a classical development of shear zone
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describedby a number of works (e.g. Suh and Dada, 1997; Imber et al., 2001). It commenced
with ductile deformation and terminated with brittle deformation.

The Etam area has mainly basalt, plutonic rocks (granitic and granodioritic) and
metamorphic rocks including gneisses and migmatites. These lithologies are associated to a
mylonitic band oriented N0O30 to N045 (Njome and Suh, 2003) termed the Etam shear zone
(ESZ, Sigue et al., 2019) which constitutes a segment of CCSZ. The mylonitization event has
been attributed to a Pan-african age (Njome and Suh, 2005) and has reworked the gneissic
foliation. The basement rocks at Etam are extensively covered in some places by the basaltic
lavas from the Cameroon Volcanic Line (CVL). All these lithologic units are cross-cut by
several randomly oriented fracture sets and quartz veins. The quartz veins are few millimetres
to several metres wide. Some quartz in this area show medium to high purity qualities with a

great High-Tech use (Sigue et al., 2020).

11 Overview of shear zone and High purity quartz

I11.1 Shear zones and silica remobilization

Shear zones are generally known for their unique structural configuration which
influences hydrothermal fluid flow and also acts as a conduit for granitoid emplacement
(Hutton and Reavy, 1992; Lemos et al., 1992; Weinberg, 2004; Brown and Solar, 1998).

Alteration in brittle—ductile shear zones is mainly driven by syn-tectonic fluids
(McCaig et al., 1990; Goncalves et al., 2012; Wintsch and Yeh, 2013). Spruzeniece et al.,
(2015) suggested that the fluid present in brittle—ductile shear zones is typically associated
with a variety of weakening mechanisms: (1) chemical breakdown of feldspars into weak
hydrous minerals (White and Knipe, 1978; Hippertt, 1998; Oliot et al., 2014); (2) reaction-
controlled grain size reduction by growth of fine-grained metasomatic assemblages (White
and Knipe, 1978; Kilian et al., 2011); (3) switch of the dominant deformation mechanisms
from solid state power-law rheology to fluid facilitated Newtonian flow (Menegon et al.,
2008; Wintsch and Yi, 2002; Brander et al., 2012); and (4) hydrolytic weakening in minerals
deforming by crystal-plastic mechanisms (Tullis and Yund, 1980; Karato et al., 1986). Fluid-
flow mechanisms in structural features within a shear zone have been extensively
documented (Marquer 1989; Ferry and Gerdes 1998; Streit and Cox; 1998). A relationship
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hasbeen noted between fluid—rock interaction processes and pervasive alteration of granitic
rocks resulting in transport by diffusion (Cesare 1994; Watson & Wark 1997; Vidal & Durin
1999; Widmer & Thompson, 2001). Otherwise, the decrease in grain size through fracturing
during cataclastic deformation, under certain metamorphic conditions, below 350°C and
shadow pressure release Si, and reactions mostly responsible for that are: (1) breakdown of
plagioclase to albite (2) formation of chlorite + epidote and phengitic (Tullis and Yund, 1980;
Evans, 1990; Fitz gerald and Stunitz, 1993; Kamineni et al., 1993; Suh and Dada, 1997). If it
is attested that diffusional transport by fluids saturated in Si leads to the formation of small
quartz vein, very large quartz vein formation mostly obey to different mechanisms.
According to Bons (2001) and Lemarchand et al., (2012), a huge amount of quartz to be
deposited in the same site requires conditions including pathways created by mobile
hydrofracturing, very rapid ascent fluids flow bearing quartz and a pre-existing fracture or an

anisotropy in the host rock.

111.2 Fault rocks

Several authors have suggested a definition for fault rocks (e.g. Sibson, 1977; White,
1982; Wise et al., 1984; Chester et al., 1985; Schmid and Handy, 1991). Fault rocks are
mainly subdivided into ductile and brittle fault rocks according to the depth of formation
within the crust (Fig. 7A).

1- Ductile fault rocks are represented by mylonites. They occur in high-strain zones
known as mylonite zones, interpreted as exhumed, ‘fossil’ ductile shear zones (Passchier and
Trouw, 2005). A mylonite is defined as a foliated and usually lineated rock that shows
evidence of strong ductile deformation and normally contains fabric elements with
monoclinic shape symmetry (Bell and Etheridge, 1973; Tullis et al., 1982; Hanmer and
Passchier, 1991). Mylonites are classified according to the percentage of matrix and clasts in
the rock. Matrix is considered to be clast less than 0.1mm (Sibson, 1977; Woodcock and
Mort, 2008). This classification distinguishes three types of mylonites (Fig. 7B): (a)
protomylonite (0-50% matrix), (b) mylonite (50-90% matrix) and (c) ultramylonite (90-100%
matrix).

2- Brittle fault rocks (cataclasites, breccias, fault-gouge and pseudotachylites) are
classified from low to high grade or from fast to slow strain rates. Brittle fault rocks are
mostly represented by fault cataclasites and fault breccias which are difficult to distinguish at
outcrop scale. Woodcock and Mort (2008) used clast size as the primary criterion for
designating fault breccias. At least 30 % of the rock volume must be ‘large’ clasts, those
defined here as greater than 2 mm in diameter. Therefore, three types of breccias are

18



definedaccording to the percentage of large clasts (>2mm) present (Fig 7C): crackle breccias

(> 75% of large clast content); mosaic breccias (60-75% large clast content) and chaotic

breccias (30-60% large clasts present). Cataclasites are cohesive and non-foliated rocks with

less than 30% of clast greater than 2 mm in diameter.
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Figure 7: Classification of fault rock : A) Distribution of the main types of fault rocks with depth in the

crust (Passchier and Trouw, 2005) : B) A revised classification of fault rocks and C) Ternary

diagrams showing the two alternative graphical displays of the proposed fault rock
classification. (B and C are after Woodcock et Mort, 2008).

111.3 Overview of High Purity Quartz (HPQ)

111.3.1 Impurities in quartz

High purity quartz has become one of today’s key strategic minerals with applications

in high-tech industries that include semiconductors, high temperature lamp tubing,

telecommunications and optics, microelectronics, and solar silicon applications (Blankenburg
et al., 1994; Haus, 2005 and 2010; Moore, 2005; Dal et al., 2011;Gao et al., 2011; Kodama et
al., 2010).High-purity quartz (HPQ) defined as quartz with < 50 pg/g content of

contaminating substances (Muller et al., 2010), is essentially pure quartz with very low levels

of impurities and pigmenting agents.The maximum content of each element should be: Al

<30pg/g, Ti < 10pg/g, Na <8ug/g, K < 8ug/g, Li < 5Spg/g, Ca < 5pg/g, Fe <3pg/g, P <2pg/g
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and B < 1pg/g whereby the sum of all elements should not exceed 50ug/g (Muller et al.,
2012; Santos et al., 2015). The quality of HPQ products is a function of the impurities within
quartz crystals (intracrystalline impurities), because they cannot be removed by conventional

processing. These impurities include:

a) Lattice-bound trace elements which either substitute for Si** (AI**, Fe3*, B%*, Ti*",
Ge**, P>*) or occur at interstitial channel positions (Li*, K*, Na*, H*, Fe?*). Thomas (2008)
and Miller & Koch-Miiller (2009), suggested that B** may substitute for Si** (Fig. 8). The
determinations of the (AI®* + Fe3* + B3*)/(P°* + H* + Li* + Na™+ K") ratio in natural quartzhas
shown that electron defects have only a minor or no contribution to the charge balance
(Muller and Koch-Mdiller, 2009). The equation is important for the determination of the
chemical quality of quartz.
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Figure 8: Schematic quartz structure showing the configuration of trace elements in the quartz lattice
(from Gotze, 2009).

McLaren et al. (1983) proposed the substitution of Si** by four H* is possible (silanol
groups). Because of the two-dimensional illustration the fourth H* is not shown on the figure
(Mdller, 2012).

Aluminium is the most common trace element in natural quartz, in concentrations of

up to several thousand Ig g-1 and can thus be more easily determined by analytical methods

than the other elements. If high Al concentrations are detected then concentrations of Li, K,
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Na and H will be high as well and possibly also the concentrations of B and P. The Al
concentration in quartz is thus an important quality indicator. A number of additional
elements with concentrations < 0.01 Ig g-1 have been detected in natural quartz (e.g. Gerler,
1990; Blankenburg et al., 1994; Monecke et al., 2002). Hydrogen is the only common trace
element which is not listed because limited data exist (Fig.9).

b) Submicron inclusions <1 um. They include so far rutile, ilmenite, mica, tourmaline
and Al-Si phases which could represent Al>SiOs polymorphs, AIOOH phases, or corundum
(Zolensky et al., 1988; Seifert et al., 2011; Muller et al., 2012). The size, the chemical
composition and the spatial distribution of inclusions and localization of isomorphic
substitutional elements (e.g. Al, Ti) in the quartz crystal lattice determined the quality of the

quartz raw material.
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Figure 9: Average abundance and variations of trace elements in natural quartz. Data shown in grey are
from Gerler, (1990); Blankenburg et al. (1994) and Gotze. (2009). Data shown in black represent
2117 LA-ICP MS analyses of quartz carried out at Novegian Geological Survey (NGU) over the
last 6 years. Concentrations of Cl are uncertain due to the very high detection limit of about 100
lg g-1. Cl is presented because Gerler, (1990); Blankenburg et al., (1994) and Gotze, (2009)

suggested that it occurs in considerable amounts in quartz.

¢) Fluid micro inclusions (>1 pm). Fluid inclusions are formed during the primary
crystallization of quartz from cooling rock forming fluids and also as a result of secondary
(re)-crystallisation processes related to tectonic events (Roedder, 1984). They can be
classified based on descriptive parameters like size, shape, color, refractive index, their origin

(primary, secondary) and the number of physical phases (liquid (L), vapor (V), solid (S))

21



present within the inclusion (Van den Kerkhof and Hein, 2001). Liquid inclusions are
commonly brines with elevated concentrations of alkalis which need to be removed to meet
the chemical specification of the glass. The common types of fluid inclusions are: 1) Water
containing, biphasic inclusions liquid-gas rich liquid phase, negative crystal shape. ii)
Coexistence rich inclusions in liquid and gas phase. iii) Fluid inclusions that define growth
zones in peculiar quartz. iv) Decadent — broken inclusions in milk colored solid quartz,
(Kilias et al., 2004; Santos et al., 2014). The disposition (oriented or scattered) of fluid
inclusions is especially important since they may be aligned along tracks that will open
during comminution or, if randomly scattered within the quartz crystals, their liberation by
mechanical and physical processes will be prohibitively much more difficult. The chemical
composition defines the impurity level when element concentrations enriched in the fluid
inclusions are forced in the silica glass during the melting process. Fluid inclusions may form
bubbles making the silica glass less valuable. Since silica glass melt is highly viscous, smaller
bubbles are not able to rise to the surface of the melt and so survive to unacceptably impair
the quality of the silica glass.

111.3.2 Commercial qualities of quartz

The commercial definition of quartz qualities, including high-, ultra- and hyper-
qualities (Harben, 2002), is certainly the most widely used commercial qualities of synthetic
and natural quartz (Fig. 10). This classification is based on qualities of processed quartz
products available in the market. For the classification of high- and ultra-high qualities
Harben utilized as a model the trace-element concentrations of the IOTA quartz products
from Unimin (Jung, 1992; IOTA, 2011).According to Harben, high purity quartz concentrates
are designated to contain less than 50 pg g-1 of contaminating trace elements. High-purity
quartz is defined containing 8-50 pg g-1 impurities (see grey shaded field in Fig. 10). The
lower limit of 8 ug g-1 is represented by the quartz product IOTA 8 which is the purest quartz
product on the market produced from natural quartz.

111.3.3 Market demand of HPQ

Demand for HPQ is increasing strongly due to the rapid development and expansion
of the HPQ consuming industry (Fig. 11a and b).The global outlook for high purity quartz-
using industries is still positive with annual growth rates between 3 and 5% (Reiner et al.,
2012). Certain applications as in the semiconductor industry are expected to growth at the
level of 7% a year, while in the solar industry all signs point to further growth > 100% a year.

Figure 12 shows a range of Global HPQ consumption structure by industries.
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Figure 11: HPQ consuming industry: (a)-world solar energy installed (giga watt) (b) - Global electronic

industry (http/www.serbia.mfa.gov.by).

111.3.4 Security and HPQ deposits around the world

To guarantee industries supply of quartz raw material necessitates the identification
and characterization of new HPQ deposits all over the world. Expertise in geology, chemical
analysis, and mineral processing is required to develop the full potential of a quartz deposit.
Geological environments of world known HPQ deposit are manifold and the existing deposits
of quartz raw material are related to magmatic and metamorphic events, hydrothermal
activity or sedimentary processes (Table 1).
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111.3.5 Guarantee HPQ quality

The HPQ materials are controlled by a range of laboratory techniques providing
analytical support related to quality control. Analytical capabilities include wet chemistry,
microwave digestion, atomic absorption, computer driven ICP and flame photometry. The
laboratory also performs complete sample preparation including crushing, grinding and
magnetic separation and can simulate all plant beneficiation methods.

Unimin Corporation is the world's leading high purity quartz producer (Fig. 13). They
are fully integrated to ensure complete control over the quality and integrity of IOTA
products from the mine to the customer from two unique ore bodies that produce a complete
portfolio of quartz grades and custom products.

111.3.6 Mineral commodities in Cameroon

Substantial deposits of gold, diamond, bauxite, cobalt, iron ore, nickel,
cassiterite, uranium, rutile, and nepheline have been found in many sites in Cameroon. A
summary of the most important deposits of HPQ and their resource estimates are shown in
Table 2. HPQ constitutes a new area that is still to be explored in Cameroon. This study
brings for the first time the reflexion on the potential deposit of HPQ in the South-West

Region of Cameroon.

Table 1: Some main deposits of high purity quartz over the world (magmatic, metamorphic, tectonic and

sedimentary geologic context).

24



Deposit type Geological environment Location Country References
Kyanite quartzite granitic gneisses of the Solgr, Norway Muller et al., 2012
Solgr Complex Surnadalen,
Nasafjell  and
Skjomen
Kyanite quartzite Green schist to amphibolites Forland Norway Muller et al., 2007
grade metamorphism
Hydrothermal Ductile shear zone Nesodden Norway Muller et al., 2012
quartz vein
Pegmatite, quartz Magmatic Nedre @yvollen Norway Muller et al., 2012
veins
Pegmatitic  quartz  Shear zone Sierra de Argentina Morteani et al., 2012
veins Comechigones
Quartz sand Sedimentary (marine Santa Maria Brasil Santos et al., 2015
environment) Eterna
Quartz vein Green schist grade Sierra de Santa Brasil Santos et al., 2014
metamorphism Helena
Quartz vein desert area Oum Agueneina Mauritania ~ Feytis, 2010
pegmatite Quartz vein Spruce Pine USA SINOSI Group, (2013)
Pegmatite Granitic pluton (Granodiorite) ~ Marwit Rod El Egypt Ibrahim et al., 2015
Legah
hydrothermal quartz ~ Sedimentary quartzite farm Alt Seeis Namibia Carr, 1983
vein 133
Quartz sand Sedimetary Far North Australia SSRG, 2019
Queensland

Quartz Corp,
Norway-USA
8%

China
?l:-

Other

2K

Unimin, USA
80%

Figure 13: HPQ market (http/www.serbia.mfa.gov.by).

Table 2: Minerals commodity in Cameroon

Mineral
commodity

locations

Reserve estimate

Deposit type

references
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Diamond Mobilong 3.78 billion carat Conglomerate and Gentry (2009)
alluvium
Bauxite Minim-Martap, 3Gt Paleogene to Milisi et al.,
Ngaoundal& Fongo Quaternary volcanics  (2006)
Tongo Gentry (2009)
Co-Ni-Mn Nkamouna, Mada, 225 Mt Laterite deposit Milési et al.,
Kondong, Messea, North  (0.24% Co, 1.22% hosted by (2006), Newman
Mang, Rapodjombo and Mn, 0.72% Ni). Neoproterozoic (?) (2008), Gentry
South Mang. mafic-ultramafic (2009).
magma complex.
Iron ore Mbalam, Kribi and Mbalam >800 Mt. Archaean- Newman (2008),
Nkout (35-60 % Fe) Kribi Palaeoproterozoic (?) Ngako (2007),
~330 Mt. (30 % Fe) BIF in greenstone Milési et
Nkout (not defined). belts. al.,(2006),
African Aura
Mining (2009),
Gentry (2009).
Uranium Kitongo, Lolodorf, Kitongo=13,125 t. Mid-Proterozoic Newman, (2008),
Teubang, and Bantadje. Lolodorf=1,200 t. vein-related granite-  African Aura
Teubang (not metasediment Mining (2009),
defined). contact, Mega Uranium
Bantadje=~10,000 t. conglomerate and (2009).
sandstone,
microdiorite.
Rutile Eboundja 800 Mt. Quaternary alluvium  Milési et al.,
Akonolinga 3Mt 1% rutile reworked from (2006), Ngako
Neoproterozoic (2007).
nepheline-bearing-
syenite.
Tin Mayo Darle 17 targets with one Granitoids Gentry (2009)
world class deposit.
Wolframite Goutchoumi ca. 4,500 t. Fault-related (Milési et al.,
orogenic 2006).
Neoproterozoic
granite.
Gold East Cameroon gold field About 150 target Department of
areas Mines,
MINIMIDT,
(2013)
HPQ Southwestern Cameroon Km3 Hydrothermal quartz ~ Sigue et al., 2019

vein

IV Fluid inclusions and impact on HPQ quality

1V.1 Introduction

The growth of minerals from a fluid phase is considered to be one of the most

important factors in the genesis of certain mineral deposits. Thus, it is common that when a

crystal grows, it traps small amounts of the fluid phase with its soluble salts and its volatile

phase. The relics of this fluid are called fluid inclusions. These are defined as microcavities

trapped between the crystalline meshes of rock minerals and contain one or more solids. In

other words, fluid inclusions are inclusions in minerals that are filled with fluids (gas and

liquid), and sometimes with one or more solid phases. These micro-volume fluids are present

throughout the history of the rock. The majority of fluid inclusions consist essentially of H>O,
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CO- and to a lesser extent NaCl, CHas, and N2 (Roedder, 1984; Shepherd et al., 1985; Bodnar,
1994; Andersen et al., 2001; Samson et al., 2003). Meanwhile, fluid inclusions are very
useful in determining the physicochemical conditions that prevailed during the emplacement
of the rock.

The main objective of the study of fluid inclusions in this work is to inform, in a
qualitative and quantitative way, the global composition of the fluid trapped during the

formation of quartz minerals.

1VV.2 Classification of Fluid Inclusions

Goldstein (2003) defines a nomenclature of fluid inclusions based on their primary,
secondary and pseudo-secondary inclusion trapping chronology. Indeed, the primary
inclusions are contemporaneous with the crystallization of the host mineral, in our case that
of quartz, their studies tell us about the physico-chemical conditions of rock formation. While
secondary inclusions most often correspond to plans cementing old microfractures affecting
the host mineral. They result from the circulation of fluids after the crystallization of
minerals. As a result, they cut the grain boundaries. As for the pseudo-secondary inclusions,
they are in the form of planes during crystallization of the host. In other words, these
inclusions are formed during crystal fracturing episodes between episodes of crystal growth;
the study of fluid inclusions, provide us with information on the P-T-X (pressure-
temperature-composition) conditions that prevailed during the formation of the rock. Several
terminologies are frequently used in the study of fluid inclusions, some important ones are

shown in table 3.
IVV.3Descriptive classification of fluid inclusions

Fluid inclusions can be described by visual parameters like size, shape, color,
refractive index and particularly by the phases present at room temperature. The fluid
inclusions may be somewhat captious since at room temperature and three phases can be
present namely liquid phase (L) , gas or vapour phase (V) and eventually together with one
or more solid phases (S), which may be accidentally trapped or formed as a daughter phase
during cooling. The number and type of phases present at roomtemperatureis one of the most
useful and widely applied criterion to describe fluid inclusions. The content of a fluid
inclusion may be given by the phases and number of phases as a subscript. An inclusion

containing liquid L, vapor V, and two salt crystals S; and S can be typified as LVS1S
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Table 3 : Terminologies used in study of fluid inclusions

S/IN  Terminology Signification

1 Monophase Inclusions The inclusions having a single phase at the room temperatures, e.g.
liquid, gas

2 Two-phase Inclusions The inclusions having two phases in the same inclusion at room

temperature, e.g. liquid + gas; liquid + crystals

3 Polyphase Inclusions The inclusions having more than two phases in the same inclusions at the
room temperature; e.g. liquid + gas + crystals; liquid + vapor +
solid(1)+solid(2)

4 Homogenous Inclusions The inclusions composed of a single phase

5 Heterogenous Inclusions The inclusions composed of multiple phases (more than one phase)

28



CHAPTER Il
MATERIALS AND METHODS




| Presentation

Three field work campaigns, each three weeks long, were carried out in the study
area. The modes of occurrence of rocks, the structural features, the alteration patterns of the
various rocks’ types were examined. Also, suitable samples were collected. Field work was

subsequently followed by laboratory investigations.

Il Field methods: Mapping and samples collection

The following material were mainly used during the field study:topographic map of
the area,compass-clinometers (Sylva-type), Global Positioning system (GPS-Garmin),
camera (SONY Cyber-Shot), hammers, hand lenses, markers, field note books, pens, pencils,
measuring tape and sample bags.

Mapping was completed along transects running N-S, E-W, and NW-SE and NE-SW.
The investigation of all outcrops, sub outcrops and some floats with emphasis on quartzitic
rocks, and fault rocks in terms of their mode of occurrence, structural features, alteration
patterns and various rock types was accomplished. To do this, identification, observation,
measurement (length, wide, strike, dip, dip direction, trend, plunge, azimuth), photography,
field description and field analysis were necessary. Representative samples were

subsequently collected and the geographical coordinates of each location recorded.

111 Laboratory methods

Representative rock samples collected were investigated in the laboratory following

the steps presented below.
I11.1 Petrographic studies

A set of 45 thin sections (20 for quartzite and quartz veins, 15 for mylonite, 6 for gneisses
and 4 for granitoids) was prepared at the IRAD - Laboratory, Yaoundé. Representative
samples for quartz, gneiss, and granitoids were polished down to ~ 30 pum thickness for thin
sections. Mylonitic samples were cut perpendicular to the foliation (YZplane) and parallel to
the stretching lineation (Xaxis). Each section has been polished down to ~ 30 um thickness
for thin sections.

Each quartz thin section was subsequently studied following the procedure outlined

below:

I Each quartz thin section was studied under the petrological microscope with focus

on stages of quartz precipitation/recrystallization, microtectonics and alteration
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ii. Polished chips of quartz were analysed by LA-ICP-MS along ‘rim to core to rim’
profiles, for trace element content.
iii. EDS analysis of spots on the quartz grains were also done.

I11.2 Structural studies

Structural data obtained from the field were displayed as stereoplots, maps and other

microtectonic structural interpretations made.
111.3 Whole rock chemical analyses (gneiss and granitoids) by ICP-MS

Major, trace and rare earth element concentrations of 05 gneiss samples and 08
granitoids samples were carried out by inductively coupled plasma mass spectrometry (ICP-
MS) at Activation Laboratories Ltd. (Actlabs). Sample solutions were produced from ~ 30
mg of sample powder. Here, the powders were mixed with HF-HNO3-HCI in Teflon vials
and placed on a hot plate at 150 °C for ~ 48 h. Subsequently the samples were dried down
and taken back into solution using 3% HNO3 for final analysis. ICP-MS count rates were
externally standardized by means of calibration curves based on the international standards
(Actlabs). Reproducibility on replicate analyses and accuracy is of the order of 5% for all

elements.

I11. 4 Chemical analysis using inductively coupled plasma mass spectroscopy (ICP-MS)

on quartz

Quartz samples of 0.1 g were dissolved using 0.5 mL of distilled HF in special vessels. The
samples were then kept over a hot plate at 80°C for 1 hour in order to enhance the dissolution
process. Afterwards, temperature was elevated to 110°C for evaporation. Subsequently, 0.5
mL of HF and 0.1 mL of HNO3z were added and the system was kept closed for 24 hours.
After this procedure, the samples were recovered using a nitric acid solution of 1% in mass.
All solutions were prepared using ultra-pure water (18.2 MQ.cm) obtained by Mili-Q system.
All used acids were purified by sub-boiling. The vessels used were previously cleaned with a
5% nitric acid solution and washed with ultrapure water. All measurements were conducted

by the ICP-MS technique using an X series Il (Thermo) instrument, equipped with CCT
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(collision cell technology) at the Analytical Geochemistry Laboratory, Institute of

Geosciences, UNICAMP, Brazil(Santos et al., 2014).

111.4.1 Samples dilution

Samples were diluted gravimetrically to 10.0 g with ultrapure water. To all samples,
100 pL of a standard solution was added in order to compensate instrumental drift (In and Re

concentrated at 200 pg/L).
111.4.2 Instrument optimization, measured isotopes and conditions

The instrument was adjusted according to the manufacturer instructions before each
measurement. Isotopes 7Li, 9Be, 11B, 23Na, 25Mg, 39K, 43Ca, 85Rb, 88Sr, 89Y, 98Mo,
114Cd, 118Sn, 121Sh, 133Cs, 137Ba, 139La, 140Ce, 141Pr, 143Nd, 180Hf, 205TI, 208Pb,
238U were measured using normal configuration. Isotopes 39K, 51V, 53Cr, 54Fe, 55Mn,
60Ni, 59Co, 63Cu were measured using CCT.

111.4.3 Instrument calibration

Calibration was done with multi-element solutions prepared gravimetrically from

mono element standard solutions of 10 mg/L (High Purity Standards)

111.4.4 Quality control

Quality control was done by analyzing reference material BCS CRM 313 /1 (High

Purity Silica) and details can be verified elsewhere (Santos et al., 2014).
I11.5 Chemical analysis using Laser ablation inductively coupled plasma mass

spectroscopy (LA-ICP-MS) on quartz

Quartz composition was further evaluated using a New Wave Research Excimer Laser
Ablation UP193FX and an Agilent 7500i quadrupole mass spectrometer. The laser had a
pulse rate of 20 Hz, a speed of 15 um-s™?, a spot size of 50 um and energy fluency of 5-7
mJ-cm—2 on the sample surface. Raster ablation was applied on an area of approximately 150
pm x 300 pum. The approximate depth of ablation was about 50 um. The carrier gas for
transport of the ablated material to the ICP-MS was He mixed with Ar. External calibration

was performed using three silicate glass reference materials produced by the National
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Institute of Standards and Technology, USA (NIST SRM 610, 612 and 614). In addition, the
NIST SRM 1830 soda-lime float glass (0.1% m/m Al203), the certified reference material
BAM No.1 amorphous SiO; glass and the Qz-Tu synthetic pure quartz monocrystal were
used. Measurements on commercially available IOTA HPQ material as well as reference
material BSC CRM 313/1 (High Purity Quartz) were performed for further external
calibration; reproducibility and accuracy.Each measurement comprised 15 scans of each
isotope, with a measurement time varying from a 0.15 s/scan for K in high resolution to a
0.024 s/scan of, for example, Li in low resolution. A linear regression model, including
several measurements of the different reference materials, was used to define the calibration
curve for each element. For the calculation of P concentrations, the procedure of (Mdiller et al
2008) was applied. Ten sequential measurements on the Qz-Tu synthetic pure quartz
monocrystal standard were used to estimate the limits of detection (LOD—3c of 10
measurements). The analytical error ranges within 10% of the absolute concentration of the

element.

111.6 Fluid inclusion observation using optical microscopy

For the fluid inclusion observation, a few quartz grains ranging in sized from 70 to 180 um
were placed on a microscope slide. In order to improve the observation of the grains, a film
of kerosene was applied over them. Kerosene has a refractive index similar to that of the
silica, which reduces undesired surface observations. A Nikon optical microscope operated at
500 x magnifications was used to acquire transmitted light photographs for fluid inclusion
analysis, using a Nikon digital camera. All photographs were taken at room temperature.
Using this methodology, it was possible to obtain insights on the nature of the fluid and
mineral inclusions present in the grains. Although more complete analyses were not carried
on, regarding homogenization temperature and other key properties of the inclusions, it was
possible to obtain reliable data on mineral inclusions in the quartz grains. These data were

vital in order to propose insights into the genesis of veins.
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111.7 Fusion over silica plate

Samples were powdered using a silica mortar and sieved in nylon sieves at the Analytical
Geochemistry Laboratory, UNICAMP, Brazil. Particle size distribution was selected between
80 and 200 mesh, i.e. 75 to 180 um. The manufactured powders were then placed over a
silica plate and an Ho/O> flame was applied over it using a premix torch. Flame conditions,
burner distance to the sample and time of fusion were kept the same during all experiments,
about 4 mm and 15 s respectively, although samples took different times until complete
fusion. For bubble analysis, the silica plates were photographed using a mineralogical
microscope. Photos of each fused plate were taken and then processed by computational
analysis, in order to measure average bubble size and density on each photo. This is a
common test conducted by several silica glass industries in order to evaluate the powder
performance during glass making. Bubbles larger than 10 to 15 pum are highly undesired once
they can affect the final glass' properties. This procedure is widely used in the literature
(Santos et al., 2013; Santos et al., 2015: Griscom, 2006: Suzuki et al., 2012 and Santos et al.,

2014)

111.8 Mineralogical quantitative analysis of quartz samples by SEM-EDS

Each quartz sample was crushed and panned in the laboratory. Grains were observed under a
Scanning Electron Microscope (SEM) fitted with an Energy Dispersive Spectrometer (EDS)
following procedures described by (Margarit et al., 2016). The EDS provided geochemical

patterns reminiscent of the chemical composition of each phase identified.
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CHAPTER 111
RESULTS




| Petrogrphy

Etam area is constituted by magmatic (basalts and granitoids) and metamorphic (gneiss) rocks
(Fig.14). Some of these rocks have undergone ductile or britle deformation during a tectonic
event, giving rise to a shear zone and formation of fault rocks including mylonites and
breccias. In this work, only host rocks (granitoids and gneiss) and fault rocks (Mylonites,
quartz veins and quartzites) were studied.
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Figure 14: Geologic map of the study area
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1.1 Magmatic rocks

The magmatic set comprises granodiorite, granites and basalts from Mount Cameroon

recent eruptions.
I.1.1 Granodiorite

The granodiorite is a weakly deformed plutonic body. The pluton is elongated (4 km long and
1.8 km wide) and oriented NO40E (Fig. 15a). The rock is massive despite the fact that it has
undergone slight fracturing. It is dark-grey in color and coarse-grained (Fig.15b).
Mineralogically, quartz, K-feldspar, plagioclase and biotite, referred in this study as Qtzs,
Kfs1, Pli and Bti, respectively define the magmatic constituents of the granodiorite. K-
feldspar phenocrysts up to 10 cm can be observed without any visible preferred orientation.
Quartz crystals of up to 2 cm fill the interstices and biotite flakes mark the discontinuous
foliation planes. Accessory minerals include zircon and apatite.

The modal proportion estimated in thin sections using manually outlined optical
microscope of these minerals is ~32% K-feldspar, ~30 % quartz, ~23% plagioclase, ~10%
chlorite, ~2% biotite, and < 1% accessory minerals (apatite and zircon). Recrystalization

produced ~2% of quartz (Qtzy), alteration of Kfs; produced albite and chlorite ~1%.

- Quartz: Two types of quartz grains occur in this rock: the primary (igneous) quartz
(Qtz1) and the secondary (recrystallized) quartz (Qtzz). Qtzi generally occurs as large grains
(up to 2cm), subhedral and slightly elongated. In thin section, Qtzs commonly shows undulose
extinction and the formation of a rim of subgrains (Fig. 15c). Large Qtz: grains are commonly
strongly fractured and these fractures are filled by fine-grained Qtz, (Fig. 31d). Qtz, shows
monocrystaline aggregates of quartz often equidimensional with milimetric dimensions. Qtz,
is commonly observed surrounding large quartz grains and feldspar or filling microcracks
(Fig. 15c¢). The total volume occupied by Qtz in the granodiorite is about 2% and represents
about 7% of the total volume of quartz present in the rock.

- K-feldspar: two categories are also observed: the primary K-feldspar (Kfs;) and the
recrystallized K-feldspar (Kfs.). Kfsiis randomly disposed. It occurs predominantly as mega
(up to 10cm) euhedral or subhedral crystals showing several intragranular and/or
transgranular pull apart microfractures, arranged often in sub-parallel or sub-perpendicular
array and filled by fine equidimensional grains of Qtz, aggregates and Kfsy (Fig. 15d).
Inclusions of euhedral plagioclase are common in the large K-feldspar clasts. Some large Kfs;
are perthitic with albite lamellae covering about 30% of the area of the crystal (Fig.15e).
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Around large Kfs: grains, alteration to albite is observed reminiscent of albitization. Kfs; is

milimetric and encountered along microfractures.

®  Settiement
Secondary road
s Primary road
Secondary river &

- Mungo river

/‘ Otzr"(‘ Qtz:

Figure 15: Photograph and photomicrograph of Etam granodiorite: a) Outcrop of granite, slightly
elongated; b) Granodiorite sample showing coarse grain and elongated feldspar grains; c)
Strongly recrystallized quartz (Qtzz) surrounding Qtzi; d) Kfsi showing several tensional micro-
fractures filled by recrystallized equidimensional quartz aggregate; (e) Alteration of Kfs: to

albite; f) Pl. showing bend or displacement cleavage plan.
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Plagioclase presents similar characteristics as K-feldspar. In addition, Pl; is strongly
chloritized along its boundaries and microfaults. Large crystals of Pl have bent cleavages due
to deformation and left lateral conjugate microfaults displacing the cleavages (Fig. 15f).

Biotite flakes have variable dimensions (0.1 to 0.6mm). It is observed commonly

surrounding large quartz and K-feldspars. It shows alteration to chlorite at its margins.
Chlorite is up to 6mm in size, mostly developed at the expense of plagioclase and biotite.
1.1.2 Granites

Two types of granite namely fine-grained granite and biotite granite have been

distinguished in the study area.
1.1.2.1 Fine-grained granite

The fine-grained granite is well exposed on the Mbossa river bed around Etam | area,
where it is commonly associated with the migmatite gneiss. The rock is light in colour (Fig.
16a). Under the microscope, the rock is fine-grain with a granular texture (Fig. 16b) and
composed essentially of K-feldspar (~40%), quartz (~40%), plagioclase (~12%) and biotite (~
5%). Accessory (~3%) minerals include apatite. zircon and opaque.

Quartz is fine-grained (up to 1mm), subhedral to euhedral (Fig 32b). The grains are

poly-crystalline aggregates.

K-feldspar is also fine- to medium-grained (up to 0.7cm) and commonly subeuhedral.

Inclusions of apatite, biotite and zircon are present.

Plagioclase occurs as subeuhedral grains with variable dimensions (2mm x 8mm). The

medium grains contain inclusions of quartz and plagioclase.
Biotite is interstitial or observed as inclusions in K-feldspar.
Apatite occurs as fine rectangular grains, mostly as inclusions in K-feldspar
Opaque minerals are rare. They are observed associated with biotite and K-feldspar.
1.1.2.2 Biotite granite

The biotite granite occurs as a large intrusion. The rock is dark-grey in colour and fine-
to medium-grained (Fig. 16c). Under the microscope, the rock is slightly deformed and
displays granular microstructure, made up of K-feldspar (~35%), plagioclase (~20%), quartz

(~20%), biotite (~22%), apatite and opaque minerals.
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Figure 16: Granite samples from Etam: a) Hand specimen of fine grained granite; (b) Photomicrograph
showing equigranular microtexture in fine grained granite; ¢) Hand specimen of biotite
granite; d) Photomicrograph showing microtexture aspect of biotite granite; e) Phenocrystal

of plagioclase containig Qtz, Kfs as inclusion, f) Prefered orientation of biotite minerals in
biotite granite.

Quartz is fine to medium grain slightly stretched (up to 1.5mm x 4mm), It occurs as
subeuhedral or anhedral grain, small grains are interstitial occupied space between large
quartz grains, k-feldspar and plagioclase (Fig.16d). Some crystals show undulose extinction.
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Plagioclase presents medium to coarse grain (up to 3cm), elongated, also showing
preferred orientation. Inclusions (Fig. 16e) of K-feldspars, plagioclase, quartz, apatite and

biotite are common.

K-feldspar is stretched (up to 2.5cm) and shows prefered orientation. It occurs as
medium sub to euheudral grain often showing undaluse extinction. Myrmekite are observed at

the boundaries of some mineral. Inclusions of biotite and apatite are also commonly observed
(Fig.16f).

Biotite is represented by reddish brown biotite. It occurs as small elongated flakes;

generally with prefered orientation (Fig.16e).

Apatite presents fine rectangular grain as inclusion in feldspar, while opaques are
associated with biotite mostly.

1.2 Metamorphic rocks

Metamorphic rocks described in this section are biotite gneiss, hosting quartzite or
quartz Veins. They are widly spread in the study area (in Mabanda village, Bakossi and in the
north of the study area). The rock is dark-grey to light-grey in color (Fig. 17a) with fine grains
and presents granoblastic-heterogranular microstructure under microscope.

On the field the gneiss shows gneissose texture with centimetric dark bands, made up
of biotite, amphibole, pyroxene and opaques mostly, in alternation with small (milimetric)
light bands composed mostly of quartz and feldspar as minerals (Fig. 17b).

The rock is composed of quartz (~32%), K-feldspar (~30%), biotite (~20%),

plagioclase (~10%), amphibole (~5%), zircon and opaques as accessory minerals.

- Quartz is anhedral with variable dimensions (0.1mm to 0.5mm). Some grains are
stretched and display prefers orientation, mostly in the light bands. Some quartz grains are
surrounded by biotite flakes in the dark bands. Undulatory extinction is often observed.

- K-feldspar displays sligthy stretched mineral with variable dimension (0.2mm to
0.7mm). The mineral is subhedral, commonly associated with hornblende and quartz.
Myrmekite and undulose extinction are observed at the boundaries of some K-feldspar grains.
- Plagioclase occurs as sligthly elongated subhedral grains. Some crystals display
myrmekite or inclusions of quartz, zircon and apatite.

- Amphibole is green horblende. The crystals are subhedral mantled by biotite and show
Carlsbad twinning (Fig. 17c). Amphibole mineral fish is observed. Small grains are observed

as inclusion in feldspar.
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Figure 17: Photograph and photomicrograph of biotite gneiss sample from the study area: a) and b) Hand
specimen c¢) photomicrograph showing granoblastic-heterogranular microstructure; d)

Photomicrograph showing minerals prefer orientation note the amphibole fish.

Biotite is reddish brown and it shows elongated flakes up to 0.5cm in the dark bands.
Biotite flakes are associated with amphibole and quartz and together they show a preferred
orientation (Fig. 17d).

Zircon occurs as small euheudral crystals found as inclusion in biotite.

Opaque minerals display small crystals observed either in free form or as inclusions in

other minerals.
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1.3 Fault rocks

Structurally and mineralogically, two domains within the Etam shear zone have been
distinguished: (1) a ductile zone where rock types include protomylonite, mylonites and
ultramylonite and (2) a brittle zone showing quartzites mostly brecciated

1.3.1 Fault rocks in the ductile shear zone

This zone is represented by a mylonitic corridor. Within this zone, protomylonite,
mylonite and ultramylonites are observed. The protolith of mylonitic rocks in Etam is
granodioritic or gneiss. The limits between these zones are not clear due to the fact that the
area is covered by volcanic rocks and vegetation. However, the variation in grain sizes and the
gradual development of a continuous foliation, defined by preferred orientation of elongated
lenses crystals and phyllosilicates indicates the transition between the various zones.

The terminology and classification of fault rocks used in this work are from Woodcock &
Mort, 2008 (Fig.7b). Quartz, K-feldspar, plagioclase and biotite, referred in this study as Qtzs,

Kfs1, Pl1 and Bty respectively define the magmatic constituents.

1.3.1.1 Protomylonites

Protomylonites are generally observed at the borders of the shear zone and they are
mostly granodioritic mylonites. They are well exposed in Kobe River where they appear as
blocks of rocks with variable dimensions (up to 10m large). Protomylonite in Etam shear zone
(ESZ) are porphyroclastic, medium- to coarse-grained. The foliation is weak and is defined by
preferred orientation of tabular to ellipsoidal feldspar porphyroclasts (fig. 18a).

The mineralogy of the protomylonites is mainly composed of quartz ~42%, K-feldspar
~28%, plagioclase ~15%, biotite, ~ 5%, epidote ~ 2%, muscovite ~1 % and zircon and apatite

as accessories.

Quartz is represented by primary quartz (Qtzi) and recrystallized quartz (Qtzz). Qtzy shows
slightly strectched porphyroclasts (up to 1.5 cm long) with lensoid shape. Intracrystalline
deformation structures in clasts show undulose extinction, deformation lamellae and
subgrains. Some clasts are rimmed by a layer composed by fine-grained aggregates of Qtz,
Bt and recrystallized plagioclase (Pl2) or show micro-fractures filled by Qtz>.The secondary
quartz (Qtzo)is represented by polygonal or mosaic monocrystalline fine aggregate (~2um),
generated by bulging recrystallization (BLG). Qtzz is observed on the boundaries of larger
clasts or filling micro-fractures and represent ~ 50% of the total volume of quartz in the

protomylonite.
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- .9“/‘1 24 y
Figure 18: Photograph and photomicrographs of the ESZ protomylonite: (a) Outcrop of protomylonite,
the feldspar clasts are slightly stretched and oriented. (b) Elongated feldspar and quartz with a

rim of biotite and muscovite; (c) Myrmekite formation at feldspar clast boundaries; (d)
plagioclase with bend cleavage due to sinistral shearing as inclusion in large Kfs: clast; (e)

Alteration of large biotite to epidote; (f) Fine grained recrystallized green biotite surrounding

feldspar clasts.
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- K-feldspar displays large clasts (Kfs1), up to 2.5cm (Fig. 18a). Kfs; is elongated and
generally shows a shape preferred orientation following the mylonitic schistosity (Fig 18b).
Micro-fractures filled by Qtz. are commonly observed and cut across the Kf; clasts.

- Plagioclase occurs as large clasts (2.5cm x 3cm) with myrmekitic microstructures (Fig
18c) commonly observed on their boundary. Some clasts show bent or kink cleavages due to
sinistral shearing (Fig. 18d). Plagioclase is also observed as inclusion in Kfs;.

- Biotite shows two types in the protomylonite, namely brown biotite and green biotite:
(1) Brown biotite presents large flakes (0.7cm x 1.2cm). Alteration of biotite to epidote (Fig.
18e) is observed in some cases. (2) Green biotite occurs as small crystals (0, 1 cm x 0. 3cm)
observed commonly on the boundary of Kfsy, Qtz: and Ply(Fig. 17f).

- Muscovite derived from the intense alteration of brown biotite occurs as very fine
grains (~8um). It is also observed mostly surrounding Qtz: and Kfs; porphyroclasts. It is
associated with biotite.

- Zircon and apatite occur in biotitet as inclusion.
1.3.1.2 Meso-mylonites

Meso-mylonites are granodioritic mylonites. They are medium-grained and display
mylonitic texture, underlined by elongated feldspar and quartz clasts surrounded by biotite
flakes and muscovite defining a continuous schistosity. S/C surfaces are well preserved (Fig
19a). The S-surfaces are defined by preferred orientation of elongated feldspar clasts, while
C-surfaces show discrete shear bands that cross cut S-surfaces or displaced feldspar

porphyroclasts.

The mineralogy of mylonites is generally composed of magmatic quartz Qtziand
recrystallized quartz (Qtzz and Qtzz) ~ 43 %, biotite ~22 %, K-feldspar ~10%, amphibole

~9%, plagioclase ~6%, muscovite 3%, calcite and zircon ~2%.

- Quartz (Qtzq)presents stretched clasts due to an increase in deformation. Clasts are
distinctly lensoid in shape with aspect ratio of 0.5-1.5. Qtz: is commonly fractured with
recrystallized quartz aggregates filling the microfractures. Compared to protomylonite, the
proportion of Qtz; decreases to ~25% of the total volume of quartz present in the rock. Under
the microscope, Qtz: presents similar microstructures as in the protomylonite (undulose

extinction, subgrains and deformation lamellae).
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Figure 19: Photograph and photomicrographs of the ESZ mylonite: (a) Aspect of EZS mylonite, notice the
boudinage and the sinistral shearing; (b) Quartz clast (Qtz1) with formation of subgrain and
recrystallized quartz (Qtzz) rimming Qtzi; (c¢) Dynamic recrystallization showing some
singular strongly elongated quartz crystal; (d) rotated sub-euhedral Kfs: porphyroclast with
cleavages oblique to mylonitic schistosity (e) Plagioclase fish lost in the quartz matrix; (f)
Alteration of amphibole to biotite; (g) Amphibole fish; (h) Amphibole fish with pull apart

structure
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- Quartz (Qtz2) is more abundant than in the protomylonite. It constitutes fine-grained
(2um) aggregate observed in thin layers rimming Qtz; large clasts (Fig. 19b) and amphibole
clasts. Qtzz is produced by dynamic recrystallization. It shows quartz ribbons, made up of
monomineralic fine-grained aggregates. Some Qtzz show strongly elongated single crystals
(Fig. 19c) and define a strong crystal preferred orientation (CPO) similar to the porphyroclasts
orientation.

- K-feldspar is elongated (aspect ratio 2-3.5) and commonly surrounded by quartz
aggregates, fine-grained biotite and muscovite. Rotated sub-euhedral porphyroclasts with
cleavages oblique to the mylonitic schistosity are observed (Fig. 19d). Porphyroclasts present
common ‘flame’ perthite at their boundaries.

- Plagioclase displays some isolated mineral fish in a recrystallized quartz matrix with
well-preserved polysynthetic twins (Fig. 19e). It is also observed as inclusion within the large
K-feldspar. Intra granular micro-fractures are commonly observed.

- Amphibole shows large shreds due to deformation. It is mostly green hornblende,
strongly altered to biotite at its boundary (Fig. 19f). Amphibole fish are rimmed by layers of
recrystallized quartz aggregate (Fig. 19g), Often quartz layers made up of elongated quartz
grains (Qtzz), in alternation with layers composed of fine polygonal quartz aggregates (Qtz>).
Some mineral fish show micro-fractures or pull apart structures (Fig. 19h).

- Biotite is mainly concentrated along the mylonitic foliation. Biotite flakes have
variable dimension (6 to 16mm long). Primary biotite (Bt1) and recrystallized biotite (Bt2) are
observed. Bty is brown biotite. It displays large crystals (up to 16mm long) with rare
inclusions of zircon and apatite, often altered to chlorite and muscovite. Brown biotite is
secondary from the alteration of large amphibole clasts (Fig. 19f). Bt1 depicts generally large
crystals fish textures.

- Muscovite is fine-grained (~2um). It crystallized at the expense of brown biotite.
Muscovite is generally concentrated in dark bands along the mylonitic foliation where it is
associated with biotite.

- Accessory mineral phases include calcite at the boundaries of Kfs; and Pli which
underlines the starting stage of calcification of feldspars, and zircon which appears in biotite

as inclusions.
1.3.1.3 Ultra-mylonites.

Ultramylonite appears as linear bands wrapped by mylonitic zones and show
mylonitic texture defined by the strongly elongated feldspar clasts in light bands and

biotite/muscovite and opaques in dark bands.

47



Ultramylonites are light in color compared to the protomylonite and mylonite.

Asymmetric and symmetric boudins, ¢ and @ types clasts are observed and define S-surfaces

(Fig. 20a). The mineralogy of ultra-mylonites comprises quartz (~53 %) and biotite (~25 %),
K-feldspar (~13%), plagioclase (~5%), muscovite (~2 %) and epidote (< 1%).

Figure 20: Photograph and photomicrographs of ESZ ultra-mylonites:(a) Outcrop showing strongly
stretched Kfs clast; (b) Aspect of ultra mylonite under microscope: noticed quartz clast
showing undulose extinction; (c) Alternating bands of fine grain Qtzz and Qtzs; (d) continuous

mylonitic foliation formed by the preferred orientation of biotite and muscovite surrounding

feldspar clast oblique to the mylonitic schistosity.

- Quartz (Qtzy) displays strongly elongated clasts with aspect ratios of 0.2-1.5. Sub-
grains are common as well as undulose extinction in these quartz grains (Fig. 20b).

- Quartz Qtz, and Qtzz are fine-grained aggregates, concentrated in light bands and form
alternating thick mantle aggregates (Fig. 20c) surrounding Qtzy and feldspar clasts.
Recrystallized quartz (Qtz2 and Qtz3) represents ~88% of the total volume of quartz.
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- K-Feldspars are strongly stretched (Fig. 20a). Large clasts display undulose
extinction, intracrystalline micro-fractures filled mostly by Qtz> and pull apart features. They
can also display rotated sub-euhedral porphyroclasts with cleavages oblique to the mylonitic
foliation (Fig. 20d).

- Plagioclase is rare. It forms small elongated grains in the siliceous matrix or it is
present as inclusions in K-feldspars.

- Biotite and muscovite are concentrated in ferromagnesian bands where they form
continuous mylonitic foliation (Fig. 20d). They are fine-grained (2 um x 6um) with preferred

orientation or rimming large clasts of Kfs; or Qtz;.

1.3.2 Fault rocks in the brittle zone

The britle zone is marked by brecciated quartz blocks, observed in the northwestern
corner of the fault zone and sandwiched between the wall rock, gneiss and the mylonitic
corridor. Block of quartzitic bodies (Fig 21a) with variable dimensions (up to 20 m x 8 m),
can be trace along strike for over 2.5 km in NNE-SSW to NE-SW direction. On some large
blocks, joints and hydrothermal quartz veinlets (up to 15 cm wide) are observed arranged in
sub-parallel arrays (Fig 21b). Most of these veinlets are characterized by a development of
serrated elongated blocky grains recrystallization, where crystals grow from the wall inwards
(Fig 21c and 21d). Generally, blocks are monomineralic and composed of milky quartz clasts
that vary from < 0.5 mm to 8 c¢m in size. According to Woodcock and Mort (2008), breccias
in Etam are classified into: i) crackle breccias (Fig.20e), with 75-100% clasts > 2mm, display
small isolated blocks (1.2 x 0.8 m) in the brittle zone and represent about 5% of the quartzite
blocks; ii) mosaic breccias (Fig. 21f) with 60-75% clasts > 2mm. The mosaic breccias are
wide spread in the area and display blocks with variable dimensions, up to 20 x 8 m, cruss-cut
by small quartz veins (centimetric width). They represent about 95% of the quartzite blocks.

1.3.2.1 Crackle breccias (75-100% clasts > 2mm)

They are characterized by large white and milky quartz clasts. Most of these breccias
contain from ~95 to ~ 98% of clasts (Fig. 22a) with a siliceous matrix often less than 3%, and
thus weakly cohesive. The clasts are angular and display sharp edges. The dimensions are
variable and range from 2mm to 8cm long. The matrix comprises white fine quartz grains (<
2mm) between large clasts. Under the microscope, clasts are euhedral with sharp edges or
straight edges (Fig. 22b).
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Figure 21:Photograph of EZS quartzitic rocks: a) Aspect of brecciated quartzite block trending N to
NNE; b) Large block of breccias showing small quartz veins disposed in sub parallel array; (c)
Small quartz veins with serrate elongated quartz minerals; (d) Transparent quartz clasts
growing from the wall vein to the inner; (e) Aspect of crackle breccias; (f) Aspect of mosaic

breccias, grains have shape edges.

1.3.2.2. Mosaic breccias (60-75% clasts> 2mm)

Mosaic breccias from Etam are cohesive and monomineralic, composed mainly of quartz
clasts, neo-crystallized fine-grained quartz and matrix (Fig.22c).
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Figure 22: Photomicrographs of brecciated quartzit sample. a and b) crackle breccias showing euhedral
large quartz clast and a silicified matrix often less than 3%. c) and d) mosaic breccias: quartz

clasts are white or transparent with shape edges and present rare quartz inclusion.

Clasts occupy 65-70% of the volume of the rock and range from 0.6 mm to 1.2cm.

Inclusions of recrystallized small quartz grains are observed in large quartz clasts (Fig.22d).
I11.Geochemistry
I1.1. Granitoids

Classification diagram of Middlemost (1977) show that Etam granitoids consiste of
granodiorite and granites (Fig. 23). They are compared in this section with others panafrican
fold belt granitoids in Cameroon (Magba and Ekomedjion) and in Brazil (Papanduva and

Quiriri).
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Figure 23: Classification diagramm of Etam granitoids (after Middlemost, 1977), compared to the
granitoids from: Magba (Ntieche et al., 2016): Papanduva and Quiriri (Vilalva and Vlach,
2014) and Ekomedjion (Bambi et al., 2012).

- Major elements

Etam granodiorites show higher concentrations (Table 4) of TiO2 (15.52 wt%), MnO
(0.5 wt%), MgO (3.89 wt%) compared to granites: TiO2 (mean 0.35 wt%), MnO (mean 0.03
wt%), MgO (mean 0.45wt%) respectively and lowest concentration of Al2Os (2.24wt%),
Fe>03 tot (0.03 wt%), K20 (0.26 wt%) compared to granites for the same elements: Al.O3
(means 14.69 wt%), Fe,Os tot (mean 2.29 wt%), K>O (mean 5.16 wt%) respectively.
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Figure 24: Diagramm (Na2O + K20 - CaO) - SiO2 after Frost et al. (2001) for granitoids of Etam and
granitoids from: Magba (Ntieche et al., 2016): Papanduva and Quiriri (Vilalva and Vlach, 2014)
and Ekomedjion (Bambi et al., 2012).
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Table 4: Major, trace and rare-earth element analyses of granitoids from Etam

Granite Granodioite
Sample
No RG1 RG2 RG3 RG4 RG5 RG6 RG7 ESIG 20
SiO2 69.7 69.07 71.96 70.91 71.66 70.68 72.17 69.61
TiO2 0.36 0.38 0.37 0.37 0.36 0.44 0.23 15.52
Al203 15.54 14.9 14.11 14.85 14.12 14.69 14.66 2.24
Fe20st 2.27 2.41 2.47 2.32 2.36 2.74 1.52 0.03
MnO 0.03 0.04 0.04 0.04 0.04 0.05 0.02 0.5
MgO 0.5 0.5 0.48 0.44 0.46 0.54 0.26 1.37
CaO 1.39 1.53 1.29 1.39 141 15 0.43 3.89
Na20 3.93 3.9 3.68 3.63 3.71 3.79 3.26 5.81
K20 5.83 5.3 4,71 5.56 4,72 4.88 0.26
P20s 0.11 0.11 0.12 0.11 0.11 0.13 0.07 0.11
LOI 0.78 1.55 1.21 0.9 0.68 0.77 1.3 0.71
Total 100.44 99.69 100.44 100.52 99.63 100.21 100.54 100.05
V (ppm) 28 35 28 23 32 37 21 25
Sr " 211 202 143 242 188 200 190 209
Co " 9 13 6 DL 8 9 6 10
Zr " 173 186 143 181 175 189 119 171
Nb " 21 23 21 23 23 27 17 22
Ba " 946 892 615 916 721 788 1054 946
Rb " 258 215 210 224 226 246 222 255
Zn 31 32 31 29 32 35 25 33
Y 57 51 60 48 53 56 46 55
Ga " 15 15 15 15 15 16 15 13
Y + Nb 78 74 81 71 76 83 63 77
Y/Nb 2.71 2.21 2.85 2.08 2.30 2.07 2.70 25
La 54.5 51.9 49 34 56.5
Ce 107.9 116.7 123.4 73.2 108.1
Pr 11.37 11.62 11.62 7.49 11.36
Nd 38.7 423 444 24.1 39.2
Sm 5.8 7.1 7.6 4.2 6.8
Eu 0.78 0.9 0.79 0.64 0.77
Gd 4 5.29 5.18 2.55 3.9
Th 0.68 0.95 0.96 0.48 0.58
Dy 341 4.76 4.69 2.23 3.42
Ho 0.61 0.86 0.89 0.44 0.61
Er 1.74 2.46 2.47 1.16 1.77
™™ 0.28 0.39 0.37 0.18 0.29
Yb 2.05 2.53 2.73 1.38 2.01
Lu 0.28 0.4 0.39 0.18 0.29
La/Lu 194.64 129.75 125.64 188.88 194.82
La/Yb 26.58 20.51 17.94 24.63 28.10
Ce/Yb 52.63 46.12 45.20 53.04 53.78
LaN/YbN 17.94 13.84 12.11 16.62 18.97
Eu/Eu* 0.49 0.44 0.38 0.59 0.37
Cs 2 13.6 15.8 2.9 2
Sn 11 12 13 7
Ta 2.7 35 3.6 2 25
Th 32.8 34.2 38.5 24.9 32.8
) 10.8 135 12.9 8.9 10.8
W 1.2 314 12 0.7 1.2

The Etam samples plot within the alkali and alkali-calcic fields on the diagram of Frost

et al.,, (2001) with the exception for granodiorite sample (ESIG20) which shows calcic

composition (Fig. 24).
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On the plot of A/INK vs A/CNK (A/CNK= molar ratio of Al.03/(CaO+Na,0+K;0)

these rocks are peraluminous (Fig. 25).

28 -
S 2271 Metalumi Peralumi
Py efaiuminous eraiuminous
; ot
S 16 - o*
g @*
b MG ?G
<
1
Peralkaline
0.4 1 1
0.5 1 15 2
Al,0,/Ca0+Na,0+K,0

Figure 25: Molar ratioA/CNK= AlI203/ (CaO + NaO+ Kz0) vs A/INK= Al203/(Naz:0 + K:0)

Etam granitoids are ferroan, akin to granitoids from Ekomedjion (Cameroon) and

granitoids from Papanduva and Quiriri(southern Brazil), different from granitoids in Magba
which fall within the magnesian and cordellian field in the FeOt/ (FeOt + MgO) vs SiO>

diagramafter Frost et al (2001) (Fig. 26).
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Figure 26: Diagramm FeOt/ (FeOt + MgO) vs SiO: after Frost et al (2001) for granitoids of Etam and

some granitoids from panafrican fold belts in Cameroon and Brazil.
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Figure 28: Harker diagrams (majors element vs SiOz) for Etam granitoids compared to granite from
Magba (Ntieche et al., 2016), Ekomedjion (Bambi et al., 2012) and (2) Brazil: Papanduva and
Quiriri (Vilalva and Vlach, 2014).
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The total alkali content (Na.O +K20) is significally high (8.93 to 9.88 wt %) for Etams’
granites and moderate in granodiorite (6.07 wt %). The sodic character of the Etam granitoids
is shown by K>O/Na2O ratio (1.27-2.03 wt %). In the SiO> vs K>O diagram of Peccerilo &
Taylor (1976), Etamsgranites fall mostly in the shoshonitic field with few samples
overlapping in the high-k-calc-alkaline field (Fig. 27). The Etam’s granodiorite samples
exhibit very low K>O/Na2O ratio (0.04 wt %) and plot in tholeitic field, also with a few
Ekomedjion samples (Fig. 27). On Harker diagrams, most major oxides e.g Al>Os3, Fe203 tot,
MnO, P20s, CaO and Na2O show a slightly negative correlation with SiO> (Fig. 28).

- Trace elements

Trace element compositions are characterized by high Ba, Nb, Y, Th, Rb. Sr, Ga and Zr
are moderately low content (Table 4). Harker diagrams show negative correlation between
SiO2 vs Rb and SiOz vs Zr (Fig. 29).
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Figure 29: Harker diagrams (trace element vs SiO2) for Etam granitoids compared to granite from Magba
(Ntieche et al 2016), Ekomedjion (Bambi et al 2012) and (2) Brazil: Papanduva and Quiriri

(Vilalva and Vlach, 2014).

Trace element distribution patterns (spidergrams), normalized to the values suggested

by Thompson (1982) are characterized by negative anomalies at Ba, K, P and Ti (Fig. 30).
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—— = Etam granitoids, = EKG, == =PG, =MG

These patterns are similar to granitoids from Ekomedjion, Quiriri and Papanduva in the

Pan-African fold belt in Cameroon and Brazil, respectively.

The Etam granitoids fall in the ‘Within Plate Granites’ field (WPG, Fig. 31a) in the Y vs Nb
diagram (Pearce et al., 1984) similarly with granite samples from Ekomedjion, few from

Magba, and almost all granitoids samples from Papanduva and Quiriri.

On the (Y + Nb) vs Rb diagram (Pearce, 1996), they plot in the post-collisional granites
(PCQG) field, but close to the WPG (Fig. 31b) field. The Ekomedjion granitoids similarly to
Etam granitoids plot in PCG field while Batouri granitoids are out of WPG field.
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Figure 31: Etam granitoids fall in the ‘Within Plate Granites’ and in the post-collisional granites (PCG)
field in a) Y vs Nb diagram (Pearce et al., 1984) and b) (Y + Nb) vs Rb diagram (Pearce, 1996)

respectively.
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- Rare earth elements

The Etam granitoids are enriched in the LREE relative to the HREE with high
(La/Yb)N ratios between 12.11 and 18.97 (table 4) and they are characterized by a negative
Eu anomaly (Eu/Eu* ratio between 0.37 and 0.59, Fig. 32).
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Figure 32: Rare Earth Element patterns of Etam granitoids samples, compared to granitoids from: Bambi
et al,, 2012 and Vilalva and Vlach, 2014 (Chondrite normalized Rare Earth Element patterns
after Boynton. 1984).
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11.2. Gneiss

- Nature of the protolith

The whole rock geochemical data for gneiss are presented in Table 5. These data from
therepresentative’s samples allow determining the main chemical characteristics of the
metamorphic and mylonitic rocks in the Etam area. These data also permit to discuss about
the protolith of the metamorphic basememt. The Fe Ozt + TiO2 +CaO vs. Al2Os whole rock
diagram (Fig. 33) of De la Roche (1965) is used to determine the protolith of the different
petrographic units. On this diagram, gneisses as well as mylonites define a chemical trend
parallel to the igneous rocks’ origin (meta-igneous). They plot in the rhyolite and granodiorite
fields.

Etam metamorphic rocks are compared to gneisses data from Eseka and Edea (Ndema

et al., 2014) in the SiO2 vs FeOt/MgO diagram of Miyashiro (1974).
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Figure 33: Fe203t + TiO2 +CaO vs Al203 diagram of De la Roche, (1965) shows the geochemical survival

of the metamorphic study rocks.

This diagram shows that the Etam metamorphic rocks belong to the calc-alcaline series,

with a few samples defining the tholeitic series (Fig. 34) similary to Eseka and Edea gneiss.
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Figure 34: SiO2-FeOt/MgO diagram of Miyashiro, (1974) showing double affinity, calc-alcaline series and tholeitic of

mylonite and gneisses from Etam, compared to gneisses data from Eseka and Edea (Ndema et al., 2014).

- Major elements

Gneiss in Etam display granitic composition (Table 5) with high SiO2 content (62-72 wt
%) and limited variation of Al,O3 (14-15 wt %).The concentrations of Fe;O3 (1.51-5.55 wt
%), MnO (0.02-0.12 wt %), MgO (0.22-2.7 wt %), TiO> (0.21-1 wt%), CaO (0.4-4.6 wt%) and
TiO2 (0.21-1 wit%) are low, while alkalies show high concentration with K>O + Na>O range

from 7.88 to 9.75 wit%.
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Table 5: Major, trace and rare-earth element composition of Etam gneiss.

ESIG 9 ESIG30 STA7 STA6 ESIG 11
Major elements (w %)
SiO, 70.82 69.05 7211 62.01 61.59
Al;0; 14.65 14.88 14.63 14.05 14.09
Fe20s3 2.22 2.43 151 555 5.62
MnO 0.04 0.04 0.02 012 0.13
MgO 0.41 0.6 022 27 2.29
CaO 1.39 1.54 0.39 458 4.68
Na,O 3.61 3.9 323  3.46 3.6
K20 5.52 5.33 6.52 442 4.58
TiO, 0.32 0.4 021  0.93 0.92
P20s 0.11 0.13 012 041 0.45
LOI 0.9 1.57 0.9 1.78 1.99
Total 99.99 99.87 99.86 100.01 99.94
Trace elements (ppm)
Be 7 4
Sc 15 11
\ 21 38 19 91 79
Cr 46 51
Co <2 11 5 9 17
Ni 18 22
Cu <10 <10
Zn 28 30 22 89 103
Ga 18 17 15 19 22
Ge 2 2
As <5 <5
Rb 224 213 232 138 151
Sr 246 199 210 1426 1444
Y 49 49 46 52 47
Zr 183 188 120 408 499
Nb 25 25 18 26.3 25.9
Mo 3 2
Ag 1.2 1.3
In 0.1 0.1
Sn 4 4
Sb <0.2 <0.2
Cs 2.9 13.6 2.8 2.6 2.4
Ba 916 892 1054 2878 2799
Hf 9.9 12.2
Ta 2.2 3.9 2.9 0.99 2.01
w 0.7 314 11.3 <05 <0.5
TI 0.69 0.71
Pb 41 33
Bi 0.2 0.2
Th 24.9 34.2 26.2 227 31
U 8.9 13.5 13.7 55 6.8
Rare Earth Element (REE)
La 33.9 52 341 151 144
Ce 73.1 117.2 721 236 251
Pr 7.44 11.61 7.34 282 22.5
Nd 24.2 42.2 441 99 116
Sm 4.1 7.2 4.2 11 21
Eu 0.63 0.91 0.88 3.6 4.4
Gd 2.57 5.28 2.66 11.8 12.6
Th 0.45 0.85 044 16 2.1
Dy 2.22 4.66 423 75 6.9
Ho 0.45 0.88 0.88 15 141
Er 1.18 2.46 117 29 35
Tm 0.19 0.38 021 05 0.5
Yb 1.38 2.53 2.1 3.1 3.7
Lu 0.2 0.4 0.2 0.55 1.1




There is a general negative correlation between SiO, and the other major elements (Fig.

35). Only K20 exhibits positive correlation with SiO».
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Figure 35: Harker variation diagrams of major elements of Etam gneisses

Trace elements
The Etam gneisses are enriched in Ba (892-2878ppm), Sr (199-1426 ppm), Rb (138-
213 ppm) and Zr (120-408 ppm) and depleted with respect to V, Zn, Zr. There is positive
correlation between SiO2 vs Rb (Fig. 36). The spidergram displays anomalies with respect to
Nb, Nd, Sm, Tm and Ta (Fig.37a).
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Figure 36: Harker diagrams for trace elements of biotite gneiss

Rare earth element

Chondrite-normalized rare-earth element patterns (Fig.37b) show fractionation
(Lan/Ybn = 10.96-32.87). They are characterized by enrichment in LREE (Cen/Smn=2.88-
5.17) over HREE (GdN/SmN=1.02-3.07) and negative Eu anomalies (Eu/Eu*=0.45-0.96).
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Figure 37: a) Chondrite-normalized patterns for biotite gneiss of Etam, b) spiderdiagram of trace

elements

11.3 Mylonitic rocks

- Major elements

62



Representative whole-rock major and trace elements analysis are given in Table 6.

Table 6: Chemical composition of mylonite from the ESZ.

ESIG 23 ESIG 24a ESIG 24b ESIG 26 ESIG 27
Major elements (Wt %)
SiO2 70.58 61.66 61.66 71.68 71.89
Al203 14.66 14.06 14.06 14.14 14.12
Fe20s 2.72 5.45 5.45 2.38 2.45
MnO 0.05 0.128 0.128 0.05 0.04
MgO 0.51 2.2 2.2 0.49 0.36
CaO 15 4.67 4.67 141 1.18
Na20 3.76 3.57 3.57 3.74 3.62
K20 4.89 4.53 453 4.76 4.7
TiO2 0.43 0.929 0.929 0.39 0.33
P20s 0.12 0.44 0.44 0.12 0.11
LOI 0.77 1.97 1.97 0.68 12
Total 99.99 99.6 99.607 99.84 100
Trace elements (ppm)
Be 10 4
Sc 4 10 - -
\% 34 86 86 33 26
Cr - 50 50
Co 11 12 12 5 4
Ni - 20 20 - -
Cu - <10 <10 - -
Zn 37 100 100 34 31
Ga 15 24 24 13 15
Ge 2 2 - -
As <5 <5 - -
Rb 248 144 144 229 208
Sr 204 1466 1466 190 142
Y 57 43 43 55 58
Zr 190 477 477 177 145
Nb 29 28.6 28.6 23 19
Mo - 3 3 - -
Ag - 1.3 1.3 - -
In - 0.1 0.1 - -
Sn - 4 4 - -
Sh - <0.2 <0.2 - -
Cs 14.9 2.8 2.8 134 15.8
Ba 788 2979 2979 721 615
Hf 11.6 11.6
Ta 3.6 1.85 1.85 3.9 3.6
w 2 <05 <05 1.9 12
Tl - 0.65 0.65 - -
Pb - 39 39 - -
Bi - 0.2 0.2 - -
Th 334 25.8 25.8 32 385
U 124 6.2 6.2 11.1 12.9
Rare Earth Element (REE)
La 49.3 149 149 52.1 49.1
Ce 131.3 249 249 117.1 122.3
Pr 10.63 29.7 29.7 11.52 11.63
Nd 39.4 110 110 245 43.9
Sm 6.9 19 19 7.1 7.5
Eu 0.6 4.42 4.42 11 0.8
Gd 5.15 129 129 5.22 5.17
Tb 0.87 1.6 1.6 0.57 0.97
Dy 4.4 8 8 5.11 4,71
Ho 0.46 1.35 1.35 0.87 0.85
Er 1.39 3.8 3.8 2.44 2.48
Tm 0.37 0.525 0.525 0.39 0.37
Yb 2.68 3.4 3.4 2.55 2.75
Lu 0.3 0.58 0.58 0.3 0.4
SREE 253.75 593.27 593.27 230.87 252.93
LaN/YbN 1241 29.57 29.57 13.79 12.05
CeN/SmN 4.59 3.16 3.16 3.98 3.93
GdN/YbN 1.55 3.06 3.06 1.65 151
Eu/Eu* 0.3 0.86 0.86 0.55 0.39
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The rocks show compositional ranges with 61.66—71.89 wt% SiO»; limited variation of Al>O3
(14.01- 14.68 wt %); moderate to high concentration of alkalies: Na>O (3.62 to 3.76 %) and
K20 (4.70 to 4.89 %). Major elements also show low concentrations of TiO> (0.33 to 0.92 %);
CaO (1.5to0 4.47 %); MgO (0.36 to 202 %) and Fe>Ost (2.72 to 5.45 %). Harker diagram (Fig.

38) show that all major elements content decrease with increase in silica.
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Figure 38: Harker variation diagrams for major elements of Etam mylonites
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- Trace elements

The Etam mylonitic samples exhibit variations in trace elements content and are
enriched particularly in Ba (721-2979 ppm), Sr (204-1466 ppm), Rb (144-229 ppm), V(34-86
ppm), Zn(34-100 ppm), Cs(2.8-14.9 ppm), Th(25.8-33.4 ppm), U(6.2-12.4 ppm), Y(43-57
ppm). High field-strength elements (HFSE) (Zr: 177-477 ppm; Nb: 23-29 ppm; Ta: 1.85-3.9
ppm). Co (5-12 ppm), Ni (< 20 ppm), Cr (< 50 ppm), Sc (< 10 ppm), Ga (13—-24 ppm), and

Pb (< 39 ppm) contents are relatively low. Negative correlation is observed on the Harker

diagrams for V, Zn, Sr, Zr, Ba while Y and Th correlate positively (Fig. 39). The overall trace

element patterns (Fig. 40a) show Zr, Nd, Sm, Tm and Ta anomalies.
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Figure 39: Harker diagrams of trace elements of mylonites
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- Rare earth elements

Chondrite-normalized rare-earth element patterns show strong fractionation
(Lan/Ybn= 12 to 29.6), an enrichement in LREE (Cen/Smn= 3-4.6) over the HREE
(Gdn/Ybn= 1.55-3) and negative Eu anomalies (Fig. 40b, Eu/Eu*= 0.3 to 0.86).
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Figure 40: Chondrite-normalized patterns for mylonitic of ESZ: a) spiderdigram of trace elements b),

REE (Normalized according to data of Eversen 1978).

111 Structural analysis

The structural analysis of the Etam area combines the field data and microstructural
studies. Structural features recorded during this work have been classified into two
deformational phases: the first phase of deformation (Di1) and the second phase of

deformation (D2).

I11.1 The first phase of deformation Dx.

This phase affects metamorphic rocks and it is characterized by foliation (Si),
intrafolial fold (F1) and mineral lineation (L1). The S foliation is gneissosity, recorded in
gneiss (Fig. 41a), migmatites and amphibolites (Fig. 41Db).

The foliation (S1) is defined by compositional banding, marked by the alternation of
millimetric quartzo-feldspartic light bands and dark bands (5mm to 10cm) made up of
stretched amphibole and biotite minerals mostly. In migmatites gneiss Si is reinforced by
migmatitic foliation (Fig. 41c), where linear rock bands with light and dark color are
observed. Si is also marked by elongated quartz and feldspar grains, biotite flakes and
amphibole, with preferred orientation developed parallel to the compositional bands. The S;
structures is generally oriented N10 to N22°E and dips 60-80°, generally to ESE (Fig. 41d)
and it is progressively overprinted by S».
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Figure 41: Structural elements of D1 deformational phase, a) S: in gneiss, b) S: in amphibolite defining
gnessosity,c) reinforcement of S foliation by migmatitic banding, d) Stereographic representation
of D1 structures (S: and La): full cycle = Si and black cross = Li,e) L1 lineation define by stretching

quartz and feldspar blasts, f) Intrafolial fold F1in biotite gneiss with axial plan oblique to Ss.

The L; lineation is a stretching mineral lineation, marked by elongated, often rotated
feldspar porphyroblasts in gneiss (Fig. 41e), suggesting that the deformation was non-coaxial.
L1 lineation is associated to S; and trends NNE-SSW with average plunge 10° NE.

The F; folds are isoclinal folds, intrafolial with axial planes oblique to S; (Fig. 41f) and
observed in the biotite gneiss having fold axis trend of N120E with plunge 115° ESE.

I11.2 The second phase of deformation D-.
The deformational D> phase is observed in the igneous and metamorphic rock units.
This phase is associated with a development of mylonitic foliation (Sz), a ductile shear zones
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and a shearing planes (Cz). Deformational D phase also include boudin (B2), folds (F2) and a
late brittle event.

In the igneous rocks, S» schistosity is observed in the granodioritic intrusion. It is
marked by a preferred orientation of quartz crystals, k-feldspar crystals and biotite flakes
defining a foliation trending NO25E 65°SW (Fig. 42a.).

In gneisses, the S> mylonitic schistosity is almost parallel to S gneissosity. In certain
outcrops Sz is reworked by S, and only relics of Si are preserved. Sy is marked by a preferred

orientation of stretched quartz blasts, sigmoidal feldspar blasts and biotite flakes.

The ductile zone is characterized by a gradual development of a mylonitic foliation
(ms), from the protomylonite to ultramylonite. The mylonitic foliation is defined by stretched
quartz and feldspar clasts, showing preferred orientation at outcrop scale (Fig. 42b).

Under the microscope, the mylonitic foliation is underlined by a preferred orientation of
large and elongated clasts (quartz, K-felsdpar), as well as amphibole and mica fish. All these
crystals are often surrounded by biotite and muscovite flakes, neocrystallized quartz and
feldspar crystals. Those clasts constitute dark bands showing alternation with light bands

made up of quartz and feldspar clasts.

C. constitutes one of the most prominent structures which characterize the second
deformational phase (D2). C> shearing planes are recorded in gneiss and mylonites. C»
shearing planes transposed Si, S> and Ms and display S/C fabric in some places (Fig. 42c) in
mylonitic rocks. This event is generally oriented following NO60E to NO75E, and dip strongly
W to NW. The shear planes are often empty but in some place, they are filled by injections of

mafic minerals or quartz and feldspar, reminiscent of fluid-assisted deformation.

Small (5cm to 15 cm) quartz veins display asymmetric and symmetric boudins (B2) (Fig.
42d) commonly observed in the mylonites and ultramylonite. Asymmetric 2 boudins are the
domino type and define a sinistral sense of shear. The symmetric boudins have their principal
axes oriented parallel to the mylonitic foliation.

Sigmoidal tension gashes are often observed in en echelon arrays in blocks of breccias
(Fig. 42e).

The F; folding event is observed in the gneiss and migmatite where it affects the S:
regional foliation (Fig.42f). These are mostly asymmetric folds with axes that have an average
trend of N110E with plunge 18° ESE.

L. is defined by preferred orientation of elongated quartz, feldspar and biotite flakes

resulting in a stretching lineation trending N10-N40°E.
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Figure 42: Structures related to D2 deformational phase : a) Sz Schistosity in granodiorite; b) Mylonitic
schistosity (ms) in protomylonite marked by stretching feldspar and quartz clasts; c) Cz schearing
planes in mylonite: C. displace the mylonitic schistosity and both form S/C structures, Noticed
dextral sens of schear; d) Domino type (assymetric) showing sinistral schearing and incomplete
(symmetric) boudins in mylonite; e) Tension fissure in en echelon arrays with sigmoidal (S) shape
in breccias’ block; f) F2 fold in gneiss; g) Fractures filled by quartz in biotite gneiss; h) joins and

empty fractures in gneiss.

The fractures are quartzofeldspathic veins (Fig.42g) and joins (Fig. 42h). Four main
fracture trends were observed: the first set is composed of NNW-SSE to N-S and NO60E to
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NO65E fractures dipping strongly W to NW. The NO60E to NO65E fractures were
encountered only in the brittle zone of the ESZ (Sigue et al., 2019) and they seem to be
synchronous to the shear zone initiation.
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Figure 43: Structural map of study area.

The late fracture sets are sub-vertical structures which are oriented N120E to N140E and
N100E to N110E and dip to the NW. Sz generally strikes NNE-SSE and strongly dip either
ESE or WNW, while the fracture event occurred randomly in the study Area (Fig. 43).

I11.3 Microstructural analysis

In the study area, the microstructures of submagmatic deformation were observed in the
granodiorite and gneiss and are characterized by microfractures of large feldspar and quartz
crystals or clasts, filled with neo-recrystalized small quartz grains. Post magamatic
deformation is also marked by mylonitic foliation in the granodiorite and defined by the
preferred orientation of the slightly stretched quartz and feldspar clasts as well as biotite
flakes. These features have been interpreted as representing synkinematic transition from
magmatic to solid-state deformation in the shear zone (Neves and Vauchez, 1995). The
undulose extinction of quartz porphyroclasts and the brittle behaviour of quartz grains also
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suggest very low temperature condition of deformation in the area. Nevertheless, large
feldspar porphyroclasts display several intragranular dilatant fractures and microcracks.

These structures sometimes distort cleavages in plagioclase clasts and suggest low
confining pressure which enhances the deformation. The consistent albitization of K-feldspar
by the formation of perthite suggest low-medium (400-500°C) conditions of metamorphism.
In addition, the observation of myrmekite on the boundaries of large k-feldspar clasts suggests
the temperature of deformation around 600°C (Passchier and Trouw, 2005; Dawai et al.,
2017).

IV Quartz-rich facies as HPQ source

IV.1 Field characteristics, petrographic and textural studies of quartzitic bodies

Several veins were observed in the study area. Most of these veins are quartz veins or
quartzo-feldspathic veins (Fig. 43). They cross-cut various rock types (gneiss, mylonites,
quartzite). In this work, two quartz veins were studied: (1) a large brecciated quartz vein,
found in the brittle zone of the ESZ and, (2) a translucent quartz vein, observed within the
biotite gneiss outcrop, at Mabanda village, which strikes NO23E, parallel to the regional

foliation.

IV.1.1 Petrography of the brecciated quartz bodies

The brecciated quartz bodies are situated in the northwestern corner of the Etam Shear
Zone (ESZ). They are observed on about 150m wide and can be traced along strike for over
2.5km (Sigue et al,. 2019) in NNE-SSW to NE-SW direction. It shows blocks of breccia with
variable dimensions (up to 20 m x 8 m) where small quartz veinlets/lenses (1 to 10 cm wide)
are observed cuting across monomineralic blocks of quartzite (Fig. 44a). These late veinlets
are randomly oriented or occur in sub-parallel arrays.

The brecciated quartzite blocks are composed mainly of milky quartz clasts that vary
from < 0.2 mm to 8 cm in size (Fig. 44b). The quartz has the form of polygonal crystals
showing sharp edges (Fig. 44c). The average clast size is between 1 and 5mm. Each quartz
clast is locally strongly recrystallised (Fig.44d) due to post-crystallisation deformation related
probably to shear zone (Central Cameroon Shear Zone) tectonics activities. The clasts are
cemented by a silicified quartz matrix, composed of smaller quartz crystals, showing
hexagonal small recrystallized quartz grain (Fig.44e, blue circle). The grain size of the cement
ranges from 10 to 80 um. The smaller quartz crystals some time form cluster of grains where
red spots (colored material), probably Fe-bearing accessory minerals are observed (Fig.44f).

The colored material is trapped within an aggregate of smaller quartz grains, and has no
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apparent crystal habit. Fluid and mineral inclusions are common in the milky quartz. Detailed
description of the petrographic characteristics of the milky quartz is provided in the paragraph
on fluid inclusions below.

Figure 44: Field Features and petrography of the milky quartz: a) Brecciated quartzite block showing
small quartz veins lenses, b) hand specimen of milky quartz clast, ¢) Milky quartz clast size (up to
12 cm), d) photomicrograph of milky quartz with quartz inclusion. ¢) Small recrystallized
hexagonal quartz grain (blue circle). These grains constitute the siliceous matrix healding clasts. f)
Cluster of small quartz grain contening red spot, probably iron oxide.
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I1V.1.2 Petrography of the translucent quartz vein

The translucent quartz vein is exposed at Mabanda village, southwestern sector of the
study area. The vein is observed sandwich in the biotite gneiss outcrop which is partly
covered by pioneer vegetation (Fig 45a). It is about 20 cm wide. The regional foliation in the

gneiss and the vein are parallel and trend N023°E to NO30°E with subvertical dip.

Figure 45: Aspect of translucent quartz vein: a) translucent quartz vein carried by the biotite gneiss

outcrop (yellow lines), b) Hand specimen of the translucent quartz vein.

The vein is composed of highly homogeneous translucent fine-grained pure quartz
(Fig.45b). They range from 1 to 3 pm in size, fluid and mineral inclusions are observed in
some of the translucent quartz crystals. A detailed description of these features is also

provided in the paragraph on fluid inclusions below.

IVV.2 Geochemistry of Etam quartz

IVV.2.1Whole rock geochemistry by ICP-MS

The whole rock chemistry of the Etam quartz samples is displayed in Table 7. The
samples are characterised by high silica content with 98.46-99.75wt% SiO; and very low
concentrations of the other major elements (Al2Os= 0.01 to 0.15wt%, Fe2Ostot =0.1 to
0.59wt%, MgO=0.01 to 0.02wt%, TiO»=0.002 to 0.006wt% Na,0=0.01 to 0.02). The
concentration of K>O (0.01 wt %) is constant. Most of the trace elements are below the
detection limit. When present, their concentrations are low; e.g. Cr (55-220 ppm), Zr (3-4
ppm) and Ba (3-4 ppm).
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Only four LREE are detected by ICP-MS analysis: La, Ce, Pr and Nd. The rest as well
as the HREE are below the detection limit. The concentrations of light rare earth elements
(LREE) vary slightly: La (0.2 to 0.4 ppm), Ce (0.3 to 0.4 ppm), Pr (0.03 to 0.05 ppm) and Nd
(0.1t0 0.2 ppm).

IV.2.2 Trace elements concentration in Quartz by (LA-ICP-MS) Analysis

The results of the analysis ofrepresentative quartz samples are given in Table 8. Three
quartz samples were selected from the brecciated quartz vein (milky quartz) and two samples
from the translucent quartz vein. In order to better appreciate the chemical purity of the quartz,
the elements’ concentrations were converted to microgram/gramm (pgg?). The data illustrate

that:

1) Milky quartz (samples ESIG15, ESIG18 and ESIG19) have high to very high
concentrations of trace elements compared to average concentrations in natural quartz (Gotze,
2009; Muller et al., 2012). Itis characterized by high and variable concentrations of Al (354 to
811 pg.gt), Ca (27.3 to 100 pg.gl), Fe (36.4 to 67.9 pg.g?) and K (89.9 to 261 pg.g?h),
moderately high Ti (3.64 to 7.38 pg.g?), Li (3.74 to 11.4 pg.g™*) and low concentration for Zr
(0.18 t0 0.28 pg.gt) Ce (0.11 to 0.33 pg.gt) and Ge (0.12 to 0.17ug.g™).

2) Translucent quartz (ESG21a and ESIG21b) is characterized by relatively lower
concentrations of trace elements compared to milky quartz: Al (mean 107pg.gt), Ca (mean
27.85) Fe (mean 26.05 pg.gl). An exception is observed for Ti concentration (mean
23.75ug.g™1) which is consistently higher compared to Ti in milky quartz.The variability of
concentrations in Ti between milky and translucent quartz is probably due to the difference of
deformation temperature or the presence of mineral inclusions. Indeed, microscopic studies of
transluscent quartz showed several rutile mineral inclusions in some translucent quartz grains
which probably increase Ti concentration in this quartz. Similarly, the high concentration of
Na and K in both quartz is reflected by the presence of several cubic salt crystals (NaCl)
observed under the microscope. Lithium concentration is very low (0.51 pg.gt). This suggests
the low participation of this element in the process of charge-balancing cation for Al, Fe, and
P. Therefore the H" from hydrothermal fluid plays a greater role in the charge compensator for

cation in translucent quartz.
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Table 7: Major, trace and rare-earth element analyses of quartzite (analysis by ICP-MS)

ESIG 1 ESIG 3 ESIG 4 ESIG5 ESIG 10 ESIG 14 ESIG 15a
Majors Elements(wt %)
Si02 98.99 98.56 98.99 99.75 98.67 98.99 98.26
Al203 0.05 0.15 0.05 0.03 0.13 0.02 0.13
Fe203 0.55 0.5 0.59 0.1 0.39 0.51 0.49
MnO 0.006 0.005 0.006 0.006 0.005 0.006 0.005
MgO 0.02 0.01 0.02 0.02 0.01 0.02 0.01
Cao 0.02 0.02 0.01 0.02 0.02 0.02 0.02
Na20 0.02 0.01 0.02 0.02 0.01 0.02 0.01
K20 0.01 0.01 0.01 0.01 0.01 0.01 0.01
TiOo2 0.005 0.002 0.005 0.004 0.002 0.006 0.002
P205 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 0.07 0.25 0.07 0.04 0.25 0.02 0.25
Total 99.741 99.52 99.771 100 99.50 99.622 99.187
Trace elements(ppm)
Be <1 <1 <1 <1 <1 <1 <1
Sc <1 <1 <1 <1 <1 <1 <1
Vv <5 <5 <5 <5 <5 <5 <5
Cr 99 98 121 220 55 94 100
Co <1 <1 <1 <1 <1 <1 <1
Ni <20 <20 <20 <20 <20 <20 <20
Cu <10 <10 <10 <10 <10 <10 <10
Zn <30 <30 <30 <30 <30 <30 <30
Ga <1 <1 <1 <1 <1 <1 <1
Ge 1 <05 1 1 <05 1 <05
As <5 <5 <5 <5 <5 <5 <5
Rb <1 <1 <1 <1 <1 <1 <1
Sr <2 <2 <2 <2 <2 <2 <2
Y <0.5 <05 <05 <05 <05 <05 <05
Zr 3 4 4 3 4 4 4
Nb 3.3 3.4 5 4.1 5.1 4.7 5.4
Mo 10 10 <2 <2 <2 < 10
Ag <05 <05 <05 <05 <05 <05 <05
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <1 <1 <1 <1 <1 <1 <1
Sh <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Cs <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ba 4 4 4 4 3 3 4
Hf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ta <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
W <05 <05 <05 <05 <05 <05 <05
TI <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Pb <5 <5 <5 <5 <5 <5 <5
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Th <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
U <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Rare Earth Element (ppm)
La 0.4 0.2 0.2 0.4 0.2 0.3 0.2
Ce 0.3 0.4 0.4 0.3 0.4 0.4 0.4
Pr 0.05 0.05 0.03 0.03 0.05 0.05 0.05
Nd 0.1 0.2 0.2 0.2 0.2 0.2 0.2
Sm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Eu < 0.005 0.01 0.01 < 0.005 0.01 0.01 0.01
Gd <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Th <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Dy <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ho <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Er <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tm <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Yb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Lu <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002




Table 7: continued

ESIG 15b ESIG 15¢ ESIG 16 ESIG 17 ESIG 18 ESIG 19 ESIG 2la ESIG 21b
Majors Elements
Sio2 98.26 99.21 99.46 99.78 99.4 99.58 98.46 98.46
Al203 0.13 0.11 0.03 0.01 0.05 0.05 0.05 0.05
Fe203 0.49 0.32 0.32 0.11 0.36 0.21 0.58 0.58
MnO 0.005 0.005 0.006 0.006 0.006 0.006 0.006 0.006
MgO 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02
Ca0o 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
Na20 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02
K20 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
TiO2 0.002 0.002 0.006 0.002 0.005 0.006 0.006 0.006
P205 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 0.25 0.25 0.01 0.01 0.01 0.07 0.07 0.07
Total 99.19 99.947 99.902 99.988 99.901 99,982 99.25 99.242
Trace elements
Be <1 <1 <1 <1 <1 <1 <1 <1
Sc <1 <1 <1 <1 <1 <1 <1 <1
\Y <5 <5 <5 <5 <5 <5 <5 <5
Cr 100 81 77 220 199 216 220 220
Co <1 <1 <1 <1 <1 <1 <1 <1
Ni <20 <20 <20 <20 <20 <20 <20 <20
Cu <10 <10 <10 <10 <10 <10 <10 <10
Zn <30 <30 <30 <30 <30 <30 <30 <30
Ga <1 <1 <1 <1 <1 <1 <1 <1
Ge <05 1 1 1 1 1 1 1
As <5 <5 <5 <5 <5 <5 <5 <5
Rb <1 <1 <1 <1 <1 <1 <1 <1
Sr <2 <2 <2 <2 <2 <2 <2 <2
Y <05 <05 <05 <05 <05 <05 <05 <05
Zr 4 3 4 3 3 4 3 3
Nb 5.4 3.9 3.8 3.1 3.1 3.1 3.1 3.1
Mo 10 <2 8 <2 <2 8 <2 <2
Ag <0.5 <05 <05 <05 <05 <05 <05 <05
In <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sn <1 <1 <1 <1 <1 <1 <1 <1
Sh <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Cs <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ba 4 4 4 4 4 3 4 4
Hf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ta <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
w <0.5 <05 <05 <05 <05 <05 <05 <05
TI <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Pb <5 <5 <5 <5 <5 <5 <5 <5
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Th <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
U <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Rare Earth Element (REE)
La 0.2 0.3 0.2 0.4 0.4 0.4 0.4 0.4
Ce 0.4 0.3 0.4 0.4 0.4 0.4 0.4 0.4
Pr 0.05 0.05 0.04 0.03 0.04 0.03 0.03 0.03
Nd 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.1
Sm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Eu 0.01 <0.005 0.01 < 0.005 0.01 <0.005 < 0.005 <0.005
Gd <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Th <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Dy <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ho <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Er <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tm < 0.005

< 0.005 < 0.005 < 0.005 < 0.005 <0.005 < 0.005 <0.005

Yb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Lu <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
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Table 8:Trace elements concentrations (ug.g?) of samples from Etam (milky and translucent quartz).

E-SIGI5 E-SIGI8 E-SIGI9 E-SIG2la  E-SIG2lb

ae M99 o002 0.003 0.004 0.011 0.009
A MY a5 811 574 107 107

B Hog* <LD <LD 51 <LD <LD
ga M99 om 1.24 0.86 0.42 0.41
e M99 007 0.10 0.05 0.03 0.03
ca "9 a3 478 100 27.3 28.4
ce M99 o 0.19 0.33 0.08 0.06
o M9 oo 0.02 0.01 0.05 0.05
o M9 g 146 149 3.43 3.65
cs M99 o020 0.033 0.016 0.003 0.003
c M99 oa0 0.23 0.88 0.52 0.62
oy M99 0006 0.009 0.009 0.002 0.001
e M99 o004 0.004 0.005 0.001 0.001
e M99 o001 0.003 0.003 0.001 0.001
re M99 364 67,8 67.9 26.5 25.6
ca "% oo 0.15 0.05 0.02 0.02
ca M99 000 0.016 0.010 0.003 0.002
ce M9 o 0.12 0.17 0.83 0.84
we M990 o004 0.009 0.008 0.04 0.04
Ho M99 oom 0.001 0.002 <DL <DL
Kk M99 ggg 261 <DL 81.0 83.8
La M99 o7 0.36 0.11 0.04 0.04
TPy 114 3.74 0.51 0.51
Lu hog* 0.001 <DL 0.001 <DL <DL
vg M99 67s 235 6.11 5.64 4.67
vn P99 02 0.53 0.51 0.43 0.55
na M99 g7, 323 410 34.7 34.8
Nb hog* 0.04 0.04 0.02 <DL <DL
o M99 o0s 0.16 0.08 0.02 0.02
Ni hog* 0.44 0.71 0.73 1.82 1.87
T 0.17 159 0.19 0.11
or M99 o0 0.05 0.02 0.01 0.01
ro M99 oo 3.15 0.40 0.38 0.33
o " oo 0.002 0.012 0.003 0.004
Sc hog* <DL <DL <DL <DL <DL
sm M99 0006 0.02 0.02 0.004 0.003
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Table 8: continued

E-SIGI5 E-SIGI8  E-SIGL9  ESIG2la  E-SIG21b
1
Sn a9 <DL <DL <DL <DL <DL
1
s M9 g 1.50 1.34 0.26 0.26
Hg.g*
Ta <DL <DL <DL <DL 0.02
1
1 M99 0001 0.002 0.002 <DL <DL
1
Te H99 <DL <DL 0.001 <DL <DL
1
o M99 o002 0.04 0.05 <DL <DL
Hg.g*
Ti 6.60 7.38 3.05 233 24.2
-1
n M9 5006 0.017 0.002 0.002 0.001
1
Tm Hg-9 0.001 <DL 0.001 <DL <DL
1
H&-9% 5 007 0.010 0.02 0.007 0.008
-1
v M9 0.13 0.20 0.05 0.02 0.02
Hg.g*
<DL 0.002 <DL <DL 0.002
Hg.g*
Y 0.05 0.04 0.06 0.11 0.11
1
vo M99 0004 0.003 0.004 <DL 0.001
1
zn M99 g3 0.15 0.25 0.17 0.32
Mg.g*
7r 0.18 0.33 0.28 161 161

1VV.2.3 Impurities evaluation in Transluscent quartz by LA-ICP-MS and EDS analysis

Samples of translucent quartz from Etam were furthermore analysed by LA-ICP-MS to

better evaluate the chemical composition (quantity and quality) of these quartz samples.

Table 9: Major (wt %) and trace elements (ppm) analyses of translucent quartz (LA-ICP-MS) at Spot

areal

ESIG2lal ESIG2la2 ESIG2la3 ESIG2lad ESIG2la5 ESIG21a6 ESIG2la7 ESIG21a8 ESIG21a9 ESIG21al0
Major elements (wt %)
Al,04 0.003 0.003 0.003 0.004 0.003 0.003 0.004 0.003 0.003 0.003
Fe,0; 0.001 0.001 0.002 0.001 0.003 0.001 0.001 0.001 0.001 0.001
MnO <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CaO 0.043 0.045 0.047 0.048 0.043 0.042 0.054 0.059 0.062 0.068
Na,O 0.101 0.084 0.075 0.091 0.087 0.101 0.124 0.116 0.097 0.117
(€10) 0.003 0.003 0.002 0.003 0.002 0.003 0.003 0.003 0.004 0.004
TiO, 0.035 0.032 0.024 0.03 0.024 0.029 0.042 0.031 0.033 0.035
P,0s 0.017 0.02 0.021 0.024 0.02 0.021 0.023 0.048 0.03 0.036
Trace elements (ppm)
Li 0.178 0.206 0.242 0.163 0.179 0.227 0.269 0.285 0.370 0.318
Be 0.079 0.076 0.068 0.069 0.075 0.081 0.094 0.104 0.106 0.091
B 2.980 3.250 2.850 2.860 2.660 2.860 3.970 3.440 3.250 3.850
S 348 3317 329 340 328 318 349 335 322 340
Ge 2.32 1.43 1.32 1.28 1.30 1.30 1.46 157 1.53 1.60
Zr 126 145 100 127 169 123 167 197 194 199
Mo 0.122 0.131 0.099 0.113 0.132 0.131 0.157 0.163 0.156 0.163
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Table 10:Major and trace elements analyses of translucent quartz (LA-ICP-MS) at spot area 2

ESIG21bl ESIG21b2 ESIG21b3 ESIG21b4 ESIG21b5 ESIG21b6 ESIG21b7 ESIG21b8 ESIG21b9 ESIG21bl10

Major elements (wt %)

Al,O3 0.007 0.008 0.005 0.007 0.007 0.005 0.005 0.007 0.007 0.004
Fe,0; 0.002 0.011 0.002 0.006 0.002 0.002 0.002 0.002 0.002 0.002
MnO <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CaO 0.094 0.104 0.074 0.064 0.091 0.064 0.067 0.065 0.067 0.085
Na,O 0.318 0.337 0.22 0.224 0.224 0.14 0.173 0.159 0.143 0.174
K;0 0.005 0.006 0.004 0.004 0.006 0.003 0.003 0.004 0.005 0.004
TiO, 0.079 0.071 0.063 0.055 0.063 0.049 0.05 0.057 0.052 0.049
P.Os 0.032 0.024 0.026 0.036 0.028 0.035 0.021 0.021 0.019 0.035
Trace elements (ppm)
Li 0.536 0.476 0.437 0.630 0.494 0.392 0.328 0.360 0.282 0.319
Be 0.225 0.213 0.180 0.175 0.189 0.125 0.120 0.135 0.113 0.122
B 6.670 6.500 5.720 5.900 6.130 4.350 5.370 4.550 4.340 4.630
453 444 397 438 422 373 371 379 371 398
Ge 3.85 2.37 211 212 2.17 1.76 1.90 191 1.78 1.75
Zr 172 215 195 187 206 197 172 187 143 141
Mo 0.389 0.375 0.300 0.310 0.327 0.221 0.192 0.216 0.186 0.222

According to the data obtained by the ICP-MS investigation, this quartz type has the highest
HPQ potential, thus it was selected for further testing by laser ablation. Sample ESIG21 was
divided into two, ESIG21a and ESIG21b. Two spots were analysed in sample ESIG21a and
three in sample ESIG21b. Ten spots replicate analyses were performed in each spot point
area. In situ data (wt%) of Al>Os, Fe2Os, MnO, CaO, NaO, KO, TiO2 and P20s and
concentrations of some trace elements (ppm) of Li, Be, B, S, Ge, Zr and Mo for ESIG21a and
ESIG21b are given in table 9 and table 10 respectively for ESIG21a and ESIG21b. Data show
that, element concentrations determined by in situ LA-ICP-MS (table 9 and table 10) are
generally lower than those determined with solution ICP-MS (table 7), probably due to the
fact that during laser ablation the analysis of visible (>0.5 pum) micro-inclusions can be
avoided by choosing clear inclusion-free areas for ablation. Therefore, it is assumed that
concentrations measured by LA-ICP-MS reflect almost the values of lattice-bound trace
elements (Gotze et al 2017).

This is furthermore observed by the quantitative and qualitative chemical analysis of
these quartz samples shown in EDS spectra where spectra show that the translucent quartz is
composed only of O and Si as indicated by the presence of consistent large peaks in all EDS
spectra (Fig. 46 and 47). The absence of any peaks for other elements that could have been
contributed by submicroscopic or nanoparticle mineral inclusions indicated that this quartz

variety is free of contaminant mineral inclusions.
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IVV.3 Fluid inclusions petrography

Inclusions observed in the Etam quartz samples generally are of the fluid type. They are
monophase inclusions and/or two-phase inclusions. In this study the fluid inclusion for the
brecciated quartz samples are studied and their results presented separately from the data

derived from samples of the translucent quartz vein.
1VV.3.1 Fluid inclusions in milky quartz

In the milky quartz, most of the fused grains contain abundant inclusions with small
size(Fig. 48) ranging from 2 to 12 um and are randomly distributed in the grains (Fig. 49a).
They are monophase or two-phase inclusions showing two distinct phases at room
temperature: a solid daughter crystal phase and a fluid phase.

- Monophase fluid inclusions

The monophase fluid inclusions are fewer in number compared to the two-phase fluid
inclusions. They form negative crystals and sometimes bear inclusions (Fig. 49b, Orange
arrow), which appear to be apatite crystals, because of the high Ca amounts observed in ICP-

MS analysis (Table 7).

- Two-phase and three-phase fluid inclusions

The majority of fluid inclusions in the milky quartz are two-phase fluid inclusions.
Usually they are composed of liquid and gas although some have daughter crystals. The
presence of halide crystals indicates that the liquid phase is probably brine while gas phase is
CO.. In this quartz, they often have a spherical gas bubble (Fig. 49c, black arrows). The
volume of these bubbles ranges from 5 to 30% of the total volume of the inclusion. In shape,
many two-phase inclusions are irregular (Fig. 49c, black arrows). Smaller regular inclusions
are also observed with bubble, often larger than the liquid in terms of volume (Fig. 49c Blue
arrow) compared to the irregular ones. Some two-phase inclusions have a negative hexagonal

crystal-shape (Fig. 49d, black arrow).

Solid phases observed in the fluid inclusions mostly display cubic outlines(Fig. 49d
and 49e, red arrow) which are probably salt crystals (NaCl), as attested by the high amount of
Na present in the ICP-MS data (Table7). Melt inclusions are rare, larger (12pum) than mineral

inclusions (Fig. 49e, green arrow) and are mostly irregular in sharp.
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Figure 34: EDS patterns for transluscent quartz grain (ES1G21a): (a) pattern for quartz grain at point 1,

(b)

pattern for quartz grain at point 2.
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Figure 47: EDS patterns for transluscent quartz grain (ESIG21b): (a) pattern for quartz grain at point 1,

(b) pattern for quartz grain at point 2 and (c) pattern for quartz grain at point 3
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Figure 35: Histogram showing proportion of fluid inclusions in both milky and translucent quartz from

Etam.

Some large inclusions are observed with small inclusions or satellite inclusions
surrounding them (Fig. 49f, blue light arrow) in this quartz. Torantola et al (2010, 2012)
showed that, due to deviatoric stress, inclusions can be deformed and dismembered, giving a

large relic inclusion and a cluster of small neonate (satellite) inclusions around it (Fig. 50).

1VV.3.2 Fluid inclusions in translucent quartz

Fluid inclusions in the translucent quartz are very few compared to the milky quartz
(Fig. 48). Generally, they show features different from the milky quartz fluid inclusions.
Some quartz have mineral inclusions, probably apatite. The shape is similar to the previous
ones, but the size is much smaller. In these quartz samples, monophase inclusions are
common and occur as dypiramidal monophasic inclusions (Fig. 51a, orange arrow). Two-
phase inclusions are mostly the negative crystal type. They are small in size and generally
form trails (Fig. 51b, black arrow and black line).

Mineral inclusions are represented by: 1) red hexagonal small mineral inclusions (Fig.
51a, pink arrow) which are probably iron-rich minerals, 2) needle-shaped mineral inclusions
(Fig. 51c, grey arrow) which are suggested to be rutile because of the elevated concentration
of Ti in ICP-MS analyses (Table 7). The acicular inclusions are common, small and randomly

distributed in the grain.
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Figure 49: Fluid Inclusions in Milky quartz samples :

a) Inclusions are large in quantities and small in
size, b) dypiramidal monophasic inclusions probably apatite (orange arrow), ¢) Regular (black

arrow) and Irregular (blue arrow) biphasic inclusion, d) negative quartz crystals (Black arrow)
and cubic inclusion (Red arrow), e) Mineral inclusion (red arrow) and melt inclusion (green
arrow), f) Fluid inclusion surrounded by small inclusion (satellite inclusions).
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Figure 50: Fluid inclusion deformed by deviatoric stress, After Torantola et al., 2010

Figure 51: Fluid inclusion in translucent quartz: a) Dipyramidal monophasic fluid inclusion (orange

arrow) and Mineral inclusion (pink arrow), b) Negative biphasic crystal incusion generally

oriented, ¢) Needle mineral inclusion, probably rutile.

V.4 Fusion of quartz grains over silica plate
I1VV.4.1 Bubbles formation

Fluid inclusions can contain several liquids and gasses, especially water and carbon
dioxide (Gotze et al., 2004; Santos et al., 2013; 2015), but can also contain salts, such as NaCl
and KCI dissolved in water, which can produce chloride gas during the heating process for
melting (Gotze, 2009). Liquids and gasses present in the fluid inclusion are trapped within the
silica melt and form the bubbles during the fusion. Those bubbles then tend to agglomerate

and grow, as more time and energy are spent on the fusion process. It is has been shown that
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the growth of air bubbles was more pronounced when the liquids were water and nonionic

polymeric solution (Oliveira et al., 2014).

In this section the results of the quartz/silica plates tested for bubble formation are
presented in the form of photos at various stages of heating. The images were then processed
by computational analysis, in order to measure average bubble size and bubble density on

each photo. Good HPQ material forms very few or no bubbles during this test.

Figure 36: Photomicrographs of the fused quartz powders over silica plates where fused grains can be

observed with formed bubbles inside. a) High quantity and very large bubble (blue arrow)
formation in fused grains, b and ¢) Large quantity of bubble and clusters of small bubbles
(Black arrow), d) Cleans fused grain with free bubble formation (green arrow) and small
bubbles in grains (balack arrow). The green lines circles the grains that have been effectively

fused, the red lines circles the “unfused” grains.

1VV.4.2 Bubbles characterization

Three samples of milky quartz and two samples of translucent quartz were selected for
silica fused analysis. The size and the average content of bubbles present vary among the

samples:
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1) Milky quartz samples (ESIG15, ESI18 and ESIG19) are from the brecciated quartz
vein. The rock is brittle, and clasts are cemented by smaller quartz crystals. These small
quartz crystals (10 to 80 um in size) are separated upon grinding. Bubble characterization of
all the milky quartz samples display large quantity of bubble formation in fused grain (The
green lines encircle the grains that have been effectively fused, where one or more bubbles are
shown inside) and bubble size distribution in the range of 10-240 um with a mean diameter of
75 um (fig. 520a and 52b, blue arrow). But, the majority (80%) of bubbles are from 50 to 80

um in diameter while 90% were smaller than 140 pum.

Large clusters of small bubbles (less than 30 um) were commonly observed in several
fused grains of milky quartz (Fig.52b and 52c, Black arrow) and no bubble-free fused grains
were observed in it. 2) Translucent quartz vein samples, Compared to the milky quartz
samples shows an aspect of massive rock and they are not brittle. Figure 52d permit to
observe grains before and after fusion. In fused state, the exact bubbles that form from each
grain are distinctively observed. Translucent quartz samples do not produce many bubbles
compared to the previous ones (milky quartz), and also the size of the bubble is drastically
reduced. More than 90% of the bubbles are less than 10 um (Fig. 52d Black arrow). Clean
grains, that have not produced bubbles upon fusion are clearly identified (Fig. 52d, green

arrows) and represent about 40%.
1VV.4.3 Etam quartz fusion compared to other silica glass fusion

The results of the bubble formation test for the Etam translucent quartz (Fig. 53a) are
compared here to the milky samples (Fig. 53b) and the transparent quartz (Fig. 53c) from
Corinto and Olhos D'agua respectively (samples from the Serra de Santa Helena formation-
Brazil, Santos et al., 2014), and to the commercial powder, IOTA powder (Fig. 53d).

The comparison shows that the milky quartz samples from Olhos D'agua formed more
bubbles compared to the three other samples. Moreover, sample of translucent quartz,
transparent quartz or the IOTA powder have formed small bubbles than the milky quartz
sample during fusion over silica plate.

Between sample of translucent quartz from Etam, transparent quartz from Olhos D'
agua or the IOTA powder, the variation of the size and amount of bubbles among the samples
is negligible. These samples therefore seem similar from the point of view of bubbles
formation after fusion over silica plate. A more careful observation shows that the translucent
quartz sample from Etam has small bubbles formation, similar to the transparent quartz from
Olhos D' agua which was concluded to be equivalent to commercial (IOTA) powder (Santos
etal., 2015).
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Figure 53: Compared photomicrographs of the fused quartz powders over silica plates: a) Translucente
quartz from Etam, b) milky quartz from Olhos D’agua, c) transparent quartz from Corinto

and d) lota commercial powder (Santos et al., 2015). Small black dots represent bubbles.

88



CHAPTER IV
INTERPRETATIONS AND DISCUSSIONS




I Host rocks
1.1 Deformation and felsic plutonism
I.1.1 Origin of Etam Granites

The granitoids of Etam intruded a low to medium-grade metamorphic basement of
greenschist to amphibolite facies. The geochemical characteristics of these granitoids show
that they are high-k calc-alkaline affinity to shoshonitic and feroan, similar to some granitic
rocks that have been studied in the Pan-African belt of Cameroon (Djouka-Fonkwe et al.,
2008; Nzenti et al., 2006; Bambi et al., 2012). They are strongly peraluminous and belong to
S-type granitoids (A / CNK ratio > 1.1). Although the majority of granitoids studied in the
Pan-African belt of Cameroon are of the I-type, literature on S-type granitoids in this belt
exist (Kalsbeek et al., 2001; Djouka et al,. 2008; Nzenti et al,. 2011; Kouankap Nono et al.,
2018). The high SiO2 (69.07-72.17) and Al;Os (14.11-15.54) contents and the low MgO
(0.26-0.5) and CaO (0.43-1.53) contents of the Etam granitoids are similar to some S-type
granite studied in the Bamenda highlands (Nzenti et al., 2011; Kouankap Nono et al., 2018),
also to metasediment melting liquids produeced experimentally (Patifio Douce and Johnston,
1991) and similar too to liquids from meta-igneous protoliths (Vielzeuf and Holloway, 1988).
Their low Nb/U ratio (<10) is typical of crustal granite (Hofmann et al., 1986). Further more,
the high Rb/Sr (0.92 — 1.46) and low Sr/Ba (0.18 — 0.26) ratios coupled with strong negative
Eu (Eu/Eu* = 0.37-0.59) anomalies characterized the lower degrees of vapour-absent crustal
melting. These are features that suggest that the S-type granite in Etam have a pelitic
protolith, and that, during the partial melting, melts were unfractionated and involved only

felsic components from the upper crust (Harris and Inger, 1992; Kwékam et al., 2015).
1.1.2 Petrogenesis

In the molar CaO/(MgO + Fe»03) versus molar Al203/(MgO + FeOxotal) diagram
(Altherr, et al., 2000) the Etam samples plot in the domain that straddles the metapelite and
metagreywacke fields (Fig. 54). The CaO/NaO: ratio point to a pelitic source to psammitic
source (Sylvester, 1998). Figure 55 shows that granitoids from Etam were derived from
mostly clay-poor, plagioclase-rich psammitic source material with high CaO/Na20>3. These
source rocks are predominantly found in the upper part of the continental crust and we
suggest that the source for the Etam plutonic rocks was metamorphosed upper crustal
metasedimentary rocks. The Na>O/K>O versus SiO> diagram of Gills (1981), shows that the
Etam granitoids are K-granitoids (Fig. 56). Such granites often result from the partial melting
of metamorphosed rocks (Gills, 1981; Nzenti et al., 2011). The relationship has been
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observed between LREE enrichment in S-types granitoids and the process of partial melting
of the source rock (Harris and Inger 1992, Nzenti et al., 2011). Indeed, the LREE enrichment
in granite correlates negatively with the low degrees of partial melting although this effect is

less important in metapelitic protoliths in the absence of vapors
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Figure 54: Molar diagram CaO/(MgO+FeOt) vs Al203/(MgO+FeOt) for the Etam granites.

The low Rb/Sr ratio and the negative Eu anomalies suggest the low hydrous
conditions of partial melting and the participation of biotite during this process (Le Fort et al.,
1987; Guillot and Le Fort., 1995; Guo and Wilson,. 2012; Nzenti et al., 2011). The depletion
in Ba, Sr and Ti can be related to the composition of the protolith (Nzenti et al., 2011); these
elements may have a low content in the source rock or retention in the residue during partial
melting. Nzenti et al., (2011) stated that the large-scale melting of the source rocks could
have been favoured by high heat flow during the Pan-African orogenesis or underplating of

mantle-derived magmas into the crust.
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Figure 37: Rb/Sr versus CaO/Na20 ratios (Nzenti et al 2011) for the Etam granitoids granites.
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Figure 56: Na20O/K20 versus SiO2 diagram (Gills, 1981) defining Na-granitoids field and K-granitoids
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A = Granodiorite ® = Granite

1.1.3 Crystallization temperature and pressure

Estimates of crystallization temperature and pressure for granitic systems are
abundant in the literature (Green and Pearson, 1986; Kalsbeek et al., 2001, Ferreira et al,.
2015; Kouankap et al,. 2018). Various methods are also used and depend on the rock

chemistry. We used in this work (1) the diagram of TiO2 vs SiO2 of Green and Pearson
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(1986) for hydrous mafic to felsic compositions at 7.5-30 kbar and 900-1100 °C. The
authors observed a significant correlation between TiO2 and silica content of a liquid
coexisting with a Ti-rich accessory phase. This diagram (Fig. 57) indicates that Etam

granitoids were formed at relatively low temperatures, probably <900 °C.
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Figure 57: TiO2 vs SiO2 temperatures diagrams of Etam granitoids (Green and Pearson 1986)
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Figure 58: P20s vs SiO2 Temperatures diagrams of Etam granitoids (Green and Watson., 1982): Black

diamond= granites, red triangle= granodiorite

2) The P203 vs SiO, diagram (Green and Watson, 1982) where the authors studied the

relationship between the solubility of apatite saturation in common magmas and temperature
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and silica content of the magma at 750 kbar. The Etam granitoids are suggested to have
crystallization temperature between 800 and 950 °C (Fig. 58), at 750 kbar.

Il Fault rocks
1.1 Deformation characteristics: Grain size reduction in the fault rocks

Crystal-plastic deformation and recrystallization both constitute the most important
style of grain size reduction in the wall rock (grnadiorite) and protomylonitic rocks of the
Etam area. Within the mylonitic corridor, where Qtz; clasts are rare (e.g. ultramylonite),
intracrystalline slip and recrystallization are commonly observed. In general, quartz is
reduced mainly through dynamic recrystallization, while feldspar shows high fracturing in the
high strain zone. The brecciated quartz blocks are cut by micro-fractures resulting in
intragranular and transgranular segmentation (Ng Tham F, 1994). This process which
contributed to grain size reduction in the shear zone led to high variation in clast size within
the breccias ranging from 0.5 mm to 8 cm. The wall rock displays grain size up to 10 cm long

(feldspar), while in the ultramylonites the remaining clasts rarely exceed 5 mm.

The microstructural evolution in the shear zone and the gradual grain size variation
from the wall rock to the shear zone center as well as the mineralogical composition which
presents very little changes from protomylonites to ultramylonites suggest that the

granodioritic wall rock is the protolith for the shear zone fault rocks.
11.2 Quartz vein formation in shear zone

Quartz veins generally are produced by hydrothermal circulating fluids. Fourmier and
Potter (1982) noted that because of the solubility of silica in water, often fluids are saturated
in quartz even in shallow brittle shear zones. Fractures created during the brittle deformation
act as pathways for fluid flow bearing and transporting quartz to eventually form veins. Small
quartz veins can be formed by diffusional transport of quartz (Taber 1918; Fisher and
Brantley 1992; Fisher et al., 1995; Bons and Jessell 1997). This mechanism mainly explains
quartz transfer in the faults and shear zone (Oliver 1996; Jamtveit and Yardley 1997; Bons
2001). The Etam Shear Zone has several brittle features with various attitudes. Among them,
a conspicuous transcurrent fault, trending NO10E to NOG0E seems to limit the shear zone in
the NW. This fault probably played a role during the formation of the major brecciated quartz
bodies (vein) in Etam. It acted as an anisotropy which caused the precipitation of quartz
carried by hydrothermal fluids saturated in silica in Etam. This suggests the mode of

formation of quartz vein described in Bons (2001).
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11.3 Mineral reactions due to deformation

Metasomatic reactions in the altered Etam rocks mostly include albitization of Kfs;
and chloritization of Kfsy, Pl1, Bt. The alteration extends from the wall rock into the shear
zone. The suggested reaction is: Pl + Kfs + H,O = Qtz + Al + Ep + Chl. Previous studies
have described the same reactions in the fluid-affected green schist facies shear zone: Pl +
Kfs + Bt + HoO = Ms + Qtz + Al + Ep, (Kerrich et al. 1980; Pryer and Robin 1995; Hippertt
1998; Wintsch and Yeh 2013; Spruzeniece et al. 2015). This reaction where feldspars break
down to phyllosilicates or transform to albite is similar to mineral reactions occurring in ESZ.
Njome and Suh (2003) previously suggested greenschist metamorphic conditions in the
Tombel graben. The formation of flame perthite within K-feldspar in the wall rock can be
justified by a multi-stage reaction sequence (Pryer and Robin 1995; Spruzeniece et al. 2015):
(1) Kfs+ H2O — Ms + Qtz + K" + OH™

(2) PI + H20 + K™ + Fe* + Qtz— P1 + Ms + Ep,

Where intergranular fluids and pressure gradient are factors which control the transport of
material. Such reactions particularly released quartz (Njome and Suh 2003; Spruzeniece et
al., 2015) which is consistently dissolved during cataclasis and precipitated in strain shadow
and fractures. The presence of several quartz veins and veinlets in ESZ suggest therefore, in
this area a strong mobility of hydrothermal fluids saturated in silica. These fluids also carried
K*, Na®, Ca*, Fe", Al" released by the alteration of feldspars (albitization) and the
metasomatic crystallization or recrystallization of secondary minerals such as K-feldspars,

Plagioclase and epidote.
11.4 Deformation mechanism

The microstructural evolution within the ESZ shows incremental prograde
deformation process. Quartz has been deformed both in cataclastic and ductile manner in the
ESZ. The differential stresses resulting from the syntaxial quartz veins (Bons et al,.2012),
observed in outcrop with prominent growth competition of elongated quartz grains from the
wall inwards is relatively low (Etheridge 1983). Low confining pressure also played a role
within this zone and created tension gashes and dilatants microfractures (Suh et Dada 1997),
in which circulating fluids, saturated in silica flow (Bell and Etheridge 1973). The process of
dislocation creep (White 1977; Poirier 1980; Urai et al., 1986) common in this zone is
evidenced by undulose extinction in quartz, sub-grains boundaries and deformation lamellae
present in quartz even within the ductile part of the shear zone. Nevertheless, bulging (BLG)
recrystallization also accompanied the recrystallization of the polygonal quartz aggregates

filling the microcracks or surrounding the porphyroclasts (Baily and Hirsch 1962; Drury et
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al., 1985; Hirth and Tullis, 1992; Shigematsu 1999; Stipp et al., 2002) suggest the
intervention of intergranular fluids during deformation (Mancktelow and pennacchioni,
2004).

Plagioclase, K-feldspars and quartz have several microfratures and chemical alteration
microstructures. Quartz is the most stable phase and similar deformational sequences based
on thermodynamic calculation of lifetime of minerals have been observed by Lasaga (1984).
The microfractures are mostly dilatant and filled by equidimensional fine-grained quartz.
Perthite with albite lamellae is observed in K-feldspar, indicating high stress around the
boundaries of the clasts (Augustithitis 1973; Debat et al., 1978; Passchier et Trouw, 2005;
Pryer, 1993; Pryer and Robin,1995). Myrmekite is also common at the boundary of K-
feldspar. Indeed, according to Simpson and Wintsch (1989), myrmekite is commonly
observed on K-feldspar pressure shadows on the side facing the shortening direction and
thought to be often associated to high strain features. Mineral fish microstructures include
plagioclase fish, mica fish and amphibole fish which are principally observed within a matrix
of recrystallized quartz. The alteration of biotite to epidote observed in some cases suggests
that equilibrium is not normally attained during hydrothermal alteration (Scharwtz, 2006).
The kinematic markers such as boudins, sigmoidal porphyroclasts, mineral fish in mylonitic
bands and S/C type structures defined a left lateral movement in ESZ, which constitutes the
earlier sense of shear recorded in the CCSZ followed by dextral shearing (Njome et al., 2003;
Ngako et al., 2003).

I1.5Deformation conditions

Crystallo-plastic and cataclastic deformation affecting quartz and feldspar,
respectively, are observed around the margins of the shear zone. Bulging (BLG)
recrystalization (Baily and Hirsch 1962; Drury et al., 1985; Shigematsu 1999; Stipp et al.,
2002; Hirth and Tullis 1992) indicate temperature during deformation around 300°C. The
undulose extinction of quartz porphyroclasts and the brittle behaviour of quartz grains also
suggest very low-grade metamorphic conditions in the ESZ, probably green schist stage,
where epidote, sericite, neocrystalized quartz and chlorite assemblage are preserved. The
consistent albitization of K-feldspar by the formation of perthite suggests low-medium (400-
500°C) metamorphic conditions. Furthermore, the coexistence of such microstructures at
different grades suggests that the deformation started at lower temperature of ~ 300 °C and

ended at elevated temperatures of ~ 600 °C (Dawai et al., 2017).
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11 High Purity Quartz potential in Etam shear zone

111.1 Geochemistry and fluid inclusions

A number of factors played a role in the chemistry of the quartz studied in Etam.
These are factors such as hydrothermal fluid composition, fluid and melt inclusions. Melt
inclusions for example may contain high concentrations of F, Cl, B, P, Li, Cs, and Rb
(Thomas et al.,, 2006). Trace elements concentrations are chiefly regulated by the
crystallization temperature (Muller et al., 2012, Wark, and Watson, 2006), the extent of melt
fractionation in igneous and pegmatitic quartz (Muller et al., 2002; Larsen et al., 2004;
Breiter and Miller, 2009; Jacamon and Larsen, 2009; Beurlen et al., 2011) and the chemistry
and acidity of the fluid from which the quartz crystallized in diagenetic and hydrothermal
quartz (Rusk et al., 2008; Jourdan et al., 2009; Mdller et al., 2010).

Monecko et al, (2002) defined Li, Al, K, Rb, Sr, and Y concentration in quartz as
tools that allowed distinguishing quartz from metamorphic area and quartz of hydrothermal
origin. The authors showed that, despite the variations, these elements generally have lower
concentration in metamorphic quartz compared to hydrothermal quartz (Korneliussen et al.,
2006 in Muller et al., 2007). According to Larsen et al (2004) the Ge/Ti, Ge/Be, P/Ge and
P/Be ratios of quartz are strongly sensitive to the origin and evolution of the granitic melts.
The Ge/Ti ratio therefore is the most suitable for analyzing and understanding petrogenetic
processes in granitic igneous rocks.Research work discriminating sources of quartz deposit
have been carried out previously world-wide and an abundant literature is available. Trace
elements in quartz are then generally used as tools for differentiating pegmatite, igneous,
hydrothermal and metamorphic quartz (Haus, 2005; Ihlen et al., 2007; Muller et al., 2007 and
2012; Gotze et al., 2004, Santos et al., 2014; Santos et al., 2015). These studies are used for
bench-marking procedures and comparing results of this study.

From the ICP-MS or LA-ICP-MS analyses, the Etam quartz shows more or less
variation between milky quartz and translucent quartz in terms of trace elements

concentration.

Figure 59 shows similar trend variation in trace elements concentration for both
quartz, and suggests the similar processes of formation of Etam quartz despite variations in
trace element concentrations. The Al/Li ratio (means 209.8 pug-g—1) for translucent quartz is
very high but similar to some metamorphic over printed quartz (Monecke et al., 2002). This
ratio is different from the ratio in pegmatitic quartz, often <10 (Gotze et al., 2004; Santos et
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al., 2014) and also that from hydrothermal quartz shown in data available (Monecke et al.,
2002; Santos et al.,2017).
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Figure 59: Spider diagram trace element concentration in Etam quartz. Notice that both patterns display
similar trends with translucent quartz showing low concentration in all elements, except for Ti

which is high compared to milky quartz.

Lithium, Rb, Sr, and Y show low concentration in these quartz samples, similar to
most of the metamorphic quartz described in literature (Monecko et al., 2002, Gotze et al.,
2017, Kempe et al., 2012).

Monecke et al., 2002 discriminated metamorphic quartz from hydrothermal quartz by
low concentration of Li, Al, K, Rb, Sr, and Y of recrystallized metamorphic quartz.

Although Ge and Fe show low concentrations in the milky quartz, the Ge/Fe ratio
(means=0.0027) is very low in this quartz compared to translucent quartz (means= 0.031). It
is equally low compared to hydrothermal quartz studied in Olhos D’agua (Ge/Fe =0.15) and
Corinto (Ge/Fe =0.3) (Santos et al,. 2014), and much smaller compared to pegmatitic quartz
which presents Ge/Fe ratio ranges from 4.5 to 0.1 (Gotze et al., 2004; Schron et al., 1982).
This low Ge/Fe ratio suggests the early crystallisation stage of this quartz, containing high
concentration of Fe (Schron et al., 1982), probably during metamorphic event. Furthermore,
the REE distribution pattern of this quartz type shows the behaviour of typical metamorphic
quartz samples with an enrichment of the light REE (LREE) (Fig 60, Monecke et al.,
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2002;Kempe et al., 2012). The samples contain very low to negligible HREE and thus their
chondrite-normalized REE cannot be shown on spider diagram. The absence of a positive Ce
anomaly is suggested to reflect the igneous protolith of this quartz. This corroborates Njome
and Suh (2003) and Sigue et al., (2019) who suggested that the protolith of the fault rocks is

probably igneous rocks in Etam.
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Figure 60: Chondrite-normalized rare earth element (REE) distribution patterns of Etam quartz

(normalization according to data of Anders and Grevesse 1989)

The 10Ge-Al/50-Ti diagram is used here to plot representative samples of Etam
quartz (Fig. 61). The samples from the translucent quartz vein fall in the hydrothermal quartz
field and the samples from the milky quartz vein fall in quartz from granite field. This

diagram is often useful to determine the origin of the quartz.

Fluid inclusions in milky quartz display features related to recrystallisation under
metamorphic conditions as shown by the higher volume of two-phase fluid inclusion with
irregular shapes containing brine and CO2 (Heynke et al., 1992). However, the higher
quantity and the variability of fluid inclusions suggest that this quartz benefitted from
hydrothermal fluids inputs. Impurities contained in it are similar to some hydrothermal quartz
data available (Monecke et al., 2002; Min et al., 2017). Therefore, it is suggested that quartz
in Etam was probably formed during metamorphic processes implying circulation of
hydrothermal fluid saturated in silica (Goetze et al., 2017), followed by silica precipitation

and formation of hydrothermals vein.
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Figure 61: The 10Ge-Al/50-Ti diagram for representative sample of Etam quartz. The samples from
translucent quartz fall in the Hydrothermal quartz field and the sample from milky quartz fall

in quartz from granite fill (modified after, Santos et al,. 2014 and afte

I11.2 Trace elements incorporation into quartz

The Al concentration in the Etam quartz samples varies (105.85 to 793.84 ppm, Table
11 shows Al and Ti concentration (ppm), extracted and converted from table 7). Figure 62
shows that Al and Ti concentrations have a negative correlation. Gotze et al., (2001) and
Rusk et al., (2006; 2008) demonstrated that high concentration of Ti and corresponding low
concentration of Al are closely related to high temperature in hydrothermal quartz. The
concentration of Ti in quartz reflects the temperature of recrystallization during
metamorphism (Larsen et al., 2004; Spear and Wark, 2009; Wark and Watson, 2006; Mller
et al., 2007). Ti concentration in milky quartz is similar to that of hydrothermal quartz
described in the literature. The microscope studies of the Etam quartz did not show either
regeneration of quartz by metamorphism as evidenced by the absence ofsecondary quartz, or
rutile as inclusions in quartz. Therefore, the Ti concentration in milky quartz samples is
presumably incorporated in the structure of the quartz and the hydrothermal fluids seem not
to have played a major role in its genesis or the fluid was Ti poor. In the translucent quartz
samples, the high content of Ti compared to the milky quartz is possibly related to mineral

(rutile) microinclusions as observed in the thin sections.

The high Al concentration in quartz of hydrothermal origin could be induced during

fluid-assisted metamorphism resulting in the development of new minerals at
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hightemperature (Santos et al., 2014 and Monecke et al., 2002). Such phase transformations

are widespread in the area (Njome and Suh 2005; Sigue et al., 2019).

Table 11: Al and Ti concentration (ppm) in Etam quartz: extracted and converted to ppm from table 7

Sample ESI ESIG ESIG ESIG ESIG1 | ESIG ESIG
ESIG1 ESIG3 ESIG5 ESIG10 ESIG14 ESIG16 ESIG17 ESIG18
(ppm) G4 15a 15b 15¢c 9 [ 2la 21b
264.6 688.0 582.1
Al 264.61 793.84 1 158.77 688.00 105.85 0 | 688.00 5 158.77 52.92 264.61 264.61 264.61 264.61
Ti 69.94 11.98 29.95 23.96 11.98 35.94 11.98 11.98 11.98 35.94 11.98 29.95 35.94 41.93 47.92
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Figure 62: Inverse relations between Al and Ti concentrations in Etam quartz

Iron concentration is abnormally high in the translucent quartz. Muller et al., (2012)
stated that quartz crystals in contact with Fe-rich minerals show high concentration of Fe.
Thus, the Fe concentrations in quartz are predominantly diffusion-controlled. Indeed, clusters
of small quartz grains containing red spots, probably iron oxide were observed in the fluid
and mineral inclusion study (fig.44). The origin of these spots is not known, but probably
hydrothermal fluids circulating in the area were Fe-rich.

Calcium, K, Mg and Na are generally carried in quartz by fluids inclusions (Santos
et al., 2015; Gotze et al., 2017).

111.3 Technological aspect

Quartz in this study has mainly two-phase fluid inclusions containing water and gases
(CO2). The behavior of quartz upon fusion has been described by several authors (Santos et
al., 2013; Griscom, 2006; Santos et al., 2014; 2015). The amount of gas liberated during
fusion is related to the size and density of fluid inclusions. At Etam, the translucent quartz
yielded better fusion test results than the milky quartz variety. The inclusions in both

translucent and milky quartz varieties are different in size, quantity and types. This
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observation suggests that, either the conditions/environments of formation of the two
varieties were different and thus, experienced different geological events that could change
the fluid inclusion characteristics, or inclusions were formed differently in these quartz
probably due to the different cooling rate during metamorphism and hydrothermal alteration
(Santos et al., 2014). In the case of the milky quartz, the host rock is a fault rock formed in a
britle-ductile shear zone (Sigue et al., 2019). According to Tarantola et al., (2012); Schmatz
and Urai, (2011); Romer et al., (2006); Schmidt et al., (2003); Vityk et al., (2000) and
Roedder, (1984), pressure in such geological environments is often high and can induce fluid
loss by causing deformation of the fluid inclusions. This is supported by the presence of some
large inclusions observed surrounded by small inclusions or satellite inclusions. Indeed,
Diamond et al., (2010) and Tarantola et al., (2010; 2012) showed that due to deviatoric stress,
inclusions can be deformed and dismembered, giving a large relic inclusion and a cluster of

small neonate (satellite) inclusions around them.

The chemical analysis in table 8 shows impurities in some of the Etam quartz samples.
The results show the high to very high concentrations of various elements in the milky
quartz.Nevertheless, the translucent quartz variety has more promising results for industrial
applications, compared to the milky quartz. The principal elements with high concentrations
in the translucent quartz are: Al (means 107 pg-g—1), K (means 82.4 pg-g-1), Fe
(means=26.01). According to Santos et al., (2015) removing Al impurities from quartz by
using HF or concentrated acid mixtures is costly and constitutes environmental hazards.
Therefore, for quartz to be suitable as HPQ raw material, it should meet certain natural
requirements, or the processing should be done by methods that are less hazardous and more
efficient. Indeed, an efficient fluorine-free leaching system to purify quartz has been
developed with an objective to establish a fluoride-free technology for improving quartz
quality (Min et al., 2017). According to the authors, the method can consistently purify quartz
by removing elements impurities up to 88.2 wt %, 99.0 wt % and 98.1 wt %, for the HCI-
NHA4CI system, and 87.5 wt %, 98.1 wt % and 98.2 wt % for the H2SO4-NH4CI system,
respectively for Al, K and Fe.

Based on chemical studies coupled with bubble formation characteristics in Etam
quartz, the milky quartz can necessitate important and costly purification process to meet
HPQ standard. The deposit therefore due to the high SiO2 content (up to 99.75 wt%) can be
used as raw materials for the refractory industry with a production of silica stone, silicon and
silicon alloys. Translucent quartz in the other hand shows optimistic results as quartz raw

material that can be used in some quartz applications industries without necessarily
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purification processes. It can produce, for instance, silica glass which is common raw

material largely used in optical and telecommunication industries.

111.4 Economic appraisal

According to the definition of HPQ the milky quartz from Etam does not meet the
requirement of a high purity quartz deposit. The sum of the concentration of unwanted
elements in this quartz type is > 500 pg-g—*. The translucent quartz variety is fine-grained,
translucent and massive. These aspects are often an indication of good fusion behavior
(Santos et al., 2013). Regarding only the fusion behavior, this quartz type can be used to
produce transparent glass. The problematic feature is the chemical purity. With the exception
of Li (0.5 pug-g—*) and B (below detection limit), all the trace elements which determine the
purity of quartz as per HPQ definition are above the required limits (Table 8). The Ti and Fe
are especially high. These impurities are probably located in the mineral inclusions which can
easily be eliminated if proper processing tests are conducted. Translucent quartz shows
similar characteristics to some samples from the Santa Helena quartz deposit (Santos et al.,
2014) as shown by the fusion over silica plate and bubble formation. Therefore, further
investigations for such quartz type in the Etam area are advised. Several veins as translucent
quartz vein with similar orientation exist in the area. These veins crop mostly in metamorphic
basement and are easily accessible. The volume of the milky and translucent quartz resource
that defines the distinct Etam ridge above the surrounding peneplain is estimated at ~ 6 km?®
pointing to an exploitable deposit considering that drilling will only add to the subsurface

volume
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CONCLUSION AND PERSPECTIVES




Conclusion

Etam host rocks are granitoids and gneisses. Etam granitoids intruded a low to
medium-grade metamorphic basement of greenschist to amphibolitic and migmatitic
gneisses. These granitoids are syntectonic, S-type, high-k calc-alkaline affinity to shoshonitic
and feroan with low Nb/U ratio (<10) suggesting a typical of crustal granite. They show high
Rb/Sr (0.92 — 1.46) and low Sr/Ba (0.18 — 0.26) ratio coupled with strong negative Eu
(Eu/Eu* = 0.37-0.59) anomaly, thus they characterize the lower degrees of crustal melting
that generated the melts. The S-type granites in Etam have a pelitic protolith and the melts
upon the partial melting were unfractionated and involved only felsic components from the
upper crust. Etam granitoids are derived from mostly clay-poor, plagioclase-rich psammitic
source with the high CaO/Na,O>3, therefore their source is suggested metamorphosed upper
crustal metasedimentary rocks. The low Rb/Sr ratio and the negative Eu anomalies suggest
the low hydrous conditions of partial melting and the participation of biotite during the
process of formation of etam granitoids. These granitoids are suggested to have
crystallization temperature between 800 and 950 °C at 750 kbar.

The shear zone in Etam area (ESZ) is an oblique-slip sinistral strike-slip shear zone
oriented NO10E to NO60E with a ductile zone and a brittle zone. Three domains have been
distinguished in ESZ: (1) the wall rock (shear zone margin) where quartz, K-feldspar,
plagioclase and biotite, referred to as Qtzi, Kfsy, Ply and Bt: respectively define the magmatic
constituents. (2) a ductile zone within which protomylonitic rocks are porphyroclastic and
medium- to coarse-grained, mylonite is medium-grained and ultramylonites appear as linear
segments wrapped by mylonitic bands. (3) a brittle zone mark by brecciated large quartzite
blocks showingtwo types of breccias (crackle breccias and mosaic breccias).

Crystal-plastic deformation and recrystallization are associated with micro-fracturing
in ESZ. Metasomatic and alteration reactions particularly released quartz and K*, Na*, Ca",
Fe*, Al". The presence of several quartz veins in ESZ suggest therefore, a strong mobility of
hydrothermal fluid saturated in silica. The deformation mechanism is suggested to be similar
to that of the Cameroon Central Shear Zone (CCSZ). The metamorphic conditions are similar
as indicated in Tombel Graben: green-schist facies with epidote, sericite, neocrystalized
quartz and chlorite assemblage, low temperature grain boundaries (300 °C), or low-medium
(400-500 °C) conditions metamorphism. The coexistence of microstructures at different
grades suggests that the deformation started in the presence of a residual melt and ended after
the full crystallization of the rock at high temperature. The sinistral strike-slip sense of shear

has been recorded in the CCSZ follow by dextral shear sense. The NO10E to NO4OE trend of
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the mylonitic corridor in ESZ confirms how anastomosing the CCSZ is. Similar age as in
Etam formation (Neoproterozoic) has been recorded in Panafrican fold belt in Cameroon and
in the environment of the HPQ deposit is Brazil.

The investigation of Etam quartz samples in the southwest region (Cameroon) by the
combination of ICP-MS, LA-ICP-MS, SEM-EDS resolved trace-element analysis and
characterized in detail the type, the abundance of trace elements in quartz; the reconstruction
of processes responsible for their formation and the amount of trace-element concentrations.
The analyses show that the SiO> content is very high (98.46-99.75 wt%) with very low
concentration of trace elements. The process of formation of both deposits type is suggested
to be similar: The translucent quartz is clearly older than the milky quartz although both
probably formed under metamorphic conditions and benefited from a contribution of
hydrothermal fluids.

The translucent quartz of Etam show optimistic results as ore resource after analysis.
Principal impurities in it are Al (mean 107ug.g-1), Ca (mean 27.85 pg.g-1) Fe (mean 26.05
Mg.g-1) and Ti (mean 23.75 pg.g-1). According to the HPQ definition quartz from Etam does
not meet the requirement of a high purity quartz deposit. Chemically and technologically the
translucent quartz is medium purity quartz with good fusion behavior producing very little
number of bubbles thus it could be used to produce transparent glass. Moreover, the main
impurities in translucent quartz are mostly in fluid and mineral inclusions thus the
purification using efficient method can purify this quartz and produced quartz crucibles with

high purity qualities widely used in industries.

Perspectives

HPQ as a material for development is become today one of the most attractive ereas of
interest world wide. This work which introduced for the first-time quartz mineral in mineral
commaodity in Cameroon should be furthermore continues and research around quartz deposit
(HPQ deposit) intensified.

Etam quartz is syntectonic and show high concentration of trace element despite their
metamorphic orign. The stress (shear zone) and the hydrothermal fluids rich in some

elements, circulating in the area are probably responsible. it is therefore recommended that:

- Study to be carried out on syn- or pre-tectonic quartz hosting deposits. Such deposits should
have been affected by metamorphism.

- The ages of these deposits should be pre-dating favourable metamorphic conditions.
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SEM and CL investigation of the sections complete with backscattered electron imaging
(BSE) in order to elucidate the sequence of major quartz crystallisation stages.

EMPA analysis of rutile inclusions in quartz along pre-determined profiles from core to
rim are also recommended.
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Annex 1: Foliation planes S;

NO20E 60°ESE X25 | NO22E 60°ESE X20 | NO30E60°ESE NO18E 40°E NO15E 45°E
NO10E 46°E NOOSE 47°E NO5O0E 48°E NO15E 40°E NO25E 50°E
NO25E 50°E NO28E 55°E NO26E 60°ESE

Annex 2: Foliation planes S»
NO11E 85°W X15 | NO12E 82°W X15 NO10E 80°W X30 NOO8E70°W NO14E 75°W
NOOSE 87°W NOO7E 84°W NO20E 72°WNW X25 | NO22E 79°WNW X6 | NO15E 75°WNW
NO10E 80°W NO18E 74°WNW NO16E 78°W NO25E 70°WNW NO23E 76°WNW
NO24E 65°WNW | NO20E 60°WNW X15 | NO22E 60°WNW X10 | NO18E 65°WNW X4 | NO16E 58°W
NO4OE 85°SE X25 | NO10E 80°E NO20E 75°E NO26E 70°E NO022E 80°ESE
NO25E 85ESE NO22E 86°ESE NO23E 80°E NO18E 75°E NO15E 70°E
NO12E 78°E NO16E 72°E NO14E 82°E NO24E 84°E NO17E 79°E
NO19E 87°E NO23E 62°W NO17E 68°W NO15E 65°W

Annex 3: Fracture planes C»
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N145E 78°NE N140E 78°NE N140E 85°SW N100E 85°SSW N105E 85°SSW
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X5

136




Annex 4: planes Cz (Quartz Veins)
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Abstract

This study focuses on the evaluation of the high-purity quartz (HPQ) potential of a shear zone-hosted hydrothermal
and metamorphic quartz deposit in Etam, southwest Cameroon. The shear zone quartz-rich rock is monomineralic and
consists of both milky and translucent varieties. The combination of ICP-MS and LA-ICP-MS analytical techniques was
used to assess the chemical purity of both quartz varieties. These compositional analyses show that all quartz samples
have SiO, content of 98.46-99.75 wt% with very low concentrations of all the other elements. Translucent quartz when
compared to the milky quartz variety shows low concentration of most of the elements including the following principal
impurities: Al (mean 107 pg g™'), Ca (mean 27.85 ug g~') and Fe (mean 26.05 ug g™'). Bubble generation in the samples
after flame fusion over a silica plate was assessed to test the suitability of the quartz in industrial uses. The results obtained
from the chemical analyses and bubble formation tests indicate that all the samples investigated do not meet the HPQ
requirement. However, the translucent quartz shows characteristics of medium-purity quartz and can produce silica glass
for some industrial manufacturing even without further purification. In this study, the fluid inclusions in the samples
were examined as this bears information on the economic viability of the deposit and provides clues on the genesis of
the quartz vein. Also tiny mineral inclusions within individual quartz grains were identified by SEM-EDS. The results of
these studies show that the deposit is probably of metamorphic origin marked by crystal-plastic deformation in quartz
grains. The veins were later modified by hydrothermal fluid input. The results also indicate that the majority of impurities
are likely hosted by fluid inclusions and thus the quartz can be upgraded to HPQ after purification by suitable methods.

Keywords Hydrothermal - Metamorphic - Cameroon - Shear zone - Silica glass - High-purity quartz (HPQ)

1 Introduction rare. An alternative solution to assure the HPQ supply for

industries today can be the purification of medium- and
The high-purity quartz (HPQ) market is presently character-  low-purity quartz to upgrade the quartz grade. HPQ is an
ized by a stable growth and annually increases by 3 to 5%.  important raw material required for the production of silica
Despite this constant increase in the worldwide demand  glass [4, 5], and it is widely used in the electronics industry
[1-3], quartz raw material resources with high purity are  and advanced telecommunication and navigation devices.
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Muller et al. [6] determined that for quartz to be clas-
sified as HPQ, the total impurity content should be less
than 50 ug g~'. The high content of some impurities such
as Al, Ti, Ge and Fe affects drastically the quality of quartz
[7-11]. For example, Al content can generate devitrifica-
tion, resulting in cristobalite white spots, whereas Ti and
Fe can contaminate the silicon melt [11] derived from HPQ
during industrial applications. Another type of impurity
in quartz is fluid inclusions. Despite the fact that fluid
inclusions are less difficult to remove in quartz compared
to metallic impurities (Ti, Fe, Ge), they can also jeopard-
ize the suitability of quartz as an industrial raw material.
Some characteristics of silica glasses made from HPQ also
depend on the chemical purity and the amount of fluid
inclusions in the raw material. Examples are the transpar-
ency in UV and visible ranges, resistance to radiation and
mechanical strength [10, 12].

Purification of low-purity quartz using industrial pro-
cessing is often very costly, laborious and constitutes
environmental hazard [1, 11, 13, 14]. Medium-purity
quartz with good technological behavior necessitates
environment-friendly methods of contaminants removal
that drastically reduced the treatment cost and time.
Proper processing methods such as calcination pretreat-
ment combined with ultrasound-assisted leaching [15]
that increase SiO, content concentration up to 99.9% and
methods using HCI-NH,Cl and H,50,-NH,Cl reagents with
removal rate between 88 and 99 wt% for some impurities
(Al, Kand Fe) have been developed [16] to upgrade quartz
purity in order to meet industries’ quartz glass require-
ments. In this regard, industries often prefer the applica-
tion of purification techniques in medium- to high-purity
resources.

In southwestern Cameroon, quartzitic rocks and
quartz veins occur along major fault/shear zones and
metamorphic rocks. The fault rocks range from brec-
cias to mylonites, and most of them are monomineralic
composed essentially of milky to transparent quartz.
The potential of finding HPQ in these rocks has not been
evaluated despite the widespread occurrence of these
lithologies in the area. This is the aspect that constitutes
the rationale of this study, and the expected results are of
more than local importance considering that the potential
of finding HPQ in the area exists.

2 Geological setting
2.1 Regional geological setting

Etam area is located in the southwestern sector of the
Tombel Plain and belongs to the central domain of the
Central African Fold Belt (CAFB) [17-19] in the southwest

SN Applied Sciences
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Fig. 1 Location of study area: a continental structures of Western »
Gondwana after Pan-African tectonic evolution (modified after
Njome and Dewit [42]). Shear Zones: CCSZ (Central Cameroon
Shear Zone); (SF) Sanaga Fault; (TBF) Tchollire-banyo Fault; (Pe)
Pernambuco Fault; (Pa) Patos Fault. b Geological map of Cameroon
(modified after Toteu et al. [18]). The Central Cameroon Shear Zone
is defined by a system of NE-trending faults comprising Tchollire-
Banyo Fault (TBF), Adamawa Fault (AF), Sanaga Fault (SF), and Kribi-
Campo Fault (KCF). NWC, Northwestern Cameroon domain; AYD,
Adamawa-Yade Domain; YD, Yaounde Domain. ¢ Geologic map of
the study area

region of Cameroon. The CAFB is a megastructure, gener-
ally E-W oriented, and it is about 5000 km in length and
about 300 km in width (Fig. 1a), running through Cam-
eroon across the Atlantic Ocean into northeast of Brazil
[20-25]. The central domain of CAFB in Cameroon com-
prises the Paleoproterozoic granulite [18, 26-28] and the
Neoproterozoic metasedimentary rocks [29-31] intruded
by syntectonic granitoids [25, 32-39] along thrust and
shear zones (Fig. 1b), the most prominent being the Cen-
tral Cameroon Shear Zone (CCSZ). The CCSZ is one of the
most important and largest active strike-slip fault zones in
Cameroon. It is part of the transatlantic shear zone system
referred to as the Central African Shear zone (CASZ) that
extends from the interior of Africa across the Atlantic into
South America [40]. It is a set of anastomosing transcurrent
faults [41] and shows an important mylonitic band trend-
ing N70°E to N30°E.

2.2 Geology of Etam

The Etam area has mainly plutonic rocks (granitic and
granodioritic) and metamorphic rocks including gneisses
and migmatites. These lithologies are associated with
a mylonitic band (Fig. 1c) oriented N0O30 to N045 [43]
termed the Etam shear zone (ESZ) [44], which constitutes
a segment of CCSZ. The mylonitization event has been
attributed to a Pan-African age [40] and has reworked the
gneissic foliation. The basement rocks at Etam are exten-
sively covered in some places by the basaltic lavas from
the Cameroon Volcanic Line (CVL). All these lithologic units
are crosscut by several randomly oriented fracture sets and
quartz veins. The quartz veins are few millimeters to sev-
eral meters wide.

The studied quartz veins in this work are observed in
ESZ. This is a clear white rock with no other rock-forming
minerals than quartz similar to the Serra de Santa Helena
high-purity quartz rock. [43, 44] suggested magmatic
protoliths for the mylonitic rocks in Etam. These previous
studies also indicated greenschist to amphibolitic meta-
morphic conditions between 300 and 450 °C in the sur-
rounding country rocks, where epidote, neocrystallized
quartz and chlorite minerals assemblage coupled with
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the albitization of K-feldspar and the formation of perthite
were recorded.

The ESZ surrounding rock or wall rock (granodiorite)
shows magmatic constituents (Kfs,, Qtz,, PI, and Bt,),
recrystallized quartz (Qtz,) and Ab + Chl as products of Kfs,
alteration. The mylonites in the ductile zone in addition to
primary igneous minerals also have secondary constitu-
ents (Qtz,, Qtz,, Pl,, Bt,, Ms) developed at the expense of
Qtz,, Pl, and Bt, through pervasive alteration and recrys-
tallization. Other minerals include amphibole, muscovite,
chlorite as well as iron oxide, pyrite and zircon. According
to [44], the pervasive alteration in ESZ released K¥, Na™,
Ca*, Fe* and Al* ions that circulated in hydrothermal fluids
saturated in Si, precipitated in fractures and enriched the
quartz veins.

For this study, two quartz veins were mapped and
suitable quartz samples were collected for systematic
laboratory analyses as detailed in the following sections.

3 Methods

3.1 Fluid inclusion observation using optical
microscopy

For the fluid inclusion observation, a small amount of
quartz grains sized 70 to 180 pm was placed on a micro-
scope slide. In order to improve the observation of the
grains, a film of kerosene was applied over them. The
kerosene has a refractive index similar to that of the
silica, which reduces undesired surface observations. A
Nikon optical microscope operated at 500 x magnifica-
tions was used to acquire transmitted light photographs
for fluid inclusion analysis, using a Nikon digital camera.
All photographs were taken at room temperature. Using
this methodology, it was possible to obtain insights on
the nature of the fluid and mineral inclusions present in
the grains. Although more complete analyses were not
carried out, regarding homogenization temperature and
other key properties of the inclusions, it was possible to
obtain reliable data on mineral inclusions in the quartz
grains. These data were vital in order to propose insights
into the genesis of veins.

3.2 Fusion over silica plate

Samples were powdered using a silica mortar and sieved
in nylon sieves at the Analytical Geochemistry Labora-
tory, UNICAMP, Brazil. Particle size distribution was
selected between 80 and 200 mesh, i.e., 75 to 180 pm.
The manufactured powders were then placed over a
silica plate, and a H,/O, flame was applied over it using
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a premix torch. Flame conditions, burner distance to
the sample and time of fusion were kept the same dur-
ing all experiments, about 4 mm and 15 s, respectively,
although samples took different times until complete
fusion. For bubble analysis, the silica plates were pho-
tographed using a mineralogical microscope. Photo-
graphs of each fused plate were taken and then pro-
cessed by computational analysis, in order to measure
average bubble size and density on each photograph.
This is a common test conducted by several silica glass
industries in order to evaluate the powder performance
during glass making. Bubbles larger than 10 to 15 pm
are highly undesired once they can affect the final glass’
properties. This procedure is widely used in the literature
[10-13, 45].

3.3 Chemical analysis using inductively coupled
plasma mass spectroscopy (ICP-MS) on quartz

Quartz samples of 0.1 g were dissolved using 0.5 mL of
distilled HF in special vessels. The samples were then
kept over a hot plate at 80 °C for 1 h in order to enhance
the dissolution process. Afterward, temperature was
elevated to 110 °C for evaporation. Subsequently, 0.5 mL
of HF and 0.1 mL of HNO; were added and the system
was kept closed for 24 h. After this procedure, the sam-
ples were recovered using a nitric acid solution of 1% in
mass. All solutions were prepared using ultrapure water
(18.2 MQ) cm) obtained by Mili-Q system. All used acids
were purified by subboiling. The vessels used were previ-
ously cleaned with a 5% nitric acid solution and washed
with ultrapure water. All measurements were conducted
by the ICP-MS technique using an X series Il (Thermo)
instrument, equipped with collision cell technology
(CCT) at the Analytical Geochemistry Laboratory, Insti-
tute of Geosciences, UNICAMP, Brazil [45].

3.4 Chemical analysis using laser ablation
inductively coupled plasma mass spectroscopy
(LA-ICP-MS)

Quartz composition was further evaluated using a New
Wave Research Excimer Laser Ablation UP193FX and an
Agilent 7500i quadrupole mass spectrometer. The laser
had a pulse rate of 20 Hz, a speed of 15 um s7', a spot
size of 50 um and energy fluency of 5-7 mJ cm™ on the
sample surface. Raster ablation was applied on an area of
approximately 150 um x 300 um. The approximate depth
of ablation was about 50 pm. The carrier gas for transport
of the ablated material to the ICP-MS was He mixed with
Ar. External calibration was performed using three sili-
cate glass reference materials produced by the National
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Institute of Standards and Technology, USA (NIST SRM 610,
612 and 614). In addition, the NIST SRM 1830 soda-lime
float glass (0.1% m/m Al20,), the certified reference mate-
rial BAM No. 1 amorphous Si0, glass and the Qz-Tu syn-
thetic pure quartz monocrystal were used. Measurements
on commercially available IOTA HPQ material as well as ref-
erence material BSC CRM 313/1 (high-purity quartz) were
performed for further external calibration; reproducibility
and accuracy. Each measurement comprised 15 scans of
each isotope, with a measurement time varying from a
0.15 s/scan for K in high resolution to a 0.024 s/scan of, for
example, Li in low resolution. A linear regression model,
including several measurements of the different reference
materials, was used to define the calibration curve for each
element. For the calculation of P concentrations, the pro-
cedure of [46] was applied. Ten sequential measurements
on the Qz-Tu synthetic pure quartz monocrystal standard
were used to estimate the limits of detection (LOD—3g of
ten measurements). The analytical error ranges within 10%
of the absolute concentration of the element.

3.5 Mineralogical quantitative analysis of quartz
samples by SEM-EDS

Each quartz sample was crushed and panned in the labo-
ratory. Grains were observed under a scanning electron
microscope (SEM) fitted with an energy-dispersive spec-
trometer (EDS) following procedures described by [47].
The EDS provided geochemical patterns reminiscent of
the chemical composition of each phase identified.

4 Results and interpretation
4.1 Petrography and textural studies

Two quartz bodies are studied in this work: (1) quartzite
body, showing blocks with variable dimensions (up to
20 mx 8 m) observed in the Etam Shear Zone (ESZ). The
quartzite blocks are brecciated and can be traced along
strike for over 2.5 km [44] in NNE-SSW to NE-SW direc-
tion. On some large blocks, joints and hydrothermal quartz
veinlets (up to 15 cm wide) are observed arranged in sub-
parallel arrays (Fig. 2a). The veinlets are characterized by a
development of recrystallized serrate to elongated blocky
quartz grains, where crystals grow from the wall inward
(Fig. 2b). Generally, the blocks are monomineralic consti-
tuted by milky quartz clasts showing variable dimensions
(<0.2 mm to 8 cm in size) and having the form of polygo-
nal crystals with sharp edges (Fig. 2c). Some are elongated
and faceted, healed by a silicified quartz matrix (i.e., an
optically continuous silica mass), composed of fine quartz
crystals (10-80 um) showing in some places red spots

(Fig. 2d) of clustered grains (colored material), probably
Fe-stained quartz grains trapped within an aggregate of
smaller quartz grains.

Two types of breccias are observed in the Etam sam-
ples, both in hand specimen and under the microscope
(see Table 1 for samples description): (a) Crackle brec-
cias (75-100% clast ~2 mm, Fig. 2e) display small iso-
lated monomineralic quartzite blocks (1.2x 0.8 m) and
represent ~ 5% of the quartzite in the area. They contain
from ~ 85 to ~98% angular clasts with sharp edges, vari-
able dimensions (2 mm to 8 c¢m, Fig. 2c) and a siliceous
matrix often less than 3%. (b) Mosaic breccias (65-75%
clast” 2 mm, Fig. 2f) which show blocks (up to 20x 12 m)
and are also monomineralic are widely spread in the study
area, composed of slightly elongated quartz clasts (0.6 mm
to 1.2 cm) and occupy 65-73% of the volume of the rock.
Some wider intergranular zones are observed with very
fine-grained cataclasite indicating sintered material. In
some samples, fine-grained materials of the reformed
grains show interlocking grain boundaries in some thin
sections. (2) A translucent quartz vein (~20 cm wide,
Fig. 2g) was mapped in the southwestern sector of the
study area surrounded by a biotite gneiss country rock.
The regional foliation and the vein are parallel and trend
NO023°E to NO30°E with subvertical dips. The vein is com-
posed of highly homogeneous translucent fine-grained
pure quartz (Fig. 2h) and ranges from 1 to 3 pm in size.
Fluid and mineral inclusions are observed in both deposits,
and a detailed description of their petrographic charac-
teristics is provided in the paragraph on fluid inclusions
below.

4.2 Geochemistry of Etam quartz
4.2.1 Rock geochemistry by ICP-MS

The bulk rock chemistry of the Etam quartz samples is
displayed in Table 2. The samples are characterized by
98.26-99.75 wt% Si0,. The concentrations of the other
major elements are very low (Al,0,=0.01 to 0.15 wt%,
Fe,0stot=0.1 to 0.59 wt%, MgO=0.01 to 0.02 wt%,
TiO,=0.002 to 0.006 wt% Na,0=0.01 to 0.02). The concen-
tration of K,0 (0.01 wt%) is constant. Most of the trace ele-
ments are below the detection limit. When present, their
concentrations are low, e.g., Cr (55-220 ppm), Zr (3—4 ppm)
and Ba (3—4 ppm).

Only four light rare-earth elements (LREE) are detected
by the ICP-MS analysis. Their concentrations vary
slightly: La (0.2 to 0.4 ppm), Ce (0.3 to 0.4 ppm), Pr (0.03
to 0.05 ppm) and Nd (0.1 to 0.2 ppm. The quasi-totality
of heavy rare-earth elements (HREE) is below detection
limits.
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Fig.2 Photograph and photo-
micrograph of the Etam quartz.
a Brecciated quartzite block
crosscut by quartz veinlets in
subparallel array, b recrystal-
lized quartz grain growing
from the wall inward in quartz
vein ¢ milky quartz clast,
faceted and elongated, up to
12 cm. d photomicrograph of
cluster of small quartz grain
containing red spot, probably
iron oxide, e crackle breccia,

f mosaic breccia, g aspect

of translucent quartz vein
translucent quartz vein on the
outcrop (yellow lines), h hand
specimen of the translucent
quartz vein

4.2.2 Concentrations of impurities in the quartz
determined by LA-ICP-MS

The analysis of representative quartz samples is given in
Table 3. Three samples were selected from the brecciated
quartz block (milky quartz) and two samples from the
translucent quartz vein. A single spot was analyzed in each
sample section. In order to better appreciate the chemical
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purity of quartz, the elements’ concentrations were con-
verted into pg g~'. The data illustrated that: (1) milky
quartz (samples ESIG15, ESIG18 and ESIG19) has high to
moderately high concentrations of trace elements com-
pared to average concentrations in natural quartz [6, 14]:
Al (mean 579.66 ug g~'), Ca (mean 70.7 ug g™'), Fe (mean
57.36ugg™"),K(mean 116.96 uygg™'), Ti(mean 5.67 ugg™'),
and low concentration for Zr (mean 0.26 ug g~') Ce (mean
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Table 1 Representative investigated samples description

Sample no. Sample description

Inclusion types

ESIG15 Averagely cohesive, crackle breccia, medium-size milky
quartz clasts healed by very fine grains of siliceous matrix

ESIG18 Cohesive, mosaic breccia, milky fine quartz clasts cemented
by small quartz crystal (10-80 pm)

ESIG19 Weakly cohesive, crackle breccias with milky large quartz
clasts (up to 8 cm) often brittle + siliceous matrix

ESIG21a Massive, fine translucent quartz grains

Monophase, irregular and regular two-phase inclusion, mineral
inclusion

Cubic crystal inclusion, irregular two-phase and cluster inclu-
sions, mineral and satellite inclusions

Dipyramidal monophasic and hexagonal negative crystal two-
phase inclusions, mineral inclusion

Small inclusions, oriented biphasic negative crystal type,
dipyramidal monophasic fluid inclusion, needle-like mineral
inclusions

0.21 pg g') and Ge (mean 0.14 ug g ). (2). The translucent
quartz is characterized by low concentrations of trace ele-
ments compared to milky quartz: Al (mean 107 ug g™),
Ca (mean 27.85 ug g™'), Cr (mean 3.54 pg g™'), Fe (mean
26.05ugg"), Ge (mean 0.83 ug g ), K(mean 82,4 ugg™),
Li (mean 0.51 pg g™'), Mg (mean 5.15 pg g~'), Na (mean
34.75ugg™"), Ni(mean 1.84 ug g™ '), Ti(mean 23.75 ug g ™),
Zr (mean 1.61 pg g"). In Etam quartz, Al, Ca, Cr, Fe, K, Mg,
Na, Ni, Ti and Zr represent about 99% of the total impuri-
ties in this quartz. Other elements are below the detection
limits. In HPQ, Fe is desirable to be under 10 ppm and Ca
below 10 ppm as well. All the trace elements in HPQ put
together should be less than 50 ppm [6, 14].

In the translucent quartz, the concentration of trace ele-
ments is low compared to the milky quartz. An exception
is observed for Ag, Co, Cr, Ni, Zn, Zr and Ti. Aluminum is
the most important impurity in this quartz, and it is highly
variable (107-811 pg g~') between samples (Table 3). It
commonly substitutes Si in quartz structure or is incor-
porated in quartz by the hydrothermal fluids. Titanium
concentration is consistently higher in translucent quartz
compared to Ti in milky quartz. The variability of Ti con-
centrations between milky and translucent quartz is
probably related to the difference in deformation tem-
perature or the presences of mineral inclusions [48, 49].
Indeed, microscopic studies of translucent quartz permit
to observe several rutile mineral inclusions in translucent
quartz, which increase their bulk (whole rock) Ti concen-
tration [50]. Potassium content is highly variable in milky
quartz. Sample E-SIG19 shows K concentration below the
detection limit, and in sample ESIG15, the K content is 261
in pug g~'. The concentration of Na in both quartz varieties
is reflected by the presence of several cubic salt crystals
(NaCl) within fluid inclusions (daughter crystals) observed
under the microscope. The calcium and Mg contents are
high in all the samples and variable (Ca/Mg ratio varies
between from 2.03 to 16.36). Usually, the concentration
of these elements is related to mineral inclusions in the
quartz crystals or halite phases in the fluid inclusions [11,
14, 51, 52] reflecting the crystallization of quartz in saline

environments [11, 51, 53]. The concentration of Fe is high
in all samples. According to [6], the high concentrations of
Fe in quartz are predominantly diffusion-controlled. There-
fore, ferromagnesian minerals in contact with quartz can
induce high Fe content in this quartz. Microscopic obser-
vation permitted to distinguish spots of Fe-rich mineral
inclusions in quartz grains attesting the accumulation of
Fe in the milieu. Lithium shows low concentration (mean
0.51 pg g™') in the translucent quartz compared to the
milky quartz (mean 6.79 ug g™'), thus suggesting that Li is
probably associated with submicroscopic mineral inclu-
sions in the milky quartz [54]. This suggests therefore the
low participation of Li in the process of charge-balancing
cation for Al, Fe and P. Therefore, the H* from the hydro-
thermal fluid plays a greater role in the charge compensa-
tor for cation in the translucent quartz. SEM/EDS analyses
were conducted to better understand the aspects of pos-
sible mineral inclusions in the translucent quartz, once the
whole rock analysis and the fusion tests indicated that this
quartz variety is the most promising. Two points (P, and
P,) were selected in sample ESIG21a (Fig. 3a) and three
(P,, P; and P;) in sample ESIG21b (Fig. 3b).The resulting
EDS spectra for samples ESIG 21a [Fig. 3a, ESIG21a (P,)
and (P,)] and ESIG 21b (Fig. 3b, ESIG21b (P,), (P,) and (P5)
show high peaks for O and Si. The absence of any peaks
for other elements that could have been contributed by
submicroscopic or nanoparticle mineral inclusions indi-
cated that this quartz variety is free of contaminant min-
eral inclusions.

4.3 Fluid inclusion petrography

Fluid inclusions observed in the Etam quartz samples gen-
erally are monophase or two-phase inclusions (Table 1).In
this study, the fluid inclusions for the milky quartz samples
are studied and the results presented separately from the
data derived from samples of the translucent quartz.
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Table 2 Major, trace and rare-earth element analyses of Etam quartzite (ICP-MS)

Milky quartz Translucent quartz

ESIG 5 ESIG 10 ESIG 14 ESIG 15a ESIG 15b ESIG 15¢ ESIG18 ESIG 19 ESIG 21a ESIG21b
Major elements (wt%)
Sio, 99.75 98.67 98.99 98.26 98.26 99.21 99.4 99.58 98.46 98.46
Al,0, 0.03 013 0.02 0.13 0.13 0.11 0.05 0.05 0.05 0.05
Fe,04 0.1 0.39 0.51 0.49 0.49 0.32 0.36 0.21 0.58 0.58
MnO 0.006 0.005 0.006 0.005 0.005 0.005 0.006 0.006 0.006 0.006
MgO 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Ca0 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
Na,O 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02
K0 0.01 0.01 0.01 0.01 0.m 0.m 0.01 0.01 0.01 0.01
Tio, 0.004 0.002 0.006 0.002 0.002 0.002 0.005 0.006 0.006 0.006
P,0q <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
LOI 0.04 0.25 0.02 0.25 0.25 0.25 0.01 0.07 0.07 0.07
Total 100 99.50 99.622 99.187 99.19 99.947 99.901 99.982 99.25 99.242
Trace elements (ppm)
Be <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Sc <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
v <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Cr 220 55 94 100 100 81 199 216 220 220
Co <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ni <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Cu <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Zn <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Ga <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ge 1 <05 1 <05 <05 1 1 1 1 1
As <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Rb <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Sr <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Y <05 <05 <05 <05 <05 <05 <05 <05 <05 <0.5
Ir 3 4 4 4 4 3 3 4 3 3
Nb 4.1 5.1 47 54 54 39 3.1 31 31 31
Mo <2 <2 < 10 10 <2 <2 8 <2 <2
Ag <05 <05 <0.5 <05 <05 <05 <0.5 <05 <05 <0.5
In <0.1 <01 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
sn <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Sb <0.2 <0.2 <0.2 <0.2 <02 <02 <0.2 <0.2 <0.2 <0.2
Cs <01 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <01
Ba 4 3 3 4 4 4 4 3 4 4
Hf <0.1 <0.1 <0.1 <01 <0.1 <0.1 <0.1 <01 <0.1 <01
Ta <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
w <05 <05 <05 <05 <0.5 <0.5 <0.5 <05 <05 <05
T <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Pb <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Bi <0.1 <01 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <01 <0.1
Th <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
u <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Rare-earth element (ppm)
La 0.4 0.2 0.3 0.2 0.2 03 0.4 0.4 0.4 0.4
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Table 2 (continued)

Rare-earth element (ppm)

Ce 03 0.4 0.4 0.4 0.4 03 0.4 0.4 0.4 0.4

Pr 0.03 0.05 0.05 0.05 0.05 0.05 0.04 0.03 0.03 0.03
Nd 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.1 0.1 0.1

Sm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Eu <0.005 0.01 0.01 0.1 0.01 <0.005 0.01 <0.005 <0.005 <0.005
Gd <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Dy <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Ho <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Er <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tm <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Yb <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Lu <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002

4.3.1 Milky quartz

In the milky quartz, most of the fused grains contain abun-
dant inclusions with small size (Fig. 4, yellow color) ranging
from 2 to 12 pm and randomly distributed (Fig. 5a). They
are monophase or two-phase inclusions showing two dis-
tinct phases at room temperature: a solid daughter crystal
phase and a fluid phase.

®* Monophase fluid inclusions

The monophase fluid inclusions are fewer in number
compared to the two-phase fluid inclusions. Rarely, they
are dipyramidal monophasic inclusions (Fig. 5b, orange
arrow). Most are irregular and some have the shape of
negative crystals.

s Two-phase and three-phase fluid inclusions

The majority of fluid inclusions in the milky quartz are
two-phase fluid inclusions. Usually, they are composed
of liquid and gas although some have daughter crystals.
The presence of halide crystals indicates that the liquid
phase is probably brine while gas phase is CO,. Often here,
fluid inclusions show spherical gas bubbles (Fig. 5¢, black
arrows) with a range from 5 to 30% of the total volume
of the inclusion. Many two-phase inclusions are irregular
(Fig. 5¢, black arrows) in shape. Smaller regular inclusions
are observed with bubbles, often larger than the liquid
volume (Fig. 5¢, blue arrow). Some two-phase inclusions
showing negative hexagonal crystal-shape (Fig. 5d, black
arrow) are observed in this quartz.

Solid phases observed in the fluid inclusions mostly dis-
play cubic outlines (Fig. 5d, e, red arrow), which are prob-
ably salt crystals (NaCl), as attested by the high amount

of Na present in the ICP-MS data analysis (Table 3). Other
fluid inclusions are rarely observed, mostly irregular in
shape and larger (12 pm) than the solid phases encoun-
tered in some inclusions (Fig. 5e, green arrow). Figure 5f
(blue light arrow) shows large inclusions with smaller fluid
inclusions (satellite inclusions) surrounding it. Tarantola
et al. [55, 56] showed that, due to deviatoric stress, inclu-
sions can be deformed and dismembered, giving a large
relic inclusion and a cluster of small neonate (satellite)
inclusions around it.

4.3.2 Translucent quartz

The inclusions present in the translucent quartz are dif-
ferent from those of the milky quartz samples. The fluid
inclusions are much smaller compared to those of milky
quartz (Fig. 4) and oriented. Figure 6a shows this orien-
tation (represented by the black line). Most of these ori-
ented inclusions are of the negative crystal type but much
smaller. Monophase inclusions are common and occur as
dipyramidal monophase inclusions (Fig. 6b, orange arrow).
Several needle-shaped mineral inclusions (Fig. 6¢, gray
arrow) which are suggested to be rutile because of the ele-
vated concentration of Ti in LA-ICP-MS analyses (Table 3)
are observed in this quartz sample as well as small acicular
inclusions, randomly distributed in the grains.

4.4 Fusion of quartz grains over silica plate: bubble
formation and bubble characterization

In this section, the results of the quartz/silica plates tested
for bubble formation are presented in the form of pho-
tographs at various stages of heating. The images were
then processed by computational analysis in order to
measure average bubble size and bubble density on each
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Table 3 Im'purit'ies Milky quartz Translucent quartz

concentrations in quartz

samples (LA-ICP-MS) ESIG15 ESIG18 ESIG19 ESIG21a ESIG21b
Ag pgg™' 0.002 0.003 0.004 0.011 0.009
Al Hgg™' 354 811 574 107 107
B ugg™ <LD <LD 51 <LD <LD
Ba Hgg™' 0.82 124 0.86 0.42 041
Be pgg™’ 0.07 0.10 0.05 0.03 0.03
Ca ugg™' 643 47.8 100 273 284
Ce ugg™ 0.11 0.19 033 0.08 0.06
Co pgg™' 0.01 0.02 0.01 0.05 0.05
Cr pgg™’ 0.85 1.46 1.49 3.43 365
Cs ugg™’ 0.020 0.033 0.016 0.003 0.003
Cu pgg™’ 0.30 023 0.88 0.52 062
Dy ugg™’ 0.006 0.009 0.009 0.002 0.001
Er Hgg™ 0.004 0.004 0.005 0.001 0.001
Eu pgg™' 0.001 0.003 0.003 0.001 0.001
Fe ugg™' 36.4 67.8 67.9 265 25.6
Ga ugg™ 0.06 0.15 0.05 0.02 0.02
Gd Hag™ 0.004 0016 0.010 0.003 0.002
Ge pgg™ 0.15 0.12 0.17 0.83 0.84
Hf Hgg™' 0.004 0.009 0.008 0.04 0.04
Ho ugg™ 0.001 0.001 0.002 <LD <lD
K Hgg™' 89.9 261 <LD 81.0 838
La ugg™’ 0.07 036 0.11 0.04 0.04
Li Hgg™ 5.24 1.4 3.74 0.51 0.51
Lu ugg™ 0.001 <LD 0.001 <D <LD
Mg ugg™’ 6.78 235 6.11 5.64 467
Mn ugg™ 0.28 0.53 0.51 0.43 055
Na Hgg™’ 372 323 410 347 3438
Nb ugg™’ 0.04 0.04 0.02 <LD <LD
Nd ugg™ 0.03 0.16 0.08 0.02 0.02
Ni Hgg™' 0.44 0.71 0.73 1.82 1.87
Pb pgg™’ 0.18 017 159 0.19 0.11
Pr pgg™' 0.01 0.05 0.02 0.01 0.01
Rb ugg™ 0.95 3.15 0.40 0.38 033
Sb ugg™' 0.002 0.002 0.012 0.003 0.004
Sc pgg™! <LD <LD <LD <D <LD
Sm ngg™ 0.006 0.02 0.02 0.004 0.003
Sn ugg™ <LD <LD <LD <LD <LD
Sr Hgg™ 1.43 1.50 134 0.26 0.26
Ta pgg™! <LD <LD <LD <LD 0.02
T ngg™ 0.001 0.002 0.002 <LD <LD
Te ugg™ <LD <LD 0.001 <LD <LD
Th Hgg™ 0.02 0.04 0.05 <LD <LD
Ti ugg™' 6.60 7.38 3.05 233 242
Tl Hgg™' 0.006 0017 0.002 0.002 0.001
Tm ugg™! 0.001 <LD 0.001 <LD <LD
u Hgg™' 0.007 0010 0.02 0.007 0.008
v ugg™' 0.13 0.20 0.05 0.02 0.02
w Hg g™ <LD 0.002 <LD <LD 0.002
Y pgg™’ 0.05 0.04 0.06 0.11 0.11
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Table 3 (continued) Milky quartz Translucent quartz
ESIG15 ESIG18 ESIG19 ESIG21a ESIG21b
Yb pgg™' 0.004 0.003 0.004 <LD 0.001
Zn ugg™! 0.23 0.15 0.25 0.17 032
r pgg™' 0.18 033 028 1.61 1.61

photograph. HPQ material forms very few or no bubbles
during this test.

Three samples of milky quartz and two samples of
translucent quartz were selected for silica fused analy-
sis. The size and the average content of bubbles present
vary among the samples: 1) Milky quartz samples (ESIG15,
ESI18 and ESIG19) are from the brecciated quartz vein. The
rock is brittle, and clasts are cemented by smaller quartz
crystals. These small quartz crystals (10 to 80 pm in size)
are separated upon grinding. Bubble characterization of
all the milky quartz samples displays large quantity of bub-
ble formation in fused grains (the green lines encircle the
grains that have been effectively fused, where one or more
bubbles are shown inside) and bubble size distribution in
the range of 10-240 pm with a mean diameter of 75 pm
(Fig. 7a, b, blue arrow). However, the majority (80%) of
bubbles are from 50 to 80 pm in diameter while about 90%
were smaller than 140 um. Large clusters of small bub-
bles (less than 30 pm) were commonly observed in several
fused grains of milky quartz (Fig. 7b, ¢, black arrow), and
no bubble-free fused grains were observed in this quartz.
2) In translucent quartz, Fig. 7d permits to observe grains
before and after fusion. In the fused state, the exact bub-
bles that form from each grain are distinctively observed.
Translucent quartz samples do not produce many bub-
bles compared to the milky quartz, and also the size of
each bubble is drastically reduced. More than 90% of the
bubbles are less than 10 pm (Fig. 7d black arrow). Clean
grains that have not produced bubbles upon fusion are
also identified (Fig. 7d, green arrows) and represent about
40% of volume.

5 Discussion
5.1 Geochemistry and fluid inclusions

A number of factors likely played a role in the chemistry
of trace elements in quartz studied in Etam. These are fac-
tors such as metamorphism and hydrothermal fluid action.
Trace elements concentrations are chiefly regulated by
the crystallization temperature [6, 57], the extent of melt
fractionation in igneous and pegmatitic quartz [58-60]
and the chemistry and acidity of the fluid from which the

quartz crystallized in diagenetic and hydrothermal quartz
[61-63].

Monecke et al. [64], Baron et al. [65] define Li, Al, K,
Rb, Sr, and Y concentration in quartz as tools that allow
distinguishing quartz from metamorphic processes from
quartz of hydrothermal origin. Korneliussen et al. [66], Mil-
ler et al. [67] show that, despite variations, the previous
elements have generally lower concentration in metamor-
phic quartz compared to hydrothermal quartz. According
to [58], the Ge/Ti, Ge/Be, P/Ge and P/Be ratios of quartz are
strongly sensitive to the origin and evolution of the gra-
nitic melts. The Ge/Ti ratio therefore is the most suitable
for analyzing and understanding petrogenetic processes
in granitic igneous rocks. Research work discriminating
sources of quartz deposit have been carried out previously
worldwide and abundant literature is available [3, 6, 11,
45, 52, 67, 68). Trace elements in quartz are then gener-
ally used as tools for differentiating pegmatite, igneous,
hydrothermal and metamorphic quartz. These studies are
used for benchmarking procedures and comparing results
of this study.

From the ICP-MS or LA-ICP-MS analysis, Etam quartz
samples show more or less variation between milky and
translucent quartz trace elements concentration. Figure 8
a shows similar trend variation in trace elements concen-
tration for both quartz and suggests the similar processes
of formation of Etam quartz. Data available [14, 69, 70]
show that AP*, Ti** and Ge®* commonly substitute Si** in
quartz structure and the charge defect created by these
substitutions is compensated by monovalent ions Li*, Na*,
K" and H*.

The Al/Li ratio is often used to constrain crystallization
conditions of quartz [52, 65, 72]. This ratio varied from
67.55 to 153.47 in milky quartz and is 209.8 in translucent
quartz samples. Thus, the Al/Li value in Etam quartz is far
from the Al/Li ratio in pegmatitic quartz, often <10 [45, 52]
and also far from hydrothermal quartz studied elsewhere
[11, 64]. Monecke et al. [64] distinguished metamorphic
quartz from hydrothermal quartz by low content of Li, Al
K, Rb, Sr and Y in recrystallized metamorphic quartz. Lith-
ium, Rb, Srand Y show low concentrations in Etam quartz,
similar to most of the metamorphic quartz described in the
literature [64, 73, 74]. Aluminum and K concentrations are
high and comparable to some pegmatite quartz studied in
the world [52], except for sample E-SIG 19 which shows K
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Fig.3 SEM-EDS images and patterns for translucent quartz: a image for sample ESIG21a and EDS patterns at point 1 (P,) and 2 (P,), b image

for sample ESIG21b and EDS patterns at points 1 (P,), 2 (P,) and 3 (P3)

below detection limit. Daughter crystals in fluid inclusions
in this quartz are mostly salts, and therefore, Al is probably
incorporated in the quartz structure added by hydrother-
mal fluid circulating during metamorphic events. Indeed,
milky quartz in Etam was probably (re)crystallized under
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greenschist to amphibolitic metamorphic condition [44] in
the shear zone. The relative low concentration of Na and K
coupled with the low Al/Li ratio suggests that the charge
balances are compensated mainly by H* [75] from hydro-
thermal fluid in milky and translucent quartz, since either

149



SN Applied Sciences (2020) 2:551

| https://doi.org/10.1007/542452-020-2301-7

Research Article

= Milky quartz mTranslucent quartz

g 8 3

Fluid inclusion (%)
8 8

)
=]

5

o

0-3 pm 3-6 um 69 pm 9-12 um

Fig.4 Histogram showing proportion of fluid inclusions in milky
and translucent quartz in Etam

Fig.5 Photomicrographs of
fluid inclusions in milky quartz
samples: a large in quanti-

ties and small in size fluid
inclusions in milky quartz,

b dipyramidal monophasic
inclusions probably apatite
(orange arrow), ¢ Irregular
(black arrow) and regular (blue
arrow) two-phase inclusions, d
negative quartz crystals (black
arrow) and cubic inclusion (red
arrow), e mineral inclusion
(red arrow) and melt inclusion
(green arrow), f fluid inclusion
surrounded by small inclusion
(satellite inclusions)

a metamorphic event or the brittle nature of the rock has
enhanced fluid flow in the area.

The Ge/Fe ratio (mean=0.0027) is very low in milky
quartz compared to translucent quartz (mean=0.031)
and to hydrothermal quartz studied in Olhos D’agua (Ge/
Fe=0.15) and Corinto (Ge/Fe=0.3 [45]. It is also much
smaller compared to pegmatitic quartz which presents
Ge/Fe ratio ranges from 4.5 to 0.1 [52, 76]. According to
[76], this low Ge/Fe ratio suggests the early crystalliza-
tion stage of quartz probably during metamorphic event
and containing high concentration of Fe. Furthermore,
the rare-earth elements (REE) distribution pattern of this
quartz type shows the characteristics of typical metamor-
phic quartz samples [64, 74] with an enrichment of LREE
(Fig. 8b). The samples contain very low to negligible HREE
when compared to standard HPQ values [6, 51], and thus
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Fig.6 Photomicrographs of
fluid inclusions in translucent
quartz: a Negative biphasic
crystal inclusions generally
oriented, b dipyramidal mono-
phasic fluid inclusion (orange
arrow) and mineral inclusion
(pink arrow), ¢ needle mineral
inclusion, probably rutile (gray
arrows)

Fig.7 Photomicrographs of
the fused quartz powders

over silica plates where fused
grains can be observed with
formed bubbles inside. a High
quantity and very large bubble
(blue arrow) formation in fused
grains in milky quartz, b, ¢
large quantity of bubble and
clusters of small bubbles (black
arrow) milky quartz, d cleaned
fused grain with free bubble
formation (green arrow) and
small bubbles in grains (black
arrow) in translucent quartz.
The green lines circle the
grains that have been effec-
tively fused; the red lines circle
the “unfused” grains

their chondrite-normalized REE patterns cannot be shown  This corroborates [43, 44] who suggested that the proto-
on spider diagram. The absence of a positive Ce anomaly  lith of the fault rocks is probably igneous rocks in Etam.
is suggested to reflect the igneous protolith of this quartz.
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Fig.8 Trace elements and REE variation in Etam quartz: a some
trace element concentration average in Etam quartz, milky and
translucent quartz patterns display similar trends with translucent
quartz showing low concentration in all elements, except for Ti, b
chondrite-normalized rare-earth element (REE) distribution pat-
terns of Etam quartz (normalization according to data of Anders
and Grevesse [71])

Fluid inclusions in milky quartz display features related
to recrystallization under metamorphic conditions as
shown by the higher volume of two-phase fluid inclusion
with irregular shapes containing brine and CO, [77] and
the alignment of the inclusions to define trails. However,
the abundance and the variability of fluid inclusions sug-
gest that this quartz benefitted from hydrothermal flu-
ids inputs. Impurities contained in it are similar to some
hydrothermal quartz data available [16, 64]. Therefore, it is
suggested that quartz in Etam was probably formed dur-
ing metamorphic processes implying circulation of hydro-
thermal fluid saturated in silica [73], followed by silica pre-
cipitation and formation of hydrothermal veins. Some data
available [45] reveal that hydrothermally formed quartz of
Pan-African age was submitted to some degree of meta-
morphism. These conditions are similar to the geological
context at Etam environment. Furthermore, the Etam area
and Santa Helena (Olhos D'_agua and Corinto) in Brazil are
situated in NO70E-oriented thrust zone (Fig. 1a) and were
probably subjected to the same metamorphic degree

during Pan-African event. Along shear zones, crystal-plas-
tic deformation is an important process in the purification
of quartz. Quartz has the capacity to response to stress
along ductile shear zones in a combined brittle-ductile
manner. Ductile failure results in quartz ribbons, deforma-
tion lamellae and undulose extinction and fracture-con-
trolled slip. These features are observed in the pure quartz
grains in the Etam shear zone.

5.2 Trace elements incorporation into quartz

The Al concentration in the Etam quartz samples varies
(107t0 811 pg g™, Table 3). Rusk et al. [61], Gbtze et al. [78],
Rusk et al. [79] demonstrated that high concentration of
Ti and corresponding low concentration of Al are closely
related to high temperature in hydrothermal quartz. The
concentration of Ti in quartz reflects the temperature of
recrystallization during metamorphism [48, 49, 57, 58, 67,
80]. Titanium concentration in milky quartz is similar to
that of hydrothermal quartz described in the literature. The
microscope studies of the Etam quartz did not show rutile
as inclusions in milky quartz. Therefore, the Ti concentra-
tion in this quartz samples is presumably incorporated in
the structure of the quartz and the hydrothermal fluids
seem not to have played a major role in its genesis or the
fluid was Ti poor. In the translucent quartz samples, the
high content of Ti compared to the milky quartz is pos-
sibly related to mineral inclusions as needles that seem to
be rutile inclusions were abundantly observed under the
microscope study. The absence of Ti-Fe-rich mineral (e.g.,
ilmenite) in this geological environment suggests that Ti
was probably added by Ti-rich hydrothermal fluids from
other environment.

The high Al concentration in Etam quartz was prob-
ably induced during hydrothermal fluid-assisted meta-
morphism at elevated temperature [45, 64]. Such phase
transformations are widespread in the area [40, 44]. Iron
concentration is abnormally high in the translucent quartz
compared to that of HPQ [6, 51]. Also [6] stated that quartz
crystals in contact with Fe-rich minerals show high con-
centration of Fe. Thus, the Fe concentrations in quartz are
predominantly diffusion-controlled. Indeed, clusters of
small quartz grains containing red spots, probably iron
oxide, were observed in the fluid and mineral inclusion
study. The origin of these spots is not known, but probably
hydrothermal fluids circulating in the area were Fe-rich.

The high concentration in quartz of Ca, K, Mg and Na is
sometimes due to saline environment. But generally these
elements are carried in quartz by fluids inclusions or min-
eral inclusions [11, 73]. Indeed, the microscope observa-
tion shows several NaCl crystal inclusions in Etam quartz
that probably carried some of these elements.
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Fig.9 Photomicrographs of
the fused quartz powders over
silica plates. a Translucent
quartz from Etam, b milky
quartz from Olhos D'agua,

¢ transparent quartz from
Corinto, d lota commercial
powder [11]. Small black dots
represent bubbles

5.3 Technological aspect

Quartz in this study has mainly two-phase fluid inclusions
containing saline water and CO,. The behavior of quartz
upon fusion has been described by several authors [10-12,
45]. The amount of gas liberated during fusion is related
to the size and density of fluid inclusions. At Etam, the
translucent quartz yielded better fusion test results com-
pared to the milky quartz variety. The results of the bub-
ble formation test for the Etam translucent quartz (Fig. 9a)
are compared here to the milky samples (Fig. 9b) and the
transparent quartz (Fig. 9c) from Corinto and Olhos D'agua,
respectively (samples from the Serra de Santa Helena for-
mation-Brazil) [45], and to the commercial powder, IOTA
powder (Fig. 9d).

The comparison shows that the milky quartz samples
from Olhos D'agua formed more bubbles compared to
the three other samples. Moreover, samples from Etam
translucent quartz, transparent quartz or the IOTA pow-
der have formed small bubbles compared to the milky
quartz samples during fusion over silica plate. Between
sample of translucent quartz from Etam, transparent
quartz from Olhos D’agua or the IOTA powder, the vari-
ation in terms of bubble size and bubble volume is neg-
ligible. These samples therefore seem similar from the
point of view of bubbles formation after fusion over
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silica plate. Furthermore, the translucent quartz sample
from Etam has few bubbles formed, similar to the trans-
parent quartz from Olhos D’agua, which was concluded
to be equivalent to commercial IOTA powder [11].

The inclusions in both quartz varieties are different
in size, in quantity and types. This observation suggests
that either the two quartz varieties were subjected to dif-
ferent geological events (hydrothermal action or meta-
morphism) that could modify fluid inclusion features in it
or inclusions were initially formed differently due to dif-
ferent processes [45]. Furthermore, high-stress tectonic
geological environment can induce fluid inclusion defor-
mation due to fluid loss [56, 81-85]. Milky quartz in Etam
developed along a brittle-ductile shear zone [44] and
shows large inclusions observed surrounded by small
inclusions or satellite inclusions. This can be supported
by [86] and [55, 56] who showed that due to deviatoric
stress, inclusions can be deformed and dismembered,
giving a large relic inclusion and a cluster of small neo-
nate (satellite) inclusions around them.

The chemical analysis in Table 3 shows impurities in
some Etam quartz samples. The translucent quartz vari-
ety has more promising results for industrial applications,
compared to the milky quartz. According to [45], impu-
rities in fluid inclusions are less hard to eliminate than
the incorporated ones in quartz structure. Therefore, the
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most principal elements with high concentrations in the
translucent quartz are: Al (means 107 pg g7'), K (means
82.4 ug g7, Fe (means 26.01 ug g™'). According to [11],
removing Al impurities from quartz by using HF or con-
centrated acid mixtures is costly and constitutes environ-
mental hazards. Therefore, for quartz to be suitable as HPQ
raw material, it should meet certain natural requirements,
or the processing should be done by methods that are
less hazardous and more efficient. Indeed, an efficient
fluorine-free leaching system to purify quartz has been
developed with an objective to establish a fluoride-free
technology for improving quartz quality [16]. According
to the authors, the method can consistently purify quartz
by removing elements impurities up to 88.2 wt%, 99.0 wt%
and 98.1 wt%, for the HCI-NH4Cl system, and 87.5 wt%,
98.1 wt% and 98.2 wt% for the H,S0,-NH,Cl system,
respectively, for Al, Kand Fe.

Based on chemical studies coupled with bubble for-
mation characteristics in Etam quartz, the milky quartz
can necessitate important and costly purification process
to meet HPQ standard. The deposit therefore due to the
high SiO, content (up to 99.75 wt%) can be used as raw
materials for the refractory industry with a production
of silica stone, silicon and silicon alloys [51]. Translucent
quartz in the other hand shows optimistic results as quartz
raw material that can be used in some quartz applications
industries without necessarily purification processes. It can
produce, for instance, silica glass which is common raw
material largely used in optical and telecommunication
industries.

5.4 Economic appraisal

According to the definition of HPQ, the milky quartz from
Etam does not meet the requirement of a high-purity
quartz deposit. The sum of the concentration of unwanted
elements in this quartz type is =500 pg g~'. The translu-
cent quartz variety is fine-grained, translucent and mas-
sive. These aspects are often an indication of good fusion
behavior [10]. Regarding only the fusion behavior, this
quartz type can be used to produce transparent glass. The
problematic feature is the chemical purity. With the excep-
tion of Li (0.5 pg g™') and B (below detection limit), all the
trace elements which determine the purity of quartz as per
HPQ definition are above the required limits (Table 3). The
Ti and Fe are especially high. These impurities are prob-
ably located in the mineral inclusions which can easily
be eliminated if proper processing tests are conducted.
Translucent quartz show similar characteristics to some
samples from the Santa Helena quartz deposit [45] as
shown by the fusion over silica plate and bubble forma-
tion. Therefore, further investigations for such quartz type
in the Etam area are advised. Several veins as translucent

quartz vein with similar orientation exist in the area. These
veins crop mostly in metamorphic basement and are easily
accessible. The volume of the milky and translucent quartz
resource that defines the distinct Etam ridge above the
surrounding peneplain is estimated at ~6 km® pointing to
an exploitable deposit considering that drilling will only
add to the subsurface volume.

6 Conclusion

The investigation of Etam quartz samples in the southwest
region (Cameroon) by the combination of ICP-MS, LA-ICP-
MS, SEM-EDS resolved trace-element analysis and charac-
terized in detail the type, the abundance of trace elements
in quartz and the reconstruction of processes responsi-
ble for their formation and the amount of trace-element
concentrations. The analyses show that the SiO, content
is very high (98.46-99.75 wt%) with very low concentra-
tion of trace elements. The process of formation of both
deposit types is suggested to be similar: The translucent
quartz is clearly older than the milky quartz although both
probably formed under metamorphic conditions and ben-
efited from a contribution of hydrothermal fluids.

The translucent quartz of Etam shows optimistic results
as ore resource after analysis. Principal impurities in it are
Al (mean 107 pg g™'), Ca (mean 27.85 pg g™') Fe (mean
26.05 ug g7') and Ti (mean 23.75 pg g™ '). According to
the HPQ definition, quartz from Etam does not meet the
requirement of a high-purity quartz deposit. Chemically
and technologically, the translucent quartz is medium-
purity quartz with good fusion behavior producing very
little number of bubbles; thus, it could be used to produce
transparent glass. Moreover, the main impurities in trans-
lucent quartz are mostly in fluid and mineral inclusions;
thus, the purification using efficient method can purify
this quartz and produce quartz crucibles with high-purity
qualities widely used in industries.
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Quartz-Rich Fault Rocks as Potential High
Purity Quartz Source (l) in a Sequence

of the Central Cameroon Shear Zone
(Etam Shear Zone): Geology and Structure
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Abstract

The Etam shear zone is the NNE-SSE to NE-SW trending
fault zone with coexistence of a sinistral shearing
mylonitic corridor and a brecciated quartz vein. The
mylonitic zone is evidence of progressive deformation.
Primary minerals include Qtz; + Kfs; + Pl; + Bt,. These
minerals increasingly and gradually reduce from the wall
rock towards the shear zone center. Quartz recrystalliza-
tion also gradually increases in the same direction.
Microstructures  observed include: recrystallization,
sub-grain boundary, myrmekites and undulose extinction.
Mica-chlorite-epidote assemblages define the greenschist
assemblage, but the observation of amphibole in the
mylonite and the presence of flame perthite in feldspar
suggest a transitional greenschist-amphibolite metamor-
phic condition in the Etam Shear Zone. The brecciated
quartz vein has dimensions of about 2.5 x 0.5 km and
shows several quartzitic blocks, mainly composed of
milky to transparent quartz clasts and a siliceous matrix.
Quartz clasts are pure and the observation of thin sections
of these quartz under polarized microscope shows grains
free of microstructures or displays small micro quartz
veins and rare feldspar inclusions. These are some

C. Sigue ((0) - I. L. N. Mbongue - A. Vishiti - A. C. Kedia

C. E. Suh

Economic Geology Unit, Department of Geology, University of
Buea, P.O. Box 63 Buea, Cameroon

e-mail: siguecyrille@ gmail.com

C. Sigue - I. L. N. Mbongue - J. P. Nzenti

Laboratory of Geosciences for Internal Formations and
Applications, Department of Earth Sciences, Faculty of Science,
University of Yaoundé I, Messa-Yaoundé, P.O. Box 3412
Cameroon

A. Moundi

Department of Earth Sciences, University of Yaoundé I, P.O.
Box 3412 Messa-Yaoundé, Cameroon

A. Vishid

Higher Institute of Science, Engineering and Technology,
Cameroon Christian University Institute, P.O. Box 5 Bali, North
West Region, Cameroon

© Springer Nature Switzerland AG 2019

criteria, which can lead to a preliminary assessment of
the purity of quartz in Etam area.

Keywords
Etam « Fault zone * Quartz vein ¢ Pure quartz
Inclusions

1 Introduction

An abundant literature in fluid-flow mechanisms in structural
features within a shear zone is available [1, 2]. Alteration in
brittle—ductile shear zones is mainly driven by syn-tectonic
fluids which are associated with a variety of weakening
mechanisms [3]. The process of grain size reduction through
fracturing during cataclastic deformation often releases Si
through breakdown of albite or the formation of chlo-
rite + epidote and phengite [4]. Fluid saturated in Si can
then circulates by diffusional transport [5] and form small
quartz veins or by mobile hydrofracturing with very ascent
fluids flow and form large quartz veins [6].

In southwestern Cameroon numerous quartz-rich rocks of
metamorphic and fault-related origin have been described
[7]. These rocks lie essentially along the Central Cameroon
Shear Zone (CCSZ). Although this structure has witnessed
numerous structural and economic studies [8], no previous
studies have focused on these quartz-rich fault rocks whose
contribution to the overall evolution of the shear zone and
potential role as High Purity Quartz (HPQ) source is of more
than local significance.

This study which is typically descriptive with preliminary
geochemistry data examines the mineralogy and textural
context of fault rocks and associated wall rock within the
ESZ. The preliminary results obtained can constitute the
commencement of the assessment of the potential HPQ in
these rocks.
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2 Methods of Study

The Etam shear zone was mapped in details. Representative
mylonitic and quartz samples were cut and polished down to
~ 30 pm in thicknesses in preparation of thin sections in the
IRGM laboratory, Nkolbisson-Yaounde. The polished sam-
ples were examined with the aid of a polarized light
microscopy at the Geology laboratory, University of Buea.
Petrographic studies involved the description of mineralog-
ical features, microtectonics and alteration pattern. Structural
data were displayed as stereoplots and the regional geolog-
ical maps compiled to show the principal shear zone. All the
data were built into a GIS platform in the Remote sensing
Unit University of Buea (both field and laboratory) for easy
retrieval and comparative studies.

All chemical analysis measurements were conducted by
the ICP-MS technique using an X series II (Thermo)
instrument, equipped with CCT (collision cell technology) in
Analytical Geochemistry Laboratory, Campinas State
University-Brazil.

3 Results: Texture, Mineralogy,
Microstructures and Geochemistry
3.1 Wall Rock, Ductile Zone and Brittle Zone
The wall rock is a weakly deformed elongated (4 km long
and 1.8 km wide) plutonic body, oriented NO40E. The rock
is massive, coarse grained, and made up of magmatic con-
stituents (Kfs,, Qtz;, Pl; and Bt;). Recrystallization pro-
duced 2% of quartz (Qtz,), alteration of Kfs; produced albite
and chlorite. The ductile zone consists of medium to
coarse-grained protomylonite, medium grain mylonite and
ultramylonites wrapped by mylonitic bands. Qtz, and Qtzs,
Pl,, Bt, increased in volume in expense of Qtz,, Pl, and Bt,
through  recrystallization. ~ Microstructures  include:
Macro-fracturing, undulose extinction, Bulging (BLG) re-
crystallisation, Flame perthite, Myrmekitic and minerals fish.
The brittle zone shows a large quartz vein (0.150 x 2.5 km),
brecciated (Fig. la). Blocks of this vein are composed

mainly of milky to transparent quartz clasts, <0.5 mm to
8 cm in size (Fig. 1 b and c¢). Microstructures are restricted
to microfractures and rare Mineral small inclusion of feld-
spar (Fig. 1d-f).

3.2 Whole Rock Geochemistry by ICP-MS

ICP-MS analysis shows quartz composition range with
98.46-99.75 wt% SiO,. Very low concentrations of the
overall other major elements (Al,O3 = 0.01 to 0.15 wt%,
Fe,Ostot = 0.1 to 0.59 wt%, MgO = 0.01 to 0.02 wt%,
TiO, = 0.002 to 0.006 wt% Na,O = 0.01 to 0.02, K5O =
0.01 wt%). Trace elements and REE are under detection
limit (LD), Except for: Cr (55-220 ppm), Zr(3—4 ppm), Ba
(3-4 ppm), La(2-4 ppm), Ce (3-4 ppm), Pr (0.03-
0.05 ppm) and Nd (0.1-0.2 ppm).

3.3 Structural Context of the Shear Zone
Deformation

Quartz shows evidence of crystal-plastic deformation, while
K-feldspar and plagioclase are deformed in a plastic and
brittle manner. ESZ define an oblique-slip with a mylonitic
schistosity, trending N10°E in the south of the shear zone
although turn elsewhere to N40°E towards the north.
Asymmetric boudin, C-type, C’-type and S/C structures
define a sinistral strike-slip sense of shear. During brittle
deformation, ESZ experienced a NO60E to NO65E fracture
event, formed earlier in the zone follow by N120E to N140E
and N10OE to N110E (Fig. la) [9].

4 Discussion

Crystal-plastic deformation and recrystallization are associ-
ated with micro-fracturing in ESZ suggesting the greater role
played by stress. Metasomatic and alteration reactions par-
ticularly released quartz and K*, Na*, Ca*, Fe*, Al" [3, 4].
The presence of several quartz veins in ESZ suggest

Fig. 1 a Geologic map of Etam, b and ¢ photograph of Milky quartz, d and e photomicrograph of milky quartz free of mineral inclusion,

f photomicrograph with mineral inclusion
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therefore, a strong mobility of hydrothermal fluid saturated
in silica. Si is dissolved during cataclasis and precipitate in
strain shadow and fractures. The deformation mechanism is
suggested to be similar to that of the Cameroon Central
Shear Zone (CCSZ) [7, 10] and Wyangala shear zone,
Australia [3]. The metamorphic conditions are similar as
indicated in Tombel Graben [7]: green-schist facies with
epidote, sericite, neocrystalized quartz and chlorite assem-
blage, low temperature grain boundaries ( ~ 300 °C), but the
albitization of K-feldspar by the formation of perthite sug-
gest a low-medium (400-500 °C) conditions metamorphism.
The coexistence of such microstructures at different grades
suggests that the deformation started in the presence of a
residual melt and ended after the full crystallization of the
rock at high temperature. The sinistral strike-slip sense of
shear has recorded in the CCSZ follow by dextral shear
sense [7, 11]. The NOIOE to NO4OE trend of mylonitic
corridor in ESZ confirms how anastomosing is the CCSZ.
Similar age (neoproterozoic) has been recorded in Panafrican
fold belt in Cameroon and in the environment of the HPQ
deposit is Brazil [12]. In the optical microscope, the amount
of inclusions in Etam quartz is very small. Preliminary
ICP-MS data shows very low amount of all elements, and
high SiO, contain. These suggest an optimistic result of
HPQ source. The only problem is probably the brittle nature
of this quartz which can enhance the formation of fluid
inclusions that causes the formation of bubbles during fusion
processes and negatively affect the purity of the quartz [12].

5 Conclusions

We show in this study that quartz in veins are milky to
transparent, with no significant minerals or fluid inclusions
observed in optical microscope. This minor amount of
impurities in this quartz is an indicator of their purity, which
allows assessing the quartz vein as potential HPQ source in
the further studies.
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