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Abstract

High-purity quartz (HPQ), the prime source of silica, is increasingly consi-
dered a strategic mineral in the world market because it is the raw material
for special applications in high-tech industries owing to its unique physical
and chemical properties. The expected growth in demand for HPQ implies
that more sources have to be found. This is the primary motivation for this
study which targets the Supe area, SW Region of Cameroon. The structural
occurrences of quartz veins were mapped and samples collected. The chemi-
cal nature and textural features of these samples were subsequently analyzed
by X-ray tomography, scanning electron microscopy (SEM), and electron mi-
croprobe analysis (EMPA). Three deformation events, D, - D; are recorded. D,
is marked by the development of the strong S; foliation defined by the gneissic
layering and schistosity. D, is a NE-SW ductile to brittle sinistral shear that
controlled the formation of tension gashes that served as subsequent pathways
for quartz-rich hydrothermal fluids to circulate and eventually precipitate
quartz. The presence of rutile, tourmaline, and mica inclusions in the Supe
veins affects the purity of the quartz. However, quartz can be treated to im-
prove its quality. Taking into consideration the nine determinant trace ele-
ments used to classify HPQ, three (Li, P, and B) are below detection limits, Al
concentrations are within the HPQ, quartz market standard, and average
natural abundance; Ti values are high above all three standards in all except
one sample, while Na, Ca, K, and Fe values fluctuate, thus classifying one of
the samples as high purity quartz and the others as low purity quartz. These
veins define tension gashes which usually occur in an echelon arrangement
covering a large surface area, suggesting that more of such veins probably exist
in the Supe area. Consequently, the quality and potential quantity of HPQ veins
in this area suggest a high potential for HPQ exploration in the region.
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1. Introduction

Quartz is increasingly considered a strategic mineral in the world market be-
cause it represents the raw material for special applications in high-tech indus-
tries [1]. High purity quartz (HPQ) is the prime source of silica and it has a vast
range of applications: in the production of metallurgical silicon, used in the
manufacturing of solar panels, specialty chemicals, special filaments, breast and
tissue implants, and other optical applications including fiber optics [1] [2] [3].

HPQ is often thought of as a relatively easily available commodity but it is
very rare in economic and near-economic quantities. Most deposits around the
world occur in quartz-rich granitic pegmatite and hydrothermal quartz veins [4]
[5]. However, very few deposits are suitable in volume, quality, and amenability
to tailored refining methods for specialty high purity applications (the Purs Pine
Deposit North Carolina USA) [2]. The demand for HPQ is increasing strongly
due to the rapid development and expansion of the HPQ consuming industries
[6] [7].

There is a great price margin between low-quality quartz, which costs 15 to 20
USS$ per ton, and HPQ which costs 2000 US$ per ton. Quartz is considered to be
high purity when it contains < 50 pg per gram of structurally incorporated trace
elements [2] [8] [9]. Transformation of raw quartz into refined high-purity
products involves several refinement steps which need to be adapted to effec-
tively minimize the specific impurities of the individual raw quartz feed to comply
with stringent end-use specifications [6]. Indeed, refining seeks to achieve HPQ
with total impurity levels of less than 20 ppm, thereby creating a highly valuable
raw material that commands up to 5 EUR/kg [2].

Impurities within quartz crystals (intercrystalline impurities) are the principal
control of the quality of quartz, although they can be removed to some extent by
processing. Such impurities include lattice-bound trace elements, submicron (<1
um) inclusions, mineral and fluid micro-inclusions (>1 pm). In addition, inter-
crystalline impurities may occur along grain boundaries in the form of mineral
coatings or micro-crystals.

The commercial concentration requirements for critical elements which are
detrimental to the HPQ products vary considerably. Thus, the definition of HPQ
from a commercial point of view is based on the concentration limits of ele-
ments that interfere with the quality of melted HPQ products, which are predo-
minantly silica and quartz glass products [1]. Classified HPQ is based on the
sum of the concentrations of nine elements (Na, K, Li, Al, Ca, Fe, Ti, B, and P)
analyzed on quartz crystals (single grain analysis) or processed quartz sand (bulk

product analyses) to be <50 pg per gram.
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Today, the US-based Unimin Corp./Sibelco still dominates the global high
purity quartz market from operations in North Carolina [8]. One of the few al-
ternative suppliers, Norsk Mineral’s Norwegian Crystallites, has been producing
high purity quartz from its Drag plant in western Norway and several under-
ground and open-pit mines since mid-1996 when the company changed owner-
ship. Potential new entrants into the high purity quartz world market are still
under development such as the quartz resource in the Serra de Santa Helena
Formation, Brazil [8], and a few more. The size of the worldwide market is esti-
mated at 30,000 tons per year for the 99.99% purity and above material [2] and
the present producing mines have an estimated shortfall of about 15,000 tons.
There is consequently a need to find new sources of HPQ, especially in
sub-Saharan African countries where the use of solar panels is expected to grow
exponentially in the not-too-distant future. This, therefore, is the pivotal moti-
vation for this study.

Recently, large quartz veins have been encountered in basement rocks of the
Supe area of SW Cameroon [10]. However, the nature of the veins and the purity
of the quartz are not well known as this area is still relatively unexplored al-
though earlier attempts to map this region have been reported from the Tombel
Graben by [11] and [12] [13]. The present study sets out to characterize ru-
tile/tourmaline-bearing quartz veins in the Pan-African belt of SW Cameroon in
the Supe area. This requires napping of quartz veins and their host rocks with
emphasis on the structural context, petrography, and their mineral inclusions
therein, and investigation of the potentials of extracting HPQ from these veins
by EMPA analysis. Understanding the nature of these veins will enhance the re-
gional interpretation of principal stress orientation during polyphase deforma-
tion and allow the evaluation of the purity of the quartz and the origin of their

mineral inclusions.

2. Geology of the Study Area

The Supe area is part of the Pan-African mobile belt in SW Cameroon (Figure
1). This region is part of the Neoproterozoic fold belt (NFB) of Cameroon, a
major part of the Neoproterozoic Braziliano belt [14] [15] and it is affected by
the Central African Shear Zone (CASZ) of Braziliano/Pan-African age (600 * 50
Ma), that is a pre-drift extension of the Pernambuco shear zone in NE Brazil
[14] [16]. This transcontinental shear zone is a major crustal discontinuity ex-
tending from NEBrazil into Cameroon (Figure 1(a)).

Movements along the Pan-African structures have created basins such as the
Lom Basin [16] and a series of shallow grabens such as the Tombel Graben SE of
the Supe area. The Tombel Graben is one of a series of grabens that defines the
alternation of horsts and grabens along the Cameroon Volcanic Line (CVL) [17],
which is a linear array of numerous volcanic centers and anorogenic complexes
[18] [19] [20]. It has been postulated that the linear trend of volcanoes along
the CVL is structurally controlled [21] [22] by Braziliano/Pan-African structures
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Figure 1. Location of study area (a) Pre-drift reconstruction of Pan-African and Braziliano terraines using
Gondwana plates at 141 Ma. CASZ: Central African Shear Zone; SF: Sanaga fault; PF: Patos fault; PSZ: Per-
nambuco shear zone. The insert shows the fit between Africa and South America at 141 Ma (modified after
[24] and [25]. (b) Geologic map of Cameroon showing the Supe area (modified after [26]; BF = Tchol-
liré-Banyo Fault, SF = Sanaga Fault, KCF = Kribi-Campo Fault. (c) Geologic map for the Supe area with folia-
tions, fractures, and quartz vein attitudes; (d) conjugate fractures showing principal stress directions: 1) Angle
=159.1° or 20.90, J1 = N49.7, 16.8NE, 82 = N233.4, 73.2SW, &3 = N140.0, 1.0SE. 2) Angle = 34.5° or 145.5",
J1 = N54.0, 26.8N, &2 = N197.1, 57.7S, 83 = N315.3, 16.6W. 3) Angle = 96.9° or 83.1°, J1 = N081.7, 22.1E, &2
= N216.0, 59.8S, §3 = N343.4, 19.5N, (e) S, IT and rose diagrams of gneissosity and schistosity with a general
NE-SW trend, (f) S II and rose diagrams for fractures with two dominant fracture trends (NW-SE and
NE-SW) for the Supe area.
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that predate the onset of volcanism. Indeed, the CVL is affected by a trans-li-
thosphere fault zone which can be traced to pre-date the opening of the South
Atlantic Ocean, in Brazil as the Pernambuco dextral transcurrent fault system
[23]. The basement of the continental sector of the CVL is composed of Pre-
cambrian and Pan-African age rocks. Syn-tectonic alkaline, granites, crystalline
schists, and gneisses with rare syenites, gabbros, and diorites belonging to Pan
African Orogeny have been dated as 620 - 480 Ma [23]. These rocks outcrop
mostly in the central and NW part of the CVL.

This mobile belt is known to host several mineral deposits of economic im-
portance such as the U-Mo mineralization in the Pan-African granites of the
Ekomédion prospect [27] [28], the U mineralization at Kitongo, N Cameroon
[29], the detrital rutile in the Yaounde region, the lode gold mineralization at
Dimako-Mboscorro, SE Cameroon [30], and the Belikombone hill gold prospect
(E) Cameroon [31] and references therein.

Lithologic units of the Supe area are made up of three major rock types: me-
tamorphic rocks that cover ~65% of the area and that are dominated by gneiss,
igneous rocks covering ~30% and consisting mainly of basalt, and sedimentary
rocks that cover ~5% of the area (Figure 1(c)).

The major metamorphic rocks in this area are gneisses, migmatites, and sch-
ists. The gneisses are generally light-colored, coarse-grained, and have granob-
lastic textures. Their main minerals are biotite, muscovite, quartz, and feldspar (al-
kali feldspars and plagioclase) in various proportions. These minerals are com-
monly aligned in a parallel manner to each other forming alternating light and dark
bands of 0.5 - 1.5 cm thick but occasionally without a clear banding. The migma-
tites mostly occur in association with gneisses. They are commonly light-colored,
and coarse-grained with minerals that include quartz, feldspars, and micas. They
are moderately foliated with very thick bands of ~7 cm in the outcrop. The sch-
ists encountered here are light-colored with continuous schistosity and they are
made up of muscovite, biotite, quartz, and feldspar, which are strongly aligned.

Foliation surfaces (Figure 2(a) and Figure 2(b)) were mapped in gneisses,
schists, and some migmatites. Data from these surface planes were plotted on
stereonets (IT diagrams and g diagrams) and on rose diagrams (Figure 1(d))
showing that the gneissose, schistose, and migmatitic foliations have a NE-SW
general trend between N231E-N240E. Fractures tend to crosscut the foliations at
various angles although some are sub-parallel. It appears from the IT, 5, and rose
diagrams (Figure 1(e)) that the fractures have a dominant NW-SE trend be-
tween N131E-N140E and a somewhat less pronounced NE-SW trend between
N180E-N190E. Microfaults were also encountered (Figure 2(c) and Figure 2(d)).
Some of the fractures are open while others are filled by quartz veins that range
from a few cm wide to about 1.5 m and about 35 - 40 m long. Stereographic pro-
jections of the conjugate fractures (Figure 1(f)) indicate a NE compression in
the principal stress directions, &, and a corresponding NW-SE extension direc-
tion. Folds in the area have axial planes that generally trend in a NW-SE direc-

tion (Figure 3).
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Gneissose
foliation surface:

Figure 2. Micro faults in the Supe area. (a) and (b) Gneissosity cut by fractures, (c) and (d) Microfault with a sinistral
shear sense.

Figure 3. Folds in the Supe area with axial planes trending in a NW-SE direction: (a) and
(b) Asymmetric fold showing an inclined axial plane, (c) and (d) Box fold showing a flat
top, with 2 inclined axial planes.
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Basalts are the dominant igneous rocks of the area (amygdaloidal and porphy-
ritic basalt). They occur as flows (aa and blocky lava) and dyke-like masses with
vertical and horizontal columns and joints. However, some dolerites were en-
countered in the contact with gneisses and migmatites. Granites in the Supe area
occur as stock-like masses. They are massive, light-colored with coarse grains
and a graphic texture.

Sandstones occur alternating with shales dipping in a NE direction and out-
crop along river beds. The shales are dark grey, fine-grained, and fissile. The
sandstones are light-colored (whitish) with poorly sorted with variable grain siz-
es. They are friable with sub-angular grains and minerals such as quartz, orthoc-
lase feldspar, biotite, and muscovite. They have very little cementing material,

which is probably calcite or iron oxide.

Structural Occurrence and Texture of Quartz veins

Quartz-rich veins of about 35 - 40 m long and 1 - 1.5 m wide were mapped. They
have a NE-SW trend and are lensoid in shape (Figure 4). Some of the veins have
yellowish quartz grains which are sugary to saccharoidal in texture and thus
crumble easily. These crumbly veins have a diverging, ENE-WSW, trend and are
dominated by coarser (~4 cm), more compact, and homogeneous white quartz.
The quartz crystals range from clear to white with glassy to greasy lusters. Large
mineral inclusions such as muscovite flakes, black slender rutile crystals, and
dark-blue to black tourmaline needles are common (Figure 5). The transition
into the gneiss shows a concentration of rutile and tourmaline crystals bound by
a quartz matrix-forming porphyritic rutile-rich black tourmaline.

Three deformation events (D; - D;) are recorded by the structures in this. D, is
marked by the development of the strong S1 foliation defined by the gneissose
layering and schistosity. D, is a NE-SW ductile to brittle sinistral shear that con-
trolled the formation of tension gashes that served as subsequent pathways for
quartz-rich hydrothermal fluids to circulate and eventually precipitate quartz. A
D, sinistral shear with a distinct Pan-African signature has been reported in the
CASZ portion of the Tombelgraben [12] [13] [17] which resulted in a NE-SW
mylonitic foliation that is subparallel to the regional trend of the North Equa-
torial fold belt (NFB) and Braziliano belt. These structural similarities show that
the Supe area is also part of the NFB of Cameroon, a significant contribution to

the tectonics of this area.

3. Materials and Methods

Representative quartz samples obtained from the veins are white, coarse, com-
pact, and homogeneous. The rock samples were crushed, and selected grains
were examined under a binocular microscope, subsequently polished and coated
with carbon before SEM imaging and analysis. The polished sections were ana-
lyzed using a Quanta 600F scanning electron microscope (SEM). X-ray tomo-
graphy was applied at the University of Ghent, Belgium, for analysis of the in-

ternal features and the nature of the inclusions, following n [32] [33]. Hundreds
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Figure 4. Field disposition and hand specimen features of quartzitic samples from the study area. (a) Structural vontext of
some quartz veins in the Supe area with principal stress directions and shear indicators. (b) Well exposed vein with cha-
racteristic zonation and gradation from quartz in the core through mica flakes, tourmaline, and rutile inclusions in the
rim. (c) Transparent to milky quartz with glassy to greasy luster. (d) Quartz occurring together with mica flakes. (e)
Quartz with radiating dark rutile needles. (f) Quartz with dark tourmaline needles. (g) Tourmalinite.
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Figure 5. (a) and (b) Exposure of quartz-rich vein with a NE-SW trend exposed by ero-
sion with the red-white dashed line marking the outline of the vein. (c) quartz-rich with
rutile/tourmaline needles. (d) quartz with mica flakes.

of radiographs were acquired for one scan from different rotation angles be-
tween 0° and 360°. Larger samples were scanned using a Hamamatsu L9181 tube
set at 130 kV, 35 W source, with down to 5 um spot size, because of its high
power; smaller samples (resolution < 3 pm) were scanned with a Hamamatsu
L1711 tube set at 100/160 kV (LaB6/W filament), 3 W, down to 400 nm spot
size, because of its small spot size. The combination of both tubes covers all res-
olutions optimally, thus producing 2-D and 3-D images of the samples.

The chemical nature and other textural features of these samples were subse-
quently analyzed by scanning electron microscopy (SEM) and electron micro-
probe analysis (EMPA) [34] [35] at Activation Laboratory in Canada. Backscat-
tered secondary electron images (BSE) were taken from inclusion-free quartz grains
as well as from those with tourmaline/rutile inclusions. By a combination of im-
age analysis employing atomic number contrast imaging (from back-scattered
electron- or BSE-signal intensity) and Energy Dispersive Spectrometry (EDS)
using Bruker 5010 SDD detectors, the tourmaline/rutile and quartz were directly
measured through SEM. BSE signal intensity was proportional to the mean
atomic number of the minerals. A Field Emission Gun was used at an accelerat-
ing voltage of 25 kV and a spot size of 5.5. ETD imaging was also used. Electron
probe microanalysis measurements were performed in one analytical session
where six quartz samples were analyzed as well as their tourmaline inclusions.
These measurements were performed with a JEOL microprobe set at 15 kV, with

a beam diameter of 5 pm.
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4. Results
4.1. Petrography of Quartz Grains and Mineral Inclusions

2-D and 3-D images (Figure 6 and Figure 7) obtained by X-ray tomography as
well as SEM/BSE images of quartz samples are used to describe the quartz tex-

tures. X-ray tomography images show two main minerals: quartz and rutile needles.

Rutile

Rutile

Figure 6. X-ray tomography 2-D images (a, b, ¢ and d) of quartz crystals with fibrous ru-
tile needles.

Figure 7. X-ray tomography 3-D images; (a) relationship between radiating fibrous rutile
needles and quartz host. (b) Fibrous rutile needles only without quartz host, to emphasize
the rutile texture.
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In the 2-D images, the rutile needles appear to be disseminated as fibrous crystals
within the quartz grains (Figure 6). The 3-D images better illustrate the rela-
tionship between the quartz crystals and rutile needles. The inclusions form ra-
diating aggregates (Figure 7).

SEM images were obtained for both quartz and tourmaline crystals. The
quartz grains are euhedral and large (2 - 3 mm) (Figure 8). Tourmaline is present
in the quartz grains as inclusions (Figure 8(b) and Figure 8(c)). The tourmaline
crystals are euhedral to subhedral with distinct perpendicular cleavages (Figure
9). Quartz makes up the matrix binding the tourmaline crystals together. How-
ever, rutile is also present in the tourmaline and quartz crystals (Figure 9(c)).

The minerals show no zoning.

4.2. Microchemistry of Quartz and Tourmaline Inclusions

The quartz has a high amount of SiO; (>99.55%) and the other 9 oxides occupy
< 0.5 weight % (Table 1).

The average weight percent of Ti is about 0.02, Al < 0.01, and Fe, Mn, Mg, Cr
and Ca. K and Na are between 0.01 - 0.07 wt%. These values have been con-
verted to pg per gram (Table 1) and are compared with the average crustal val-
ues for quartz, HPQ, and IOTA standards (Figure 10).

Some elements such as Li, B, and P are below the detection limit. Al values
generally fall within or below the three standards while Ti values are generally
high in all but two samples where they are below the detection limit. The re-
maining elements are either high above all three standards or not detected at all.

Al vs. the Ti concentrations for the quartz samples were determined and plotted

b Quartz

Quartz Grains— Tournaline
in Quartz

Quartz
Tournaline

in Quartz \\\:

Figure 8. SEM images of (a) Quartz grains, (b), and (c) Quartz grains with tourmaline
inclusions.
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Figure 9. BSE image of tourmaline textures: (a) tourmaline in quartz matrix, (b) tourmaline selvages with
distinct cleavages and fractures in quartz matrix, (c) disseminated rutile and Nb-bearing rutile phases in
tourmaline and quartz crystals, (d) ETD BSE image showing the topography of disseminated rutile and

Nb-bearing mineral in tourmaline and quartz crystals.

Table 1. Representative electron microprobe analysis data for quartz from vein samples
in the Supe area.

QTZ1 QTZ2 QTZ3 QTZ4 QTZ5 QTZ6 Average

SiO2 99.99 100.11 99.98 100.30 99.55 99.85 99.96
TiO. 0.04 0.01 0.00 0.09 0.05 0.00 0.03
ALO; 0.00 0.00 0.02 0.01 0.02 0.00 0.01
FeO 0.02 0.00 0.00 0.03 0.04 0.00 0.01
MnO 0.00 0.00 0.00 0.00 0.11 0.00 0.02
MgO 0.01 0.02 0.05 0.01 0.03 0.00 0.02
CaO 0.01 0.02 0.01 0.00 0.01 0.01 0.01
Na;O 0.04 0.00 0.01 0.00 0.01 0.00 0.01
K0 0.08 0.03 0.01 0.04 0.02 0.05 0.04
Cr20; 0.05 0.01 0.00 0.00 0.00 0.00 0.01
Total 100.25 100.20 100.08 100.47  99.83 99.91 100.12
Wt%

Si 46.99 47.05 46.99 47.14 46.79 46.93 46.98

Ti 0.02 0.00 0.00 0.05 0.03 0.00 0.02

Al 0.00 0.00 0.01 0.00 0.01 0.00 0.00
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Continued
Fe 0.01 0.00 0.00 0.02 0.03 0.00 0.01
Mn 0.00 0.00 0.00 0.00 0.08 0.00 0.01
Mg 0.01 0.01 0.03 0.00 0.02 0.00 0.01
Ca 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Na 0.03 0.00 0.01 0.00 0.01 0.00 0.03
K 0.07 0.03 0.01 0.03 0.01 0.04 0.03
Cr 0.03 0.01 0.00 0.00 0.00 0.00 0.01
ug per gram
Si 469971.8 470498.2 469906 471405.3 467894.4 469285.6 469826.88
Ti 234.00 42.00 0.00 510.00 312.00 0.00 183.00
Al 10.60 10.60 100.70 37.10 79.50 5.30 40.63
Fe 156.00 0.00 0.00 234.00 273.00 0.00 110.50
Mn 0.00 0.00 0.00 0.00 847.00 0.00 141.17
Mg 84.00 90.00 306.00 48.00 180.00 0.00 118.00
Ca 71.00 142.00 71.00 0.00 71.00 71.00 71.00
Na 296.70 0.00 74.20 0.00 74.20 0.00 318.17
K 672.30 265.60 91.30 307.10 141.10 431.6 318.17
Cr 326.40 88.40 0.00 0.00 0.00 0.00 69.13
1000 - .
100
10 | 1 ;

Concentrations (ugg™)
-

0.1 -
0.01
L 4
0.001
Al Ti Na Ca K Li Fe P B
Elements
s=Average natural abundance «-HPQ
«=|OTA std *=QTZ 2
==QTZ 3 ©QTZ4
=+=QTZ5 =—QTZ6

Figure 10. Microchemistry of quartz from Supe vein samples compared with the sug-
gested upper concentration limits and average crustal abundance of nine detrimental
trace elements in natural quartz of HPQ and the IOTA standard quartz [4].
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to classify their purity levels. It appears that sample QTZ6 is of high purity, and
that the other samples have low purity levels (Figure 11).

The microchemistry of tourmaline inclusions in the quartz (Table 2) shows
high concentrations of SiO, (34.29 - 35.41 wt%) and ALO; (37.99 - 39.84 wt%)
followed by FeO (5.32 - 8.58 wt%), MgO (4.48 - 7.16 wt%) and Na,O (0.95 - 1.45
wt%), whereas most of the other oxides have concentrations < 1 wt%. B, Li, and
P are below the detection limit.

The cation numbers based on 30 oxygen were calculated and used to classify
the tourmaline inclusions based on the generalized chemical formula for tour-
maline which is XY3Zs(TsO15) (BO3);Vs W [38] where the most common ions (or

vacancy) at each site are X, Y, Z, and T. These sites are defined as follows:

103 ﬂ‘,
¢ i |
5 oo
102 3 X
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N E & A
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t x +F x
i £, el
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100 | * O |2 z
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Non-Norwegian Kyanite quartzite Refined quartz products
X  Halsjobergrt, Sweden A Drag NCA
<= Rio Levele, Mozambique [] Drag NC1
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Figure 11. Al vs Ti plot of quartz microchemistry from the Supe vein, quartz in kyanite
quartzites from Norway, Sweden, and Mozambique, and of refined HPQ products.
Quartz with Al < 25 pg prer gram' and Ti < 10 pg oer gram is considered as “high-purity
quartz”. Concentrations of the quartz products Drag NC1, Drag NCA, Iota STD, and Iota
8 were analyzed by solution ICP-MS [5] [36].
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Table 2. Electron microprobe analysis data for tourmaline inclusions in the Supe quartz
vein samples.

TOUR1 TOUR2 TOUR3 TOUR4 TOUR5 TOURG

SiO2 34.51 34.29 35.10 35.41 34.68 35.39
TiO2 0.05 0.37 0.45 0.30 0.27 0.19
ALO; 39.24 39.84 37.99 37.99 39.22 39.17
FeO 7.41 8.85 6.39 5.32 6.10 5.82
MnO 0.00 0.08 0.05 0.04 0.07 0.00
MgO 5.58 4.48 6.10 7.16 6.11 6.11
CaO 0.39 0.89 1.13 0.96 1.01 0.93
Na.O 1.37 1.21 1.34 0.95 1.27 1.45
K0 0.05 0.03 0.05 0.03 0.05 0.05
P05 0.00 0.00 0.00 0.00 0.00 0.00
Total 88.59 90.04 88.59 88.16 88.78 89.11
Wt%
Si 46.99 47.05 46.99 47.14 46.79 46.93
Ti 0.02 0.00 0.00 0.05 0.03 0.00
Al 0.00 0.00 0.01 0.00 0.01 0.00
Fe 0.01 0.00 0.00 0.02 0.03 0.00
Mn 0.00 0.00 0.00 0.00 0.08 0.00
Mg 0.01 0.01 0.03 0.01 0.01 0.00
Ca 0.01 0.01 0.00 0.00 0.01 0.00
Na 0.03 0.00 0.00 0.00 0.01 0.00
K 0.07 0.02 0.00 0.03 0.01 0.04316
Oxygens 2.57 2.59 2.58 2.59 2.59 2.61
F 12.04 11.95 12.01 11.97 11.96 11.88

Cation numbers based on 30 oxygen atoms

Si 6.91 6.82 7.02 7.06 6.90 6.99
Ti 0.01 0.05 0.07 0.04 0.04 0.03
Al 9.26 9.34 8.95 8.92 9.20 9.13
Fe 1.24 1.47 1.07 0.89 1.02 0.96
Mn 0.00 0.01 0.01 0.01 0.01 0.00
Mg 1.67 1.33 1.82 2.13 1.81 1.80
Ca 0.08 0.19 0.24 0.20 0.22 0.19
Na 0.53 0.47 0.52 0.37 0.49 0.56
K 0.01 0.01 0.02 0.01 0.01 0.01
Total 19.72 19.69 19.72 19.63 19.71 19.69
X site 0.63 0.67 0.78 0.58 0.72 0.77
Y site 291 2.87 2.96 3.06 2.88 2.79
Z site
T site 8.44 9.44 10.44 11.44 12.44 13.44
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X = Na'*, Ca?*, K1*, and vacancy, Y = Fe*, Mg*, Mn**, AP**, Li"*, Fe*,

and Cr’*
Z = A%, Fe**, Mg*, and Cr** T = Si*, Al**, and B**
B = B*; V=0H'" and O* W = OH!, F'-, and O*.

Most compositional variability occurs at the X, Y, Z, W, and V sites. Tourma-
line species are defined following the dominant-valency rule such that in a rele-
vant site the dominant ion of the dominant valence state is used for the basis of

nomenclature [39] thus classifying the tourmaline as shown in Table 3.

5. Interpretation and Discussion

5.1. Structural Configuration of the Supe Area

Quartz veins with a similar orientation as in the Supe area (N32E) have been re-
ported from the Betare Oya District [40] where they form part of the Lom Series
with strike values between N30E-N40E [13]. These veins are rather lode
gold-bearing and are concordant with the regional foliations of the area.
NE-SW-trending sinistral wrench movements have been reported for this area
[41] which controls the gold mineralization. The orientation of the quartz veins
of the Supe area as well as those of the Betare Oya District therefore all form part
of the CCSZ (N30E-N70E) lineament, which is a segment of the CASZ [13] [17].

5.2. HPQ Economic Potential of the Supe Area

Synthetic quartz is a raw material for special applications in high-tech industries,
but it has a high cost of production. To meet up with the high demand and also
to minimize cost, attention has shifted worldwide to natural quartz which, how-
ever, naturally occurs with impurities that affect the quality of its products.

Very high purity quartz for advanced high-tech applications is currently sourced
from only a few locations around the world. The expected growth in demand
implies that more sources have to be found and this is what contributed to the
interest in the Supe veins. Of the nine determinant trace elements used to classi-
fy HPQ [35], three (Li, P, and B) are below the detection limit; Al concentrations

are within the HPQ, IOTA, and average natural abundance; Ti values are high

Table 3. Nomenclature of tourmaline types in quartz vein samples from the Supe area.

X Ys Zs Vs Names
TOUR1 Na Fe’* Al OH!" Schorlitic tourmaline
TOUR 2 Na Mg Al OH'" Dravitic tourmaline
TOUR 3 Na Mg Al OH'" Dravitic tourmaline
TOUR 4 Na Fe’* Al OH'" Schorlitic tourmaline
TOUR 5 Na Fe’* Al OH'" Schorlitic tourmaline
TOUR 6 Na Fe’* Al OH!" Schorlitic tourmaline

General formula: Schorlite = (NaCa)Fes;(ALFe)s[SisO1s][BO3](OH,F)s; Dravite = NaMgs
(ALFe)s[SisO15] [BO3](OH,F)a.
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above all three standards in all except one sample, while Na, Ca, K, and Fe values
fluctuate (Figure 10) thus classifying QTZ6 as high purity quartz, purer than the
Norweigian kyanite quartzites as well as the refined quartz products. The other
samples were classified as low purity (Figure 11), similar to the Halsjoberget
kyanite quartzites of Sweden [35] except for their lower Al concentration, as well
as to the Serra de Santa Helena quartz resource, Brazil, with a relatively low Al
content of about 15 ug per gram' [8].

The presence of rutile, tourmaline, and mica inclusions in the samples from
the Supe veins affects the purity of the quartz. However, the quartz can be
processed in four different stages according to [2]: pre-processing (mechanical
crushing, required to liberate mineral impurities and fluid inclusions for further
physical treatment), physical processing (attrition, magnetic separation, and
high tension separation flotation), chemical leaching, and thermal treatment.
Also the random distribution of inclusions in portions within the vein, the large
grain sizes and density contrasts, straight and planar grain boundaries, absence
of intergrowths, and grain boundary migration help in the refining process for
easy sorting of optically pure portions which require less treatment and easy
elimination of mineral inclusions. The low level of certain impurities in the Supe
quartz veins suggests that it is feasible to give metallurgical treatment to the
quartz of this area to obtain HPQ.

These veins define tension gashes which usually occur in an en-echelon ar-
rangement covering a large surface area. This is strong evidence that more of
such veins exist in the Supe area. Also, the occurrence of quartzitic bodies of hy-
drothermal origin in the Neoproterozoic Braziliano belt [8] of South America
indicates the possibility of such bodies in that area. Thus, combining the possible
quantities and quality, this area is a promising deposit for HPQ industries for the

manufacture of low- to high-purity quartz products.

5.3. Origin of the Inclusions in the Quartz Vein

The inclusions in this study include tourmaline (primarily schorlite), rutile, and
mica flakes which all occur as macro- to micro-inclusions down to <1 um.
Among these minerals, rutile often occurs in association with other phases in
hydrothermal vein systems, thus providing using rutile thermometry [42] and
[43] information about the origin, mode of formation, and possible ages. The
formation of mineral inclusions in quartz is manifold [44]. According to [35], all
mineral phases which occur in the host rock may also occur as micro-inclusions
in quartz, and they were enclosed during growth from melt and fluids or by sol-
id-state grain-boundary migration during metamorphism and subsequent crys-
tal lattice recovery, which is very common in metamorphic rocks like quartzite.
Rutile in the Supe quartz veins has two possible origins; it could have formed
during vein crystallization within the quartz crystals or secondary, due to hy-
drothermal alteration (chloritisation) of Ti-rich biotite [45]. The rutile and mica

in these veins may have originated from hydrothermal processes affecting the
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Figure 12. Classification of the chemical composition of tourmaline in the Supe quartz veins compared with the quartz-tourmaline

veins of the Okote area, southern Ethiopia (in gray) using ternary diagrams of [37]. (a) Al-Fe (tot)-Mg diagram. Fields 1 = Li-rich

granitoids, pegmatites; 2 = Li-poor granitoids and their pegmatites, and aplites; 3 = Fe**-rich quartz-tourmaline rocks (hydro-

thermally altered granites); 4 = Metapelites and meta-psammites, with Al-saturated phase; 5 = Metapelites and metapsammites

without Al-saturated phase; 6 = Fe**-rich quartz-tourmaline rocks, calc-silicate rocks and metapelites; 7 = Low Ca meta-ultramafic

and Cr, V-rich meta-sediments; 8 = Metacarbonates and metapyroxenites (b) Ca-Fe(tot)-Mg diagram: Fields 1 = Li-rich granito-

ids, pegmatites and aplites; 2 = Li-poor granitoids and their pegmatites, and aplites; 3 = Ca-rich metapelites, meta-psammites, and

calc-silicate rocks; 4 = Ca-poor metapelites, metapsamnites, and calc-silicate rocks; 5 = metacarbonates; 6 = meta-ultramafics.

wall/host rocks [35], which are gneisses. The gneisses are rich in rutile that is
strongly associated with biotite so that decompression during tectonic uplift and
cooling may be responsible for the development of the rutile needles as inclu-
sions in the quartz [46] [47].

The tourmaline crystals in the Supe veins are of hydrothermal origin with a
metamorphic overprint. Such metamorphic effects on hydrothermal tourmaline
have been described by [48] (Figure 12), which favors meta-sedimentary rocks

as the main source.

6. Conclusion

The following conclusions can be drawn from this study. The tourmaline inclu-
sions have a hydrothermal origin with a metamorphic overprint while the rutile
and micas might have a primary or secondary origin. A primary origin could
have formed during vein crystallization within the quartz crystals (exsolution) as
a result of decompression during tectonic uplift and cooling, or secondary due to
hydrothermal extraction into the veins. The Supe quartz veins are metamor-
phic/hydrothermal in origin. The quality and quantity of the HPQ veins in this

area suggest a high potential for HPQ exploration in the region.
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