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Abstract

The heavy mineral sands of Senegal are exploited to extract titanium oxides
and zircon. Mining is carried out first by means of a floating dredge and con-
centration plant which produces a heavy mineral concentrate (HMC) con-
taining on average 78% titanium oxides, 11% zircon and a set of silicate and
alumino-silicate minerals. This heavy mineral concentrate is then treated by
gravity, magnetic and electrostatic separation to produce titanium oxide con-
centrates (ilmenite, leucoxene, rutile) and three varieties of zircon concen-
trates (Premium zircon, standard zircon and medium grade zircon standard).
In this study, we describe the various mineral concentrates in terms of mine-
ralogical assemblages, and textural variability within grains, using Qemscan
and Scanning Electron Microscopy. The titanium oxide concentrates are dif-
ferentiated by their TiO, content and vary from ilmenite to rutile. The zircon
concentrates are characterized by the presence of impurities in the zircons,
which consist in numerous inclusions of titanium oxides and silicate miner-
als. The mineralogical characteristics determined by scanning electron mi-
croscopy and by Qemscan showed great variability within the grains them-
selves. Heavy minerals contain many mineral inclusions and show strong
chemical zoning.
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Heavy Mineral Sand, Qemscan, SEM, Origin

1. Introduction

Heavy mineral sands (HMS) present a great economic interest. They are ex-
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ploited to extract mainly minerals such as titanium oxides (ilmenite, rutile), and
zircon. In the vast majority of HMS, ilmenite is the most abundant main heavy
mineral, followed by rutile, pseudorutile (altered ilmenite) and zircon [1]. Some
HMS deposits contain low amounts of rare earth minerals like monazite and
xenotime. In Senegal, the great coast is 100 km long and 5 km wide along the
north coast. It is operated by the company Grande Cote Operation (GCO). This
deposit belongs to the Senegal-Mauritanian basin which is a pericratonic basin
surrounded by the paleoproterozoic to Hercynian age formations of the West
African Craton. This study aims to determine the complete mineralogical com-
position of the heavy mineral sands of the great coast of Senegal. The innovative
Qemscan technique is used to determine the chemical variability of the different
minerals in the HMS of Senegal. Scanning electron microscopy (SEM) observa-
tions provide a complement to QEMSCAN analyses and allow identifying the
different textural relationships between the main minerals, mainly titanium
oxides and zircon. The study of mineralogical variations is important and allows
us to better understand the difficulties in reaching the chemical specifications of

heavy mineral concentrates.

2. Geological Settings

The study area belongs to the Senegal-Mauritania-Guinean basin that covers
from north to south: western Mauritania, most of Senegal, Gambia, Gui-
nea-Conakry and Guinea-Bissau, where the name of MSGBC basin [2]. It is the
most western and most extensive of Meso-Cenozoic basins located along the At-
lantic margin of Africa. The Quaternary which constitutes the major part of the
outcrops of the basin includes marine, continental and volcanic formations. It is
subdivided into different periods marked by alternating repetitive episodes of
humid climate during the marine transgression and arid climate during the ma-
rine regression.

Periods of transgression have allowed the deposition of shell sand, clays and
ilmenite sand along the coasts. The periods of regression and arid climate are
marked by the establishment of vast spreading of dune sands forming large ergs
of “Red Dunes”. During these periods, the rivers cut their courses in search of
balance, thus forming fossil valleys later covered by ergs of red dunes. These re-
petitive episodes of marine transgression and regression have shaped the land-
scape.

The geomorphology of the study area is thus marked by three continental and
marine dune systems (Figure 1). The continental Ogolian red dune system im-
plemented during the arid Ogolian period (20,000 to 12,000 years BP) and fixed
by a trees savannah. The Tafolian dune system (4000 to 2000 years BP), also
called yellow dunes, is semi-fixed by vegetation with variable extension. The sub
actual to actual dune system (1700 years at present) also known as coastal sand
dunes established in favour episodes’ marine transgressions is mobile and form a

wide band from several meters to several hundred meters [3] [4].
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Figure 1. Geological map of the study area modified from [2].

The Senegalese great coast deposit, which is one of the largest in the world,
extends over a strip 100 km long and 5 km wide. The exploitation of GCO is
mainly located on the part of the yellow dunes which concentrate most of the
deposit. However, heavy mineral deposits are also found in the Ogolian erg
dunes and the current sand dunes (Figure 1 and Figure 2).

The deposit also presents traces of the wet period and marine transgression of
the Nouakchottien (7000 to 4200 years BP) where the sea enters the valleys and
deposit sand clays associated or not with shells and peat (Figure 2). In some
places, heavy mineral deposits can reach 10% of the raw sand. Iron-titanium rich
grains from the sands of senegalese great coast have already been the subject of a
textural, magnetic and geochemical study by Allouc ef al, 1999 [5], which made
it possible to have an idea of the different possible sources. The results of this
study showed that in the whole population, the grains are sub-rounded to sub-
angular. The grains are most often grayish white with often a start of leucoxene
alteration on their border or along small cracks. A few individuals are complete-
ly transformed into leucoxene. The grains showed a great variation in magnetic
susceptibility linked to their difference in chemical composition and to the dif-
ferent degrees of deterioration. The geochemical analysis showed a strong affin-
ity with the iron-titanium train of the “continental terminal” formation for the
Iron-titanium minerals of the great coast. The authors therefore identified two
possible sources: contributions from Mauritania in favor of the great N-S drift
and of the terminal containment. The source rocks seem to be the metamorphic
rocks of a basic character probably deriving from the Mauritanide orogen and
the Reguibat uplift.
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Figure 2. Model of Dune types and heavy Mineral deposits (source: GCOmine DFS re-
port-MDL 2010).

3. Materials and Methods
3.1. Heavy Mineral Concentration at GCO

The heavy mineral sand is extracted by a floating dredge which sucks the ore
from the front of the dredging basin and sends it as a pulp to the wet concentrate
plant (WCP) (Figure 3). After washing and screening to remove possible rock
fragments, the mineralized sand mainly composed of quartz is treated by a bat-
tery of cyclones which will remove very fine particles (clayey). The coarse prod-
uct is then sent to a series of spirals which separate the heavy minerals (ilmenite,
zircon, leucoxene, rutile and other dense minerals) and the gangue essentially
composed of silicate minerals such as garnet, staurolite, quartz, epidote, kyanite,
and others). The obtained product is a concentrate of heavy minerals (HMC). 13
HMC samples were collected from the dredge at different operating times.

The HMC (heavy mineral concentrate) are then treated by a series of magnet-
ic and electrostatic separation to produce zircon, ilmenite, leucoxene and rutile
concentrates. Figure 4 summarizes the different products obtanied.

HMC are first treated by high intensity magnetic separation to extract mag-
netic minerals such as ilmenite. The non-magnetic minerals obtanied from this
separation will undergo gravity separation in order to purify the product and
remove the remaining gangue min erals such as quartz. This step produces re-
jects called WMT (Wet Mill Tails) and a heavy mineral concentrate which un-
dergo, after drying, an electrostatic separation to concentrate the zircon, which is
non-conductive, and the minerals of rutile and leucoxene which are conductive.
Finally, leucoxene and rutile products are separated by magnetism because min-
erals forming leucoxene are more magnetic. It should be noted that at each stage
of treatment, the products are reprocessed several times to generate pure con-
centrates and therefore tailings which will either be recycled or rejected as ste-

rile.
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Figure 4. Simplified flowsheet of heavy minerals processing circuit at GCO.

For our study, we selected the following products from the plant: ilmenite
concentrates (IL1 and IL2), Wet Mill Tail or WMT, a concentrate of very pure
premium zircon (ZP), a standard zircon concentrate (ZS), medium grade (MGZS),
leucoxene (LX), rutile (R). To account for mineralogical variations in the depo-

sit, samples were collected weekly over a three-month period.

3.2. Analytical Procedure

Qemscan

The collected samples are mounted in a polished section and then analyzed
with QEMSCAN. It is an automated technique for the fast characterization of
mineral and non-crystalline phases, on polished sections, by means of SEM
(Scanning Electron Microscope)-EDS (Energy Dispersive Spectrometer). QEM-
SCAN analyses for this project were carried out at the ERAMET Ideas minera-
logical service, using a FEI Quanta 650F SEM platform with two Bruker Xflash
30 mm silicon drift energy dispersive X-ray detectors. The software used in-
cluded iMeasure v. 5.4 for the data acquisition and iDiscover v. 5.4 for the spec-
tral interpretation and data processing. The “BMA (Bulk Mineral Analyses)
measurement mode” was used for mineralogical characterizations of samples
with collecting X-ray data every 2.5 um across the polished sample surfaces, with

X-rays acquired at 2000 total X-ray counts per spectrum. The “Field Image
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measurement mode” was also used to perform mineral mapping of the samples
in order to observe alteration textures on a micron scale.

The spectrum obtained after analysis of each point within the fields is asso-
ciated with an experimental EDS spectrum using the system software. From this
simulated spectrum, the software determines the relative mass concentrations of
the elements present. It is thus necessary to have to fill in the database with in-
formation relating to chemical concentrations. At Eramet Ideas, this information
comes from microprobe measurements. It is an innovative technology increa-
singly used in the rapid determination of the mineralogical compositions of sand
samples [6] [7] [8] [9].

Scanning Electron Microscopy

Backscattered electron (BSE) images of the minerals concentrates were taken
using a JEOL JSM 6360LV scanning electron microscope equipped with a silicon
drift detector analysis system at the Geosciences Environment Toulouse (GET)
laboratory in Toulouse. The compositions of grains were determined using wa-
velength dispersive spectrometers in the GET laboratory. The operating condi-
tions were: an acceleration voltage of 15 kV, a beam current of 20 nA and a
beam diameter of 3 um for all the elements. Standards were: NdPO, (Nd),
SmPO, (Sm), GdPO, (Gd), PrPO, (Pr), DyPO, (Dy), Woll (Ca, Si), LaPO, (La,
P), CePO, (Ce), YPO, (Y), PbJMM (Pb), ThO, (Th), UO2 (U).

SEM images then allow characterising the intra-grain textures, such as chem-
ical zoning or altered zones, and the inter-grain textural relationships, such as
inclusions, intergrowth or overgrowths [10]. Some quantitative measurements
are possible with SEM to unravel the chemical composition of a grain unidenti-

fied by Qemscan. The detection limit of the chemical elements by X-rays is 1000
ppm.

4. Results

4.1. Minerals Distribution and Associations

Table 1 shows the different results of the Qemscan analyses of the HMC sam-
ples.

The Qemscan analyses allowed establishing particle maps of the HMC sam-
ples (Figure 5(a)), thus giving their chemical and mineralogical composition.
Figure 5(b) shows that the mineral concentration is heterogeneous with con-
centrations of heavy minerals and waste rock which strongly vary. HMC mainly
consists in titanium oxides 78.51%, zircon 11.27% and other minerals 10.08%
which includes all the sterile or gangue minerals. These sterile minerals are es-
sentially constituted by silicate and alumino silicates minerals. Rare earth miner-
als have a very low concentration. Qemscan analysis thus detected the presence
of monazite on all samples of HMC, florencite and crandallite only on certain
samples.

Table 2 shows the mineralogical composition of the various concentrates

produced with GCO. The ilmenite, leucoxene and rutile products therefore
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Table 1. HMC minerals composition (wt%).

Avg
HMC

Minerals HMC-1 HMC-2 HMC-3 HMC-4 HMC-5 HMC-6 HMC-7 HMC-8 HMC-9 HMC-10 HMC-11 HMC-12 HMC-13
Monazite 0.02 0.03 0.01 0.01 0.02 0.03 0.13 0.06 0.04 0.02 0.02 0.02 0.06 0.04
Crandallite 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00
Florencite 0.00 0.05 0.00 0.00 0.00 0.01 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.01
Zircon 10.68 11.47 13.04 1084 16.02 1045 10.06 7.82 11.05 10.30 11.68 12.24 10.86 11.27
Ilmenite 22.09 2533 2191 2216 2299 2456 2097 1949 24.67 14.57 22.34 19.66 21.61 21.72

Pseudorutile 50.71 5255 5246 53.01 4932 5505 5278 48.72 54.54 63.68 51.58 51.74 50.39 52.81

Anatase 1.01 0.87 1.31 1.05 1.24 1.11 1.13 1.29 0.96 1.53 1.09 1.36 1.12 1.16

Rutile 2.52 2.32 2.43 2.47 2.54 2.71 2.13 2.52 2.19 3.22 2.45 2.99 2.83 2.56
Other Ti

i 0.22 0.21 0.33 0.24 0.37 0.21 0.36 0.16 0.30 0.24 0.22 0.20 0.24 0.25
Oxides

Phyllosilicates  0.23 0.20 0.41 0.17 0.29 0.14 0.44 0.27 0.29 0.24 0.20 0.25 0.22 0.26

Quartz 8.19 4.28 5.68 6.36 4.43 3.08 7.24 14.38 2.93 3.80 7.04 6.40 8.73 6.35
Garnet 0.24 0.22 0.08 0.20 0.12 0.20 0.13 0.34 0.07 0.15 0.34 0.43 0.28 0.22
Spinels 0.07 0.12 0.13 0.10 0.12 0.07 0.06 0.14 0.12 0.10 0.03 0.21 0.03 0.10

Fe-Croxides 0.21 0.02 0.03 0.03 0.06 0.01 0.03 0.05 0.03 0.04 0.08 0.07 0.13 0.06

Silicate Al 2.74 2.07 1.37 2.87 1.69 1.93 2.23 3.70 1.15 1.61 2.15 3.40 2.57 2.27

Al minerals 0.07 0.05 0.03 0.07 0.01 0.06 0.19 0.12 0.37 0.17 0.08 0.14 0.08 0.11
Other Silicates  0.25 0.06 0.04 0.21 0.16 0.17 0.13 0.20 0.08 0.01 0.21 0.33 0.18 0.16
Other

. 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.02 0.01
Minerals

Unidentified 0.33 0.13 0.72 0.22 0.61 0.20 1.97 0.70 1.18 0.31 0.17 0.55 0.18 0.56
Zircon 10.68 11.47 13.04 1084 16.02 1045 10.06 7.82 11.05 10.30 11.68 12.24 10.86  11.27

Titane oxides 76.55 81.29 7846 7893 7647 83.64 77.38 7217 82.66 83.23 77.68 75.94 76.19  78.51

REE 0.02 0.08 0.02 0.01 0.02 0.04 0.14 0.11 0.05 0.03 0.03 0.02 0.07 0.05
Others
. 12.34 7.16 8.49 10.22 7.49 5.86 12.42 19.90 6.23 6.43 10.32 11.78 1242 10.08
minerals
Total 99.59 100.00 100.00 100.00 99.99 100.00 100.00 100.00 99.99 99.99 99.70 99.99 99.54 9991

Table 2. Minerals composition in concentrates (wt%).

Minerals (wt%) HMC IL1 IL2 WMT zp YA MGZS LX R

Apatite 0.002 0.000 0.000 0.003 0.018 0.011 0.006 0.001 0.001
Monazite 0.036 0.004 0.017 0.025 0.022 0.013 0.528 0.017 0.018
Crandallite 0.004 0.000 0.000 0.034 0.001 0.003 0.002 0.004 0.004
Florencite 0.009 0.000 0.000 0.081 0.001 0.009 0.047 0.031 0.009
Xenotime 0.000 0.000 0.000 0.000 0.002 0.005 0.007 0.001 0.003
Thorite 0.000 0.000 0.000 0.003 0.000 0.000 0.015 0.001 0.001
Zircon 11.269 0.081 0.233 1.641 99.207 98.978 33.657 0.637 0.982
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Continued

Titane oxides 78.507 99.262 98.365 11.456 0.106 0.167 55.601 98.224 98.189
Quartz 6.350 0.086 0.139 70.700 0.046 0.149 0.876 0.255 0.194
Grenats 0.240 0.018 0.054 0.286 0.002 0.007 0.706 0.011 0.001
Spinels 0.070 0.084 0.262 0.057 0.000 0.002 0.480 0.032 0.000
Others minerals 2.860 0.372 0.764 15.326 0.440 0.394 7.307 0.503 0.410
Non identified 0.560 0.092 0.166 0.387 0.157 0.262 0.770 0.285 0.188

total 100 100 100 100 100 100 100 100 100
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Figure 5. (a) QEMSCAN field map of particles in HMC sample; (b) Minerals proportion
in HMC sample.
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consist mainly of titanium oxide at more than 98%, the zircon concentrates are
almost pure at more than 99% (Figure 6). Premium zircon and standard zircon
concentrates contain 99% zircon. The difference between these two concentrates
is their iron content. The WMT product, which is a production reject, consists
mainly of sterile minerals with, however, a certain concentration of titanium
oxide (11%). The mineral separation will thus generate a low quality zircon con-
centrate called Medium Grade Zircon Standard (MGZS) which also contains a
high concentration of titanium oxides and non-negligible concentrations of

monazite (Table 2). Monazite is a non-electrically conductive and paramagnetic
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Figure 6. (a) QEMSCAN field map of particles in concentrates sample; (b) Minerals
proportion in concentrates sample.
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mineral. This explains why it is found in the MGZS product. This MGZS contain
concentrations of zircon (33%) and titanium oxide (55%) which today justified
its marketing as a concentrate of medium-grade zircons. We can also note low
concentrations of phosphate minerals such as monazite, crandallite, florencite.
These minerals also contain rare earth elements.

The mineral association diagram (Figure 7) is useful to evaluate the liberation
potential of impurities in the minerals. The Y-axis (labelled as transitions)
represents the relative amounts of mineral phases that are adjacent to the miner-
al given in X-axis. The “Background” represents the amount of pixels adjacent to
other pixel of the same color, ie, it reflects mineral phase continuity through the
Qemscan color map. As an example, in the MGZS product (Figure 7), more
than 90% of the zircon pixels are adjacent to other zircon pixels, which mean
that zircon is quite pure and is unlikely to host other mineral phases. This also
means that only a very small surface percentage of all zircons is covered or
coated by other phases. The few mineral phases adjacent to (or included in) zir-
con are pseudorutile, phyllosilicates and phosphates.

Figure 7 presents the mineral association diagram of the MGZS concentrate.
As a reminder, this product is obtained after recovery of titanium oxide and zir-
con minerals. It therefore concentrates the minerals with impurities. Its analysis
reveals that ilmenite is generally associated with pseudorutile, which reflects the
fact that the pure ilmenite particles are mostly recovered in the ilmenite concen-
trates. In turn, pseudorutile is generally associated with anatase in addition to
ilmenite, and anatase has a strong affinity for rutile. We also note a strong min-
eral association between aluminium iron oxides and aluminium silicates but also

zircon and rutiles in these sterile minerals.
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Figure 7. Mineral association.
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4.2. Scanning Electron Microscope

The Qemscan images offer an easy way to target mineral particles of interest for
SEM observations (Figure 8). The Qemscan particle map first allows identifying
the chemical composition of each grain.

The work of Delaporte et al. (2019) [11] in the Senegalese HMS has shown the
difference in BSE level (grey intensity) between primary TiO, particles (rutile or

anatase) and secondary grains resulting from intense alteration [11] (Figure 9).

Figure 8. Qemscan and SEM image correlation: (a) BSE image; (b) Qemscan particle map
showing the chemical concentrations of the particles. (1, 4, 9) Titanium oxide; (2) and (6)
zircon, (3, 8, 7) monazite; (4) anatase or rutile; (5) monazite.

wa

- Rutile Anatase Pscudorutile

(a) (®)

Figure 9. BSE image (a) of an area of the leucoxene product sample and mineralogical
interpretation, (b) of this area by QEMSCAN analysis. Rtl: rutile; Ana: microcrystalline
anatase, Psr pseudorutile altered; IlmRtl: ilmenorutile [11].
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A comparison of Qemscan and SEM images in a LX sample reveals that the ru-
tile and anatase crystals defined as such by Qemscan turn out to be texturally
complex. It is possible to observe the different alteration textures, porosities, and
fractures found in these grains. One anatase grain is strongly porous and frac-
tures, whereas another shows a distinct alteration halo. Rutile may show oscilla-
tory zoning (lower right corner) or patchy zoning (grain in the middle).

BSE images of leucoxene particles (altered ilmenite) show a marked zonation

of some grains (Figure 10(a)). Their chemical composition shows in addition to
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Figure 10. BSE image and spectre of titanium oxides minerals (a) leucoxene grains; (b)

rutile grains.
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their titanium iron content, a certain concentration of niobium. Figure 10(b)
also shows the composition of the grains of the rutile grains consisting essential-
ly of titanium but with a very low proportion of niobium.

Figure 11 shows the numerous inclusions or outgrowths of minerals observed
under a SEM. We notice inclusions of heavy elements in other heavy minerals
but also inclusions of gangue minerals in heavy minerals.

Rare earth phosphates like monazite and xenotime are found as inclusion in
zircon (Figure 11(a) & Figure 11(b)). The monazite content is not negligible in
MGZS product. Zircon particles also contain thorianite and barites inclusions
(Figure 11(c) & Figure 11(d)). Lead sulfides such as galena are also found in
inclusion in zircon and also in titanium oxides such as rutile (Figure 11(e) &
Figure 11(f)).
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Figure 11. BSE image of some particles inclusions. (a) Monazite inclusion in zircon grain; (b) xenotime in zircon (c) thorianite

inclusion in zircon grain; (d) barite in zircon; (e) galena in rutile; (f) galena in zircon.
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5. Discussion

QEMSCAN technology enable rapid analysis of thousands of grains within
hours. The other advantage of the Qemscan software is that not only minerals or
phases can be identified and listed but also that textural relationships can be re-
garded in grade detail over, if available, a representative sample. These textural
relationships could be verified with a scanning electron microscope (Figure 9).

The variation in the chemical composition of HMC is linked to the hetero-
geneity of the deposit but also to the operating conditions at the dredge level.

All the minerals present in HMC are constituents of magmatic and meta-
morphic rocks. Several studies have already shown that high gradient metamor-
phic rocks as well as igneous rocks are the main sources of heavy minerals in
beach sands [12]. The processes to the formation of placer deposits on the beach
generally begin inland and end at the coast, the source rocks (magmatic or me-
tamorphic) being eroded and then transported by streams and rivers to the coast
where sediments are deposited in various coastal environments [12] [13]. Heavy
minerals are very resistant to erosion and transport to the coast. Heavy mineral
deposits include a set of minerals (Table 3), the main ones of which are most
often minerals containing titanium (ilmenite, rutile and pseudorutile) zircon,
and may also contain sillimanite/kyanite, staurolite, monazite and garnet. In the
vast majority of heavy mineral sands, ilmenite is the most abundant heavy min-
eral and the main mineral, followed by rutile, pseudodrutile (weathered ilme-
nite) and zircon [1].

Zoning patterns reflect both the chemical substitution processes during crys-
tallization of the source rock and to the weathering processes from the source
rock to the deposit area. Fe-Ti oxides concentrates produced from heavy mineral
sand deposits are widely used for the production of titanium dioxide pigments
that are critical components of white paint, plastics and paper.

According to mining industry, the Fe-Ti concentrates mostly consists of three
phases: ilmenite, pseudorutile and rutile. However, mineralogical studies have
shown that the variety of Fe-Ti oxides found in sand deposits is far more com-
plex, mostly due to alteration processes. During alteration processes, the Ti con-
tent increases. Ilmenite (FeTiO;) is progressively transformed into pseudorutile
(Fe,Ti;0,) particles which could also be altered and transformed into hydrox-
ylian pseudorutile [FeTigO,,(OH);-3H,0] or complex blends of anatase micro-
crystals (TiO,) [11] [14] [15]. X-ray spectra of pseudorutile and rutile particles
show concentrations of Niobium (Figure 10(a) & Figure 10(b)).

These chemical variations of the titanium oxides have a high impact on the
operation with a difficulty of reaching the chemical specificities for each con-
centrate, the need to vary the parameters of the machines continuously, and fi-
nally the difficulty of making good previsions of exploitation with loss of yields.

Zircon develops exclusively through early magmatic crystallization in al-
bite-bearing acidic rocks, i.e. granites, diorites, syenites and their pegmatites. As

zircon is ultra-stable in chemical and physical terms, all other reserves, such as
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Table 3. Common heavy mineral in heavy minerals deposits [12].

Heavy Ideal Specific Stability in
i . . Hardness Colour . Provenance
Minerals Composition Gravity weathering
black igneous &
Magnetite Fe;0, 52 55-6. ’ moderate metamorphic rocks,
dark grey .
hydrothermal veins
b ish i &
Monazite (Ce, La, Y, Th)PO, 49-55 5-55 rowmnis high 1gneous.
red metamorphic rocks
i &
Iimenite FeTiO, 45-5 5-6 black moderate-high 1gneou§
metamorphic rocks
i &
Zircon (Zr, HE, U)SiO, 42-49 7.5-8 many high ‘gneous
metamorphic rocks
b , i &
Xenotime YPO, 44-51 4-5 rown high ‘gneous
yellow metamorphic rocks
b ish i &
Rutile TiO, 42-43 6-65 rownis high lgneous
red metamorphic rocks
lourless, i &
Corundum ALO, 4 9 COTOUTIESS: ) s w-moderate 1gneous.
blue, red metamorphic rocks
hite t i &
Leucoxene FeTiO; to mostly TiO, 35-45 4-45 white fo high 1gneous.
yellow brown metamorphic rocks
Staurolite Fe,Al,04(Si0,),(0, OH), 37-38 7-7.5 brown high metamorphic rocks
colorless mostly
Garnet (Mg, Fe, Mn, Ca)AlLSi;0,, 31-43 7-75 all color; moderate metamorphic but
igneous also.
blue, white, metamorphic
Kyanite AlLSiOs 35-37 4-8 grey, high rocks, rarely in
green, black igneous rocks
colorless, metamorphic rocks
1 >
Sillimanite ALSiO; 3.2 6.5-7.5 various high ) P .
sometimes granite.
colored
black, Granitic pegmatites,
Tourmaline (Na, Ca)(Li, Mg, Al)(Al, Fe, Mn)4(BO;);(SiO,5)(OH), 3.0 -3.3 7 various high some
colored metamorphic rocks

in metamorphites, sediments and also volcanites, can be traced back to zircons
initially crystallized in plutonites and later processed/transported [16]. Zircon is
a typical placer mineral since it accumulates due to its weathering resistance and
high apparent density. This does not apply to metamictic zircons that are unsta-
ble because of their physically disrupted crystal lattices. Therefore, these are
rarely found in placers and are as a consequence also rare in commercial zircon
concentrates. During their transport from the source rock, some zircon particles
are coated with iron oxides due to weathering. During the magnetic separation
process, these zircon particles coated with iron oxides are thus separated from
the purer zircons allowing the production of these two zircon concentrates.
Monazite is present in the MGS. Further studies will make it possible to con-

sider their recovery as a by-product. In some heavy mineral deposits, monazite
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can also be recovered as a by-product for its rare earth element and thorium
content. In addition, monazite grains texture and chemical variations marked by
large simple to complex zonation can give indications on the nature of the orig-
inal source rock (magmatic or metamorphic) [17]. Recently monazite has been
recovered from beaches and alluvium in India, Malaysia, Sri Lanka, Thailand
and Brazil. Placers from Indian beaches are the current main source of monazite
production [1]. The mineral associations shown in Figure 7 are confirmed with
the BSE images which show many mineral inclusions. Very often, zircon con-
tains inclusions of liquids and/or other minerals (rutile, spinel, feldspar, mica, si-
lica, xenotime, monazite, Al silicates, cassiterite, magnetite and especially apa-
tite). Microcrystalline cracks are a result of metamictization (from the inside) or

impacts from the outside [16].

6. Conclusion

The mineralogical study of the heavy mineral sands from the Senegalese great
coast by Qemscan made allow the quick determination of a large variety of min-
erals. This rapid analysis methodology nevertheless requires acquiring a solid
database for a good interpretation of the results. The minerals identified are all
derived from igneous and metamorphic rocks which are most of the source
rocks of heavy mineral sand deposits in the world. Observations in scanning
electron microscopy show the very wide variety of texture of the titanium oxides
and zircon minerals which very often result from the original crystallization
conditions of these minerals but also from the alterations they are undergone
during their transport from the source rock. Mineralogical examination also in-
dicates the presence of rare earth phosphates such as monazite which are found
to be concentrated in quality medium zircon product. further analysis of these
monazite particles is necessary to consider their recovery as a by-product at the
GCO exploitation.
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