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Abstract: The EU aluminium production from, e.g., bauxite is one of the backbones to support
Europe’s green and digital transition. In support of sustainable bauxite exploration and mining, Laser
Induced Breakdown Spectroscopy (LIBS) was used on the major facies of the karst bauxite deposits
of SODICAPEI (Southern France). Our results showed that LIBS is a very promising technology to
define the bottom and top layer of bauxite ores and to access critical parameters crucial for bauxite
mining and processing. First LIBS tests were made on scandium standards to find appropriate Sc
emission lines for future applications.
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1. Introduction

Bauxite is formed through weathering of aluminium (Al) rich rocks which are low in
alkalis, alkaline earths, and silica [1]. Bauxite is, at present, the only primary aluminium
resource: 85% of the mined bauxite is refined into alumina, an intermediate product (Bayer
process), which is then smelted (Hall-Heroult process) into aluminium. A total of 10% of
the bauxite goes to non-metal products and 5% to refractory and abrasive materials [2]
(in [3]). Producing 1 ton of aluminium needs 4-6 t of bauxite (depending on the grade and
quality). Alumina is also used in chemical grade applications [4]. The EU Al production is
crucial to support the Europe’s green and digital transition. It is one of the major metals
used in the transportation-automotive, truck, building and constructions, and packaging
sectors [4].

Global demand for primary Al from bauxite alone is expected to increase 4% per year
until 2030. Today, Europe only produces around 10% of the bauxite for its primary Al, with
an increasing import rate [5]. Major producers are Australia, China, Brazil, Guinea, and
India [4], while major reserves are available in Guinea (7.4 bt), Australia (6 bt), Brazil (2.6
bt), Vietnam (3.7 bt), Jamaica (2 bt), and Indonesia (1 bt) [6].

Most bauxites (88%) belong to the laterite type concentrated around the equator in
the southern hemisphere. It occurs as extended layers over hundreds of square kilometres
of highly variable thicknesses (<1 m to 40 m). Minor deposits (12%) are of karst type and
karst-related type bauxite concentrated on the northern hemisphere [3,7,8].

In Europe, Karst-type deposits occur in Greece, Hungary, Serbia and Romania, and
southern France. Karst bauxites are more difficult to evaluate for resources and reserves.
The Karst pockets have variable morphologies, and tens to more than hundred meters of
overburden. Bauxite is mainly mined in large open pits and only rarely as underground
operations, presenting a high environmental impact and high risk for the ecological system
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(water, soils, air, and biodiversity). The goal of the Al industries is sustainable bauxite
mining and processing, reducing environmental impacts, and increasing social acceptance.

Bauxite is composed of the Al hydroxides boehmite [y -AIO(OH)], diaspore [x-AIO(OH)]
and gibbsite [Al(OH)3], various iron oxyhydroxides (e.g., goethite [FeO(OH)] and hematite
[Fe;O3]), anatase/rutile [TiO;], pyrite [FeS;], clay minerals (kaolinite[Al,SiOs(OH)4] and
montmorillonite [(Na,Ca)g 3(Al,Mg),Si4O019(OH); - n-H,O]), quartz [SiO,], carbonates (e.g.,
siderite [FeCO3]), phosphate minerals, corundum [Al,O3], and zircon [ZrSiO4]. Amorphous
and poorly crystalline phases are also present [9]. The underlying carbonates are mainly
calcite or dolomite. Overburden consists of sandstones, silt, and claystones hosting various
amounts of carbonates and iron oxyhydroxides, e.g., [9].

Challenges in bauxite deposits relate to the mineralogy and chemistry to ecologically
and economically recover Al,O3, the abundance of Al-bearing minerals and contaminant
minerals/elements. (1) The presence of reactive SiO; in aluminosilicates as well as TiO,
negatively influence the Bayer process, increasing energy and flocculent consumption. (2)
The bauxite/Al,Os-ratio and bauxite /reactive Al,O3 ratio indicate how much bauxite
needs to be extracted to produce 1 t of alumina. (3) The moisture content refers to water that
is not bound in mineral structures, which at high amounts, however, increases transport and
processing costs. (4) The waste/ore ratio is crucial for environmental mine and processing
planning. (5) The land use/t reactive Al,O3 gives information on the surface impacted by
open pit mining per ton of bauxite. These data depend on geometry, volume, and grade of
the orebody [3]. It is thus crucial that exploration and mining companies have the most
exact 3D geological models for accessing the above-mentioned parameters in order to
optimize mining and processing, to increase the resource efficiency. Furthermore, bauxite
residues after Al production provide resources for scandium (Sc), a rare element and critical
element for the EU as it has a growing market in AlSc master alloy industries and the EU is
100% depend on imports (https://scaletechnology.eu/) (accessed on 3 December 2021).

LIBS is a promising multi-elemental technology for application in core scanners and
industrial instrumentation to investigate compositional variations in rocks and sediments,
e.g., [10,11]. The technology is based on atomic emission spectroscopy, in which the
excitation of the atomic species occurs in situ on the sample surface using a highly energetic
pulsed laser, e.g., [12,13]. Of particular interest is its ability to measure light elements [14]
as well as its speed of measurement [11]. The development of calibration and classification
methods for LIBS applications is an ongoing area of research, as plasma variations can
severely affect the LIBS spectra, e.g., [13-16]. Plasma variations may be sample-unspecific
or relate to chemical or physical variations on the sample surface, which is why LIBS
analysis is very challenging for geological applications in laboratory, field, or industrial
surroundings. Calibrated LIBS data can be considered as semi-quantitative as compared
to conventional laboratory analyses. Excellent reviews are presented by, e.g., [13,14].
Scandium applications are difficult to find in the LIBS literature, but emission lines for Sc
are documented in [17,18].

In this paper, LIBS was used to characterize the different bauxite facies, to localize
the shale marker horizon, the onset of bauxite, the base of bauxite, and the contact to the
karst pocket. First tests were made on scandium standards to find appropriate scandium
emission lines for future applications.

2. Materials and Methods

The samples analysed here represent the major facies of the karst bauxite deposits
(SODICAPEI), located north of Villeveyrac, Southern France. The top layer facies, the
bauxite, and the underlying carbonate karst dolomitized limestone were sampled from
drill core FT 184. The samples cover the profile from bottom to top (Figure 1, right to left):
bottom dolomitized limestone (karst) (ER-SD00-0100), pisolitic bauxite (ER-SD00-0101), red
bauxite (ER-SD00-0102), pisolitic bauxite (ER-SD00-0103), pisolitic bauxite conglomerate
(ER-SD00-0104), red-clay with bauxite ER-SD00-0105), the marker horizon, black shale
(ER-SD00-0106), marl (ER-SD00-0107), and sandy shale (ER-SD00-0108). The black shale
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represents a marker horizon, defining the proximity of the onset of the bauxite. This layer
is oxidized in some part, being present as red shale in some parts of the mine site.
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Figure 1. LIBS measurement configuration of composite bauxite profile.

All samples were studied by laboratory XRF and XRD (ERAMET IDEAS) and portable
infrared (BRGM) in the frame of the SOLSA project [19]. Sandy shales are composed
of calcite, kaolinite, illite, vermiculite and/or smectite, goethite, quartz, and gypsum
(CaSO4 2 HyO). The marls have the same mineralogical composition, but do not show
goethite. Carbonated black shales, here the marker horizon, are similar in composition as
sandy shale and marls, have no vermiculite smectite, no goethite, but pyrite. The onset of
bauxite is indicated by marls and pisolitic bauxite with similar composition as the previous
lithologies, and with the appearance of anatase (TiO;). Bauxite layers are rich in boehmite,
hematite, rutile, and anatase, and may host zircon. The bottom layer carbonate is mainly
composed of calcite, hematite, goethite, and kaolinite.

LIBS measurements were performed with the prototype core scanner from LTB (2011),
using a Nd:YAG 1064 nm laser (35 m]J, 5.5 ns, 20 Hz) and an Echelle spectrometer covering
285 nm-960 nm at a resolution of 28-94 pm [10]. The laser spot size was about 200 um.
Dust particles were kept away from the spot area by air suction. Figure 1 visualizes the
core arrangement, on which 4275 LIBS measurements were collected with a distance of
200 um between shots. Each single LIBS measurement consisted of one cleaning shot
and 3 accumulated measuring shots. Data processing relies on the intensity of several
characteristic emission lines for Al Si, K, Ca, C, S, Ti, and Fe, as well as on the total spectral
intensity for normalization purposes. Measurements that were out of focus were removed
from the dataset. A calibration of the LIBS data was not attempted, as it was the objective
of this study to investigate whether similarities and/or differences between samples can
be recognized in the raw LIBS data.

First tests on Sc detection with LIBS were performed on Sc;O3 concentrate produced
during the H2020 SCALE project, and also on the NIST-610 standard containing 500 ppm
Sc. The Sc,O3 powder was pressed to a pellet without using additives. The LIBS spectrum
of the Sc;O3 concentrate was measured with 1 cleaning shot and 1 measuring shot, and the
LIBS spectrum of the NIST-610 standard with 5 accumulated measuring shots.

3. Results and Discussion

Figure 2 shows exemplary LIBS spectra from the four key horizons: black shale, marl,
red bauxite, and bottom limestone. The black shale horizon is dominated by Fe emission
lines, but also shows significant emission of, e.g., Al, Ca, and S. Emission lines for C were
detected in some of the neighbouring spectra, possibly representing organic material. The
marl horizon is dominated by Ca emission lines, but also shows emission lines for, e.g.,
Al, Fe, and Ti. The red bauxite horizon is dominated by Al, Ti, and Fe emission lines.
The bottom carbonate horizon is dominated by Ca-emission lines, as well as an increased
emission of molecular species in the region between 550 and 650 nm.
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Figure 2. Exemplary LIBS spectra for marl, black shale, red bauxite, and limestone.

Figure 3 shows the composite bauxite profile with the observed LIBS intensities
for selected emission lines. The different facies could be well distinguished with LIBS.
The black shale horizon can easily be characterized by the increased S emission. The
bauxite onset is recognised by the sudden decrease in Ca and increase in Al emission.
The bauxite/karst boundary is recognised by a sudden increase in Ca and decrease in
Al emission. The brecciated bauxite shows already Ca. Other target elements (e.g., Si,
Fe, Ti, Mg, Na, K, and Li) support these observations and/or provide additional data.
Classification of the LIBS data was found to be very effective to identify key horizons
(results not shown).

Figure 3 also shows Ti enrichments in the brecciated bauxite, possibly representing
rutile/anatase. Anatase is a heavy mineral, and it may be due to gravity that it is enriched
in the brecciated part. The mineral is harmful for machines used in ore preparation due
to its abrasive character. Titanium is generally easily detected with LIBS due to its many
moderate and strong emission lines (e.g., [17,18]). Another highly abrasive target mineral
is quartz, which can also be detected with LIBS. In case of very fine-grained material such
as bauxite, SiO, contents can be obtained from calibrated LIBS data.

Scandium has a very large number of potential emission lines, and many of them
were detected in the Sc;O3 concentrate with our LIBS system. On the NIST610 standard
that contains 500 ppm Sc, we could measure weak Sc emission around 360 nm (Figure 4),
which is in line with the Sc spectrum in [18].
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Figure 3. Uncalibrated LIBS intensities for the composite bauxite profile shown at the top. Red lines represent normalized
data, blue lines not-normalized data. A running average filter of 5 was applied to reduce noise and small-scale variations
in the data. Unfiltered data are shown for 5-921, C-909, and Ti-336, above intensity-thresholds of 500, 500, and 2500,
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Figure 4. LIBS spectral region 355-365 nm with Sc II lines for the Sc,O3 concentrate and NIST610 standard.
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4. General Discussion

Sustainable bauxite exploration and mining could benefit from LIBS for several rea-
sons: (1) Rapid identification and analysis of the bauxite layer and contaminating elements
or minerals (e.g., quartz, anatase); (2) Semi-quantitative chemical analyses on drill cores
or in open pits in only a few seconds and without the need for sample preparation; this
could be realized with appropriate reference samples and a multivariate calibration model
(e.g., [10]); (3) Reducing laboratory analyses to the most relevant samples, saving costs and
time; (4) Fast decision making during exploration, due to immediate availability of the
data; (5) LIBS helps leaving the maximum waste behind during mining and producing
minimum waste during processing. In the same way, LIBS can be used along the value
chain of processing and waste recycling. Metallurgical waste, the bauxite residue after
aluminium production, hosts valuable elements, such as Sc, Ga, and REE, which are going
to be extracted in the future at an industrial scale in the EU.
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