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Abstract: This article reports on the quantification of lithium and mineralogical mapping in crushed
lithium ore by laser-induced breakdown spectroscopy (LIBS) using two different calibration methods.
Thirty crushed ore samples from a pegmatite lithium deposit were used in this study. Representative
samples containing the abundant minerals were taken from these crushed ores and mixed with resin
to make polished disks. These disks were first analyzed by TIMA (TESCAN Integrated Mineral
Analyzer) and then by a LIBS ECORE analyzer to determine the minerals. Afterwards, each of the
thirty crushed ore samples (<10 mm) were poured into rectangular containers and analyzed by the
ECORE analyzer, then mineral mapping was produced on the scanned surfaces using the mineral
library established on the polished sections. For the first method the lithium concentrations were
inferred from the empirical mineral chemistry formula, whereas the second one consisted of building
a conventional calibration curve with the crushed material to predict the lithium concentration in
unknown crushed materials.

Keywords: ECORE; lithium; lithium ore; spodumene; LIBS; mineralogy; quantitative analysis; critical
minerals; hyperspectral imaging; direct analysis; crushed ore

1. Introduction

The mining industry is faced with the challenge of improving the success rate of
discoveries while reducing costs at a time when future mineral reserves come, for example,
from deeper, lower-grade deposits or from mining processes with more complex extraction
and processing. To meet these challenges and respond to society’s demands for critical and
strategic metals, new methodologies and technologies are required [1]. The increased future
demand for lithium, a critical and strategic metal, results from the rapid emergence of
technological sectors related to renewable energies and transportation [1]. In 2020, 71% of
the world’s lithium consumption was used for the manufacture of lithium-ion batteries [2].
Lithium is therefore a key metal, and its supply is a priority for high-tech companies in
Asia, Europe and the United States. In Australia, the development of the mining industry
for the exploration, extraction and concentration of lithium from pegmatites deposits has
made this country the world’s leading producer [2,3].

This article proposes an ultra-fast and inexpensive automated method of instrumental
analysis that will accelerate decision-making in lithium exploration and exploitation. To this
end, recent advances in laser-induced breakdown spectroscopy (LIBS) allows the quantita-
tive measurement of the elemental composition of ores and rocks, as well as elemental and
mineralogical imaging both in the laboratory [4–7] and in a field setting [8–10]. Using a
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laser, plasma is created on the surface of materials. This plasma interacts with the sample
by the ablation of a small amount of material and the resulting optical emissions related to
the de-excitation of the plasma are collected and then a spectrum is plotted. Each chemical
element emits at specific wavelengths and the intensity of the emission is directly related
to the elemental concentration [7]. The analysis of a wide range of chemical elements is
possible using LIBS. Moreover, only LIBS can provide simultaneous rapid quantitative mea-
surements of lithium and other light elements (e.g., H, Be, B, C, O, F) [11]. Lithium in ores
and minerals cannot be measured directly with conventional instrumental methods such
as X-ray fluorescence spectrometry or scanning electron microscope techniques because
the fluorescence yield is very low for Li and the matrix can absorb the Li-Kα wavelength.
Although a stochiometric calculation of the chemical composition of Li-bearing minerals
can be attained with SEM indirectly, direct microanalytical mapping of lithium can only be
achieved with the use of specialized instruments such as secondary ion mass spectrometry
(SIMS) [12]. In a pioneering study, Fabre et al. [13] demonstrated the potential of LIBS for
measuring quantitatively lithium in Li-bearing minerals (spodumene and petalite) and
other geological materials by fusing SiO2 at 1300 ◦C the samples and reference standards.
This was followed by the work of Fabre et al. [14], Sweetapple et al. [15], and more recently
Ytsma and Dyar [11], Lawley et al. [16], Romppanen et al. [17] using laboratory or field
portable instruments. A series of LIBS laboratory instruments (CORIOSITY and ECORE)
have been developed for chemical and mineralogical characterization, and readers are
referred to the variety of applications that have recently been published [18–23].

Mineral resource evaluations of lithium pegmatite deposits are usually calculated at a
cut-off grade of 0.4 to 0.6% Li2O (0.19–0.28% Li) with reported average ore grades ranging
from 1% and up to 3% Li2O (0.46–1.4% Li) [1,2,24–28]. This range of lithium concentrations
will be used for establishing the calibration curves. Mineral processing generally aims at
producing a spodumene mineral concentrate of ~6% Li2O (2.79% Li).

By providing a real-time Li concentration analysis during mining operations, LIBS can
help minimize operating costs and therefore increase the overall competitiveness of mining
companies. Our method should allow the rapid identification of ore and waste rock and
also the quantification of lithium in spodumene versus other lithium-bearing minerals. This
enables better performance of the process plant as each lithium mineral requires different
operation parameters and therefore better recovery is achieved. In addition, the sum of
detailed mineralogical information should facilitate the environmental management of
tailings resulting from mining as well as environmentally friendly mining site rehabilitation.
To the best of our knowledge, this is the first demonstration that LIBS can be used to quantify
lithium contained directly in crushed pegmatite ore. This high throughput analysis study
opens the door to real-time process monitoring of the feeds in ore processing facilities.

2. Materials and Methods
2.1. Crushed Lithium Ore Samples

Thirty crushed lithium ore samples were provided by AXT Pty collected from Pilbara
minerals mine located in Australia. Each sample weighs between 3–5 kg. The grain size
of those crushed ores ranged between 0.1 and 10 mm. Table 1 shows the concentration
of lithium for each of the 30 samples, obtained by Inductively coupled plasma–atomic
emission spectroscopy (ICP-AES). Initially, some of the thirty crushed materials composed
of minerals were put into resin to make polished sections in order to be analyzed by the
automated mineralogy technique TIMA (TESCAN, Brno, Czech Republic), the diameter of
those polished sections was 25.5 mm. These polished sections were subsequently coated
with a nanometric carbon layer prior to SEM. They were analyzed using TIMA to determine
the abundant minerals in the crushed lithium ores.
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Table 1. Concentration in % (weight/weight) of lithium for the thirty lithium ore samples as obtained
by ICP–AES.

Sample
ID CBS-087 CBS-085 CBS-080 CBS-083 CBS-091 CBS-077 CBS-078 CBS-075 CBS-079 CBS-065

Reference
[Li] (%) 0.121 0.031 1.265 0.371 1.053 0.533 1.085 1.261 0.012 0.876

Sample
ID CBS-067 CBS-055 CBS-073 CBS-051 CBS-039 CBS-043 CBS-049 CBS-071 CBS-009 CBS-093

Reference
[Li] (%) 0.878 0.464 0.026 1.111 0.877 0.787 2.114 1.249 0.005 0.933

Sample
ID CBS-069 CBS-033 CBS-057 CBS-045 CBS-031 CBS-041 CBS-029 CBS-007 CBS-027 CBS-021

Reference
[Li] (%) 1.497 0.828 0.537 0.777 1.573 0.481 1.119 0.439 0.783 1.216

2.2. ECORE LIBS Analyzer

In this study, all the LIBS experiments were performed using LIBS ECORE drill core
analyzer manufactured by ELEMISSION Inc. (Montréal, QC, Canada) as shown in Figure 1.
The ECORE analyzer is a fully automated commercial drill core scanner instrument that
integrates electronics, the laser source, the spectrometer, the 2-axis translation table. It can
accept all type of drill core box and core sizes, cutting boats (up to 64 boats of 19 cm of
length), and press pellets (between 300 and 600), and the ablation chamber. This system
is also equipped with a 3D laser profiling system to ensure the sample is positioned at
the focal plane (minimum spot size) within a range of less than 30 µm precision ensuring
an optimal positioning of the 6 mm Rayleigh zone (depth-of-field). When the laser fires
on ore fragments that are out of the system depth-of-field, there is normally a little or no
laser-induced plasma generated. In practice, this is characterized by nearly flat baseline
spectra and the data are not considered by the software as XY pixels with no data in the
hyperspectral data cube. In addition, a high-resolution optical camera and high-intensity
LEDs give the end-user a fast and high-fidelity picture of the full core tray to be added to
the LIBS-generated images.

The laser-induced plasma emission is collected by standard achromatic lenses to
warrant a minimum chromatic shift over the entire spectrum. The sensitivity on a wide
bandwidth is consequently enhanced. The optical signal is then spectrally resolved using
an optical spectrometer that covers 220 to 950 nm. The spectrometer is equipped with a
CMOS detector which is controlled by proprietary ultrafast electronics. The unique custom
electronics allow a camera readout of 1000 full frames per second. The ELEDIT software
which control the ECORE is equipped with a machine learning artificial intelligence algo-
rithm allowing the identification of minerals of the analyzed samples, it also allows the
establishing of uni and multi-variate calibration curves of the desired chemical element.
In the undergoing work 15 boats were put on the tray of ECORE to be analyzed, once the
scan is done another 15 boats were then analyzed and so on.

For each sample of the thirty crushed ores, a sub-sample of approximately 180 g was
taken and spread into a rectangular container having dimensions of 19 × 4.7 cm2, those
sub-samples will be identified as the calibration set from now on. A scan of 25 × 25 mm2

with a step size of 0.1 mm (with a laser spot of 50 µm in diameter) was performed on the
surface of each sample from the calibration set using the ECORE, then the translation plate
was moved 25 mm and a new scan on the adjacent area performed. This procedure was
repeated 6 times covering a total scanned area of 25 × 150 mm2 per container and resulting
in 378,006 laser shots and spectra per sample scan. Using the ECORE scanning speed
of 1000 Hz, about 6.3 min were needed for each sample scanned. It is important to note
that for development purposes the reference samples were largely oversampled to learn
about the non-uniformity of crushed ore which explains the relatively long analysis time of
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6.3 min per sample. From the same crushed ore samples another 180 g were also taken and
treated as unknown samples, those sub-samples will be identified as the validation set from
now on. Each sample from the validation set was spread into the rectangular container
described above, a scan area of 25 × 25 mm2 was randomly performed on the surface of
each sample resulting in 63,001 laser shots and spectra per scan, in 1 min.
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2.3. Quantitative Analysis and Data Processing

In this study, two different methods were used to provide quantitative analysis of
lithium in crushed ore samples. For the first method the lithium concentrations were
inferred from the empirical mineral chemical formula whereas the second one consisted
of building a conventional calibration curve with the crushed material and then using it
to predict the lithium concentration in unknown crushed materials. For the first method,
the above-mentioned polished sections were analyzed by TIMA and the mineral distri-
butions were provided, these polished sections were then scanned by the ECORE LIBS
analyzer in order to determine the major minerals. Further reading on this mineral library
calculation and instrument description can be found elsewhere [20,21,23]. Once the various
minerals were defined, the samples of the calibration set spread in the rectangular contain-
ers were scanned and the modal distributions of minerals depicted. The empirical chemical
formula of each mineral available on the Webmineral mineralogy database was then used
to infer the concentration of lithium for each ore sample. However, for the second method,
the samples of the calibration set were analyzed as described above and then a calibration,
which related the lithium LIBS signals to its reference concentrations (ICP–AES) for each
sample, was plotted. For univariate calibration of lithium, the emission net and emission
intensity of the lithium peak (continuum corrected) have been used. This calibration was
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then used to predict lithium concentrations for the samples of the validation set analyzed
in the same way.

3. Results and Discussion
3.1. Quantitative Analysis Based on Mineral Composition

Figure 2 shows the spectra of the 10 identified minerals in the polished sections namely:
garnet (in great majority spessartine end-member), quartz, prehnite, bityite, microcline,
apatite, beryl, muscovite, albite and spodumene. It is important to note in Figure 2 the
presence of a molecular band emission from the calcium fluoride (CaF) for apatite. Each
major mineral element’s emission lines were identified on the spectra, and of noticeable
interest in pegmatite ores is the capacity for LIBS to measure the light elements Li, Be, Na
and Mg. Table 2 shows the chemical composition of the identified minerals as well as their
lithium content. As it can be seen, spodumene and bityite are the 2 minerals which contain
lithium, and their concentrations are 3.73 wt.% and 1.79 wt.% respectively.
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Table 2. Chemical composition of the ten minerals defined from the polished sections as well as the
lithium concentration estimated for each mineral obtained from Webmineral.

Mineral Formula [Li] %

Garnet Mn2+
3Al2Si3O12 + Fe2+

3Al2Si3O12 0
Quartz SiO2 0

Prehnite Ca2Al2Si3O10(OH)2 0
Bityite CaLiAl3Be(Si2O10)(OH)2 1.79

Microcline KAlSi3O8 0
Apatite Ca5(PO4)3F 0
Beryl Be3Al2Si6O18 0

Muscovite KAl3Si3O10(OH)1.8F0.2 0
Albite Na0.95Ca0.05Al1.05Si2.95O8 0

Spodumene LiAl(Si2O6) 3.73

Figure 3 shows the ECORE vs TIMA mineral maps obtained from one of the analyzed
polished sections used to define the minerals in order to be used on the crushed lithium
ore. Ten minerals were found in these disks. Figure 3 and Table 3 shows good agreement
between the ECORE and TIMA mineral maps, six minerals were found in this single disk
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namely spodumene, quartz, albite, microcline, muscovite and apatite. The other minerals
(garnet, prehnite, bityite, and beryl) were found in the other polished sections (data not
shown). Table 2 shows the percentage of each mineral determined by ECORE and TIMA in
the polished section of Figure 3. Very similar results were achieved by both techniques. It is
worth noticing that the discrepancy between the TIMA and ECORE results for microcline
and apatite is due to the larger area scanned by the ECORE. For instance, on the top
of the ECORE mineral map, an area of apatite was detected; however, no obvious area
attributed to apatite was detected in the TIMA mineral map. The same observation is valid
for microcline.
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Table 3. Percentage of minerals as found by ECORE and TIMA.

Mineral LIBS (%) TIMA (%)

Spodumene 62.5 64.9

Quartz 22 22.9

Albite 5.2 5.7

Muscovite 4.5 3.5

Microcline 2 0.85

Apatite 1 0.017

beryl 0.01 0.018

Garnet 0.02 0.03

Prehnite 0.1 0.12

Bityite 0 0

Others 2.67 1.92

Figure 4 shows the optical photos and the mineral maps for a selection of eight samples
of the calibration set. For each sample split into the above-described container, the top image
is an optical high-resolution photo of the crushed ore whereas the image at the bottom
represents the mineral distribution using the ten identified minerals. These minerals were
used as input parameters to feed the artificial intelligence algorithm implemented in the
ECORE analyzer in order to generate mineral mapping on the surface of the samples of the
calibration set. For more details about this algorithm the interested reader is referred to
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references cited therein [21–23]. Furthermore, in Figure 4 one can observe that the crushed
lithium ore under study is composed mainly of four minerals namely quartz, spodumene,
albite and microcline and that the remaining minerals are in minor amounts. For instance,
in the samples CBS-031 and CBS-045 a trace amount of bityite was detected, in the sample
CBS-041 small areas of garnet were detected, in the samples CBS-031 and CBS-043 a small
number of pixels were attributed to beryl, muscovite was almost detected in all the samples
but in minor abundance.
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Figure 4. Optical photos (top) of eight representative crushed ore sample split in the above-described
containers and ECORE mineral maps (bottom).

Once the mineral maps for all the samples of the calibration set were generated,
the percentage of minerals containing lithium were calculated and then combined to the
chemical composition for each mineral to infer the lithium concentration of each sample.
It is worth noticing that the ore samples with a high concentration of lithium have a higher
attribution of spodumene as can be seen on the mineral map of the sample CBS-049 (lithium
concentration is about 2.11% (w/w)). For the ore sample CBS-009 almost no spodumene was
detected and the sole phase identified was albite, which explains the very low concentration
of lithium (0.005%) in this sample. Therefore, and as expected, the contribution of lithium
in those ore samples is directly correlated to the amount of spodumene.

Figure 5 shows the concentrations of lithium for the ore samples of the calibration
set obtained by ECORE vs. those obtained by ICP-AES. This figure shows good linear
correlation between ECORE and the reference concentrations with R2 = 0.981. Part of this
discrepancy based on the linear correlation coefficient could be due to the fact that the
reference concentrations were determined using a random sub-sample of a few tens of
grams from a sample of 3 to 5 kg of pulverized and “homogenized” crushed material,
and that this sub-sampling may not be uniform and that every mineral may not be liberated
evenly and hence settling related to sample density issues may have occurred. Thus, some
bias (difference between a measured value and a reference value) should be expected
between the sampled mass of material used for the laboratory analysis and the remaining
crushed material used in this study. In fact, the ECORE is sampling a larger quantity of
material and improving the representativity, leading to better accuracy, of the measurement
compared with the single measurement of wet chemical assays. The reader should keep in
mind that the bias between predicted and reference values might be caused by the latter.

3.2. Matrix-Matched Univariate Calibration

In this section the signal of the lithium line for each sample of the calibration set
was plotted as a function of the lithium concentration obtained by ICP–AES. In this study
the lithium line at 610.36 nm was used. The most prominent line at 670.78 nm was not
used because it was suffering from self-absorption due to the high lithium concentration,
whereas the one at 812.64 nm was not sensitive enough for low concentrations. For each ore
sample from the calibration set, the lithium net intensity signal at 610.36 nm was extracted
for each pixel then those intensities were averaged to the overall pixels to obtain one
intensity value for each sample. Figure 6 shows the lithium intensity for the 610.36 nm line
as a function of lithium concentration obtained by ICP-AES. A good linear correlation with
a coefficient of determination (R2) of 0.987 was obtained.
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Figure 6. Li averaged net intensity of line 610.36 nm of the calibration set as a function of Li
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As it was mentioned above 63,001 laser shots and spectra were obtained for each
sample of the validation set. The lithium net intensity at 610.36 nm was extracted for each
spectrum and then averaged over all the 63,001 laser shots. Finally, the net intensity of the
all-ore samples from the validation set was put into the equation of regression obtained
(using the calibration set) in Figure 6 in order to predict their concentrations. Figure 7
shows the lithium concentration obtained by the ECORE as a function of those obtained by
ICP–AES, good correlation between the lithium concentration obtained using the proposed
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LIBS-based approach and those obtained by ICP–AES method was demonstrated with a
R2 = 0.982. Moreover, the regression slope value of 0.998, which is very close to 1 for a
linear fit, demonstrates the good agreement between the LIBS values and the ICP-AES
one. Again, the representativeness of the large surface ECORE sampling compared with a
traditional sample-splitting and subsampling followed by classical wet chemistry should
be considered as the potential source for explaining the dispersion of the points on the
regression curve.
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Figure 7. Li ECORE predicted concentrations of line 610.36 nm of the validation set vs Li
ICP–AES concentrations.

It is worth noticing that although the two methods for the quantification of lithium
show similar behavior in terms of their correlation coefficient, conventional calibration
shows better accuracy because its regression slope was close to unity, whereas the slope for
the first method was about 1.18 which slightly departs from unity.

The results reported in this study demonstrate the potential for the quantification of
lithium and its distribution in minerals at a mine site laboratory where real time chemistry
and mineralogy are required for effective mining, grade control and process plant optimiza-
tion. The technique is also suitable for the sorting of lithium crushed ore samples which
have different particle sizes moving on a conveyer belt in almost real time to divert the
desired minerals from the undesired minerals and hence increase the recoverable lithium.
Additionally, this would reduce the amount of material sent to the laboratory to monitor
the process, which would result in reducing costs and delays compared with conventional
methods, providing a new tool for analytical chemists and process engineers. Furthermore,
this study shows the potential of a high 1 kHz sampling rate of the ore which leads to better
accuracy thus improving the representativity by increasing the sampling.

Figure 8 shows the relative standard deviation of the lithium concentration obtained
by ECORE for the first and the second sets of samples as a function of lithium ICP–AES
concentration. As it can be seen in Figure 8, relative standard deviation is less than 15% for
the samples with lithium concentrations higher than 0.6%.
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Figure 8. Relative standard deviation of the ECORE Li concentration between the first set and
the second one as a function of Li concentrations obtained by ICP–AES (red line correspond to
average RSD).

4. Summary and Conclusions

This paper demonstrates the capability of the ECORE to measure accurately the
concentration of lithium in crushed pegmatite ore samples without any sample preparation.
Good correlation between the lithium concentrations obtained by ICP–AES and those
obtained by ECORE using the two proposed method was achieved. Repeatability reported
in terms of relative standard deviation (RSD%) was less than 15% for the crushed samples
having lithium concentration higher than 0.6% which meets the need in terms of accuracy at
the cut-off lithium grade (about 0.6%). This study proposes a new high sampling procedure
that ensures the representativeness of the analysis of large amounts of material. Moreover,
the results were obtained in conditions simulating a process analyzer installed over a
conveyor belt to monitor the process continuously in real-time with a COBRA (Continuous
On-Belt Real-time Analyzer) LIBS process analyzer. Finally, this is a step forward in the
implementation of a high throughput LIBS system on a conveyer belt in order to monitor
the lithium concentration in real-time for exploitation application.
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