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Abstract: Brazil has 95 million tons of Li reserves in the form of pegmatites but produces less than
1% of the global output. Historically Li production in Brazil has been low due to governmental
restrictions aimed at controlling the exploitation and trade of Li in Brazil. However, as of 2022,
these restrictions were revoked. The abundance of untapped pegmatite ores in Brazil complements
the soaring demand for Li in energy-storage applications. This study performs process mineralogy
studies on 10 samples collected from a Li pegmatite deposit in the southeastern region of Minas
Gerais in Brazil. The samples were characterized by combining density separation and SEM-based
automated mineralogy processing system allied with XRF, ICP OES, XRD, and LA-ICPMS. The
latter was used to determine Li content in micas which allowed determining the Li deportment
between Li-bearing minerals. The results show that the samples contain such Li-bearing minerals as
muscovite (0.5 wt% Li,O) and lepidolite (3.1 wt% Li,O), in addition to spodumene (8.0 wt% Li,O).
According to the characterization of the spodumene concentrate (d = 3.11) by density separation (at
d = 2.95), two main trends were observed: (a) low Li deportment in the sink product (approximately
44% wt%) and higher Li,O grade (approximately 6.5 wt%), and (b) higher Li deportment in the
sink product (58%) and lower Li,O content (approximately 4.9 wt%). The first trend is associated
with higher modal content of mica since it carries Li to the light product. Lower Li grade is related
to the presence of Fe-bearing minerals (e.g., epidote and amphibole) as they report to the dense
product and do not contain Li. Spodumene has a high degree of liberation in all samples; therefore, it
did not influence the deportment results. The findings highlight the benefit of combining scanning
electron microscopy-based automated mineralogy with LA-ICPMS and other techniques from process
mineralogy studies in mineral processing. In addition to the mineralogy and liberation characteristics,
identifying Li-bearing minerals and determining Li deportment is crucial.

Keywords: automated mineralogy; spodumene; Li; LA-ICPMS

1. Introduction

Demand for Li has surged owing to its applicability in green energy-storage technolo-
gies [1]. To cater to this demand, metallurgists require an extensive knowledge of its uses
and sources to maximize the use of mineral concentrates [2]. In Brazil the main Li source
are pegmatites, and, currently, reserves account for 1% of the global Li reserve. However,
recent studies reveal a promising scenario where this share may increase significantly [3].

Pegmatites are igneous rocks that possess a distinct, extremely coarse texture with a
variable grain size and a mostly granitic composition [4]. Pegmatites are divided into two
“families” by chemical composition: those containing Nb, Y, and F (NYF family) and those
containing Li, Cs, and Ta (LCT Family). The latter is the main source of Li [5].

LCT pegmatites typically contain 12-30% spodumene, 22-27% quartz, 30-50% feldspar,
3-5% mica, and other accessory minerals, including cassiterite and columbite [1]. Spo-
dumene (LiAlSi;Og, 8.0% LipO), a Li-Al silicate, is the most common Li-containing ore
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mineral [6]. However, Li can also be found in many different minerals, such as petalite
(LiAlSi4010, 4.89% LizO), lepidolite (K(LI,A1)3 (Si,A1)4010(F,OH)2, 5.9% LizO), zinnwaldite
(KLiFeAl(AlSiz)O10(F,OH),, 4.14% LiO), and amblygonite ((Li,Na)Al(PO4)(FOH), 10.1%
LipO) [7]. Potential by-products to Li in pegmatites can be mainly Sn, Ta, Nb, and Be.

Currently, Greenbushes Lithium Operations in Western Australia is one of the largest
producers of Li worldwide [8]. Its reserve is hosted in pegmatite and is estimated to be
over 30 million tons, with at least 7 million tons at 4.0% Li,O [9]. Other known pegmatite-
processing plants worldwide include Mt. Cattlin, Mt. Marion, and Bald Hill in Australia,
Mibra in Brazil, Bernic Lake in Canada, Bikita in Zimbabwe, and Kings Mountain in the
US [10]. Table 1 lists the mineralogical and metallurgical characteristics of some of the
aforementioned processing plants.

Table 1. Main ore and gangue minerals and typical metallurgical results for some processing plants

worldwide.
. . Main Feed Conc. Beneficiation
Plant Main Minerals Gangue Li, O wt%t Lio O wt% Method Reference
Greenbushes, Australia Spodumene, cassiterite, tantalite Tur 4.0 7.5-7.7 Flot/MS/ST [8]
Kings Mountain, CA, USA Spodumene Alb, qtz, mus 14-15 6.3 Flot [8]
Bernic Lake, MB, Canada Spodumene, amblygonite, tantalite Alb, qtz 3.22 7.25 DFI;gf//ﬁg/ [8]
Bikita, Zimbabwe Petalite, lepidolite, amblygonite, nd. 42 4573 DMS (8]
eucryptite
Bald Hill, Australia Spodumene, tantalite Mus 1.18 6.5 DMS [8]
CBL, Brazil Spodumene n.d. 14 5.0 DMS [11]
Mibra, Brazil Spodumene, cassiterite, tantalite Alb, qtz, mus 1.01 5.5 Flot/MS [12]

Alb = Albite, qtz = quartz, mus = muscovite, tur = tourmaline, Flot = flotation, M.S. = magnetic separation,
GS = gravity separation, DMS = dense media separation; ST = shaking table; n.d.—information not described.

Several spodumene-processing methods were developed and are described in the
literature [13,14]. These include dense media separation (DMS), flotation, and magnetic
separation. The applications, as well as challenges of these methods, have been previously
discussed in the literature [7,8,15,16].

The DMS circuit usually includes two stages at different dense media specific gravities:
the first at a lower specific gravity (~2.7), to reject silicate gangue, and the second at higher
specific gravity (~2.9), to produce a high-grade spodumene concentrate. DMS is typically
carried out on the —850 + 500 um fraction; however, it is noteworthy that spodumene needs
a high degree of liberation for its effective concentration and recovery. Poor spodumene
liberation may result in significant lithium losses to the float product and impinge the use
of DMS in processing [16]. Separating Fe-bearing minerals from spodumene can be difficult
using DMS or flotation

Flotation is used in processing of spodumene pegmatite ores where the average particle
size or difference in specific gravities between gangue minerals is too small for efficient
gravity separation [8]. The gangue minerals present affect the flotation method. Presence
of heavy metal cations have shown to impact the flotation properties of spodumene [7].

Fe-bearing minerals, such as amphibole and tourmaline, are difficult to separate from
spodumene by DMS or flotation [8]; hence, magnetic separation can be used prior to
flotation to remove large quantities of Fe-bearing minerals. However, it is common to
perform after flotation to produce a low iron content concentrate suitable for ceramics and
glass manufacturing [16].

Customer specifications of spodumene concentrates vary between technical- and
chemical-grade applications. Aspects such as impurities in the spodumene crystal and
spodumene particle-size distribution ought to be considered for the intended end use
of the concentrate [7,16]. In general, technical-grade spodumene concentrates require
low Fe (<0.25%) and Li;O contents, varying from 5% to 7.5%, and are mainly used in
the glass/ceramics industry and metallurgical applications. Chemical-grade spodumene
concentrates require an Li,O content of more than 6.0% with an Fe content of less than
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1%-1.5%. They are mainly used in the manufacturing of Li-ion batteries [15,17]. As an
example, specifications for a premium spodumene concentrate from Albemarle are: Li,O
content > 7.2%, Fe,O3 content < 0.1% and grain size of 100% < 500 pm, max. 18% > 212 pm,
and min. 60% > 75% [18].

Chemical-grade applications require the extraction of Li from the spodumene crystal
structure. This involves heat conversion (1000-1100 °C) of spodumene from the original
alpha form to beta form. The latter is a polymorph vulnerable to chemical attacks, allowing
for the extraction of Li through leaching by alkaline or acidic processes [19,20].

For chemical-grade concentrates, the presence of iron-bearing silicate minerals can
have a detrimental effect on the subsequent roasting processes because, at high temperature,
they tend to soften and cause spodumene particles to agglomerate [16]. For technical-grade
applications, the presence of iron oxide (as small as 0.4 wt%) in a glass can result in the
coloring of the final product and a reduction of the linear transmission of infrared radiation,
thereby limiting the use of the metal in cooktops for infrared cooking [21].

Ore characterization studies on Li-enriched pegmatites were performed to guide
mineral processing and revealed the locking, liberation, and deportment characteristics
of Li between Li-bearing minerals (e.g., spodumene and micas). These characteristics
are important, especially when the minerals exhibit distinct physical properties, because
they directly influence the interpretation of the Li data collected from the entire rock
analyses [22]. However, Li ore is challenging for characterization because conventional
analytical techniques (XRF, SEM-EDS) cannot detect Li. Consequently, few related studies
are published in the literature [23].

A few researchers characterize Li ores by combining automated mineralogy with
other analytical techniques that can detect Li. These approaches include laser-ablation
inductively coupled plasma mass spectrometry (LA-ICPMS) [24], time-of-flight secondary
ion mass spectrometry (ToF-SIMS), X-Ray Diffraction (XRD) [22,25-28], and laser-induced
breakdown spectroscopy (LIBS) [23]. The use of automated mineralogy in evaluating the
efficiency of processes, such as magnetic separation and crushing [24,27,29,30] of Li-bearing
minerals, are also notable approaches.

This work, conducted on Li-enriched samples from a pegmatite deposit from southern
Minas Gerais State in Brazil, aimed in assessing how much Li of the bulk sample is from
spodumene, and therefore, actually recoverable. For that, a comprehensive understanding
of Li deportment between Li-bearing minerals was necessary. To address this matter, we
combined an SEM-based automated mineralogic approach with LA-ICPMS and other
analytical techniques. The use of LA-ICPMS allowed us to assess the Li content in other Li-
bearing minerals, in addition to spodumene, that cannot be identified by SEM/EDS/WDS.
The results highlight the impact of Li-bearing minerals on the recovery of Li and spotlight
the importance of determining Li deportment. The data and findings can help guide
processing results on an industrial scale.

2. Materials and Methods

Ten samples (labelled as MT01-MT10) were collected from different geological seg-
ments along a Li-enriched pegmatite body in southern Minas Gerais (Brazil) (Figure 1).
The samples were composed of material from one borehole or combinations of up to three
boreholes. A complete flowchart of the applied methodology is presented in Figure 2.
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Figure 1. Schematic mine site map showing the relative geographic location of the boreholes
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Figure 2. Experiment flowchart: (A)—Broad ore characterization study performed on 10 sam-
ples. (B)—Ten samples combined into two groups based on the results of the characterization
study. (C)—Detailed process mineralogy study performed on two samples. CA—Chemical analysis;
XRD—X-ray diffraction; MLA—M ineral liberation analysis; LA-ICPMS—Iaser ablation inductively

coupled plasma mass spectrometry.
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2.1. Broad Ore Characterization Study

For the first characterization step, 10 samples containing approximately 30 kg of
crushed pegmatite rocks were ground to a size below 4 mm. Representative subsamples of
approximately 2.5 kg were collected and then optically assessed to determine spodumene
grain size to further grind the subsamples closer to the spodumene’s grain size, increasing
its liberation from the particles. Spodumene grains of roughly 0.30 mm were observed;
therefore, grinding under 0.30 mm was performed in a rod mill, followed by wet screening
with a screen aperture of 0.30 and 0.037 mm to remove the fine fraction. Textural analy-
sis in the size of 0.30-0.037 mm was conducted using SEM-based automated mineralogy
supported by X-ray diffraction (XRD) to assess the mineral composition and spodumene
locking and liberation characteristics. Mineral density separation (fraction 0.30-0.037 mm)
was performed using heavy liquids (bromoform CHBr3 at d = 2.8 and tetrabromoethane
CyH,Bry at d = 2.95) for obtaining the following products, namely, float (d < 2.8), intermedi-
ate (2.8 < d < 2.95), and sink (d > 2.95), the latter representing the spodumene concentrate.
Subsamples of the 0.30-0.037 mm and —0.037 mm size fractions and heavy liquid products
were transferred to chemical analysis (XRF, ICP-OES).

2.2. Detailed Process Mineralogy

For detailed characterization, 10 samples were combined in two groups (G1 and G2)
based on the results of the broad ore characterization study, considering mineralogical and
chemical composition, density separation results, and geographic location. The procedure
of the process mineralogy studies comprised milling samples below 0.21 mm in a rod mill
(based on SEM-based spodumene liberation observation carried out at the broad character-
ization). Wet screening was performed with screen apertures of 0.21, 0.15, 0.10, 0.074, and
0.037 mm. Chemical analysis of samples under all size fractions were performed. Detailed
mineralogical studies using SEM-based image analysis (SEM-IA at MLA system) with XRD
support were conducted in all fractions over 0.037 mm. Mineral density separation was
performed using tetrabromoethane (C,H;Bry (at = 2.95) to assess the spodumene concen-
trate in terms of Li content and deportment. Additionally, the effect of other Li-bearing
minerals in the test was assessed. Detailed mineralogical studies were performed on the
float product (d < 2.95) using SEM-IA. Selected grains of Li-bearing minerals from the float
product of the coarser fraction (+0.15 mm) were evaluated by LA-ICPMS to assess their Li
content and determine Li deportment by density.

2.3. Analytical Techniques

XRE ICP-OES, XRD, and SEM-IA were performed at the Multiuser Center of the Tech-
nological Characterization Laboratory at University of Sao Paulo (LCT-USP). Meanwhile,
LA-ICPMS analysis was performed at the NAP Geoanalitica-USP (Geoanalytical Research
Support Center, Geosciences Institute, University of Sao Paulo, Sao Paulo, Brazil).

2.3.1. Chemical Analysis

Quantitative chemical analyses were performed under XRF (Zetium, Panalytical,
Malvern, UK) to determine the major elements (i.e., Si, Fe, Al, Ca, Mg, Na, K, F, Rb) using
molten inserts compared with a certified reference material (AMIS 0355). Loss on ignition
was assessed by gravimetry at 1020 °C for 2 h. The Li content was assessed by ICP-OES
(Horiba Ultimate Expertz, Kyoto, Japan) using samples prepared through fusion with borax
(Naz[B4Os(OH)4]-8H,0).

2.3.2. XRD

Mineralogical analyses were performed by XRD using the powder method in a Bruker
D8 Endeavor diffractometer (Co Ko, step 0.02°, 38 s/step, scanning from 2 to 70°26). The
mineral was identified on the X'Pert Highscore Plus 4.8 (Malvern Panalytical, Malvern,
UK) software by comparing the diffractograms with the PDF2 dataset of the International
Centre for Diffraction Data (angle 2-70°, step 0.02, time 38 s/step).
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2.3.3. SEM-Based Automated Mineralogy (SEM-IA)

Polished section mounts of samples G1 and G2 (except —0.037 mm) were prepared by
size fraction to determine the relationship between gangue minerals and spodumene using
a SEM Quanta 650FEG Thermo/FEI and an SEM-IA with MLA system [31] coupled with
EDS (Esprit Bruker Nano Analytics, Billerica, MA, USA) system. To perform the SEM-IA,
we used the GXMAP measurement mode. GXMAP uses X-ray mapping in phases that
cannot be segmented solely by backscattering image (BSE) grey levels and employs a faster
area X-ray analysis for phases that are readily segmented [31]. To accurately differentiate
minerals with similar atomic number (e.g., quartz and plagioclase), the contrast was set
high, allowing the MLA to easily identify several grey levels and then separate them by
their chemical composition (characteristic X-ray spectra) using EDS. To identify minerals
with higher atomic numbers (e.g., cassiterite, tantalite, and microlite), an X-ray mapping
trigger was set for minerals with a grey level of over 250.

The chemical composition and characteristic X-ray of each mineral was input to the
MLA database; for that, several mineral grains were chemically analyzed using the LEO
Stereoscan 440 SEM with an EDS detector (INCA X-act, Oxford) calibrated with certified
reference standards.

The MLA calculated the modal mineral content (in mass) of a phase based on an
area percentage in the polished section mounts using the density of each mineral. The
reliability of the data calculated by the MLA was compared with that obtained by the
chemical analysis, and an R? value was assigned to the major elements of each sample.
Some fluctuations in the R? value were due to mineral composition variations that were
not modeled, such as Li, Fe, Na, K, SiO,, and Al contents in mica.

2.3.4. LA-ICPMS

Owing to its low energy characteristic X-rays, Li cannot be detected by standard
energy-dispersive X-ray spectrometers mounted on electron microscopes. Therefore, in
micas, Li was quantified by LA-ICPMS with a Laser New Wave UP-213A/F 213 nm coupled
with a Perkin Elan-6100DRC quadrupole ICPMS (spot diameter of 30 um, frequency of
15 Hz, fluence of 1.13j/ cm?, ablation of 30 s, and baseline of 15 s) operating in a He + Ar
atmosphere. The grain composition was determined using the NIST610 standard and
Si-standardized stoichiometry for each mineral derived from the data of the EDS analyses.

3. Results and Discussion
3.1. Broad Ore-Characterization Study

Table 2 lists the bulk chemical compositions of all samples (MT01-MT10). The average
Li;O content is 1.05 wt%. The Fe,O3 content ranges from 0.20 to 1.10 wt%, and the CaO
content ranges from 0.30 to 1.30 wt%. The Rb,O content ranges from 0.38 to 1.14 wt%. All
samples have similar SiO,, Al,O3, NayO, K,O, and MnO contents, averaging approximately
73.0,15.5, 4.35, 2.00, and 0.15 wt%, respectively.

Table 2. Bulk chemical analysis of the samples and SEM-based mineralogical composition of the
samples in the fraction of 0.30-0.037 mm.

MTo01 MTO02 MTO03 MTO04 MTO05 MTo06 MTO07 MTO08 MTO09 MT10

LiO, 1.08 1.45 1.74 1.43 0.25 1.51 0.93 0.75 0.75 0.58

%\ 5i0, 70.50 74.50 71.10 73.50 71.90 73.40 74.30 71.70 73.70 73.60

» O Fe,O3 0.28 0.20 0.43 0.28 0.51 0.45 0.65 0.65 0.81 1.10

e 6 Al O3 16.86 15.09 6.98 15.48 16.22 15.49 15.02 16.16 15.59 13.37

B2 CaO 0.36 0.30 0.63 0.32 0.31 0.34 0.64 0.46 0.63 1.30

% 5 MgO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.36 0.34

S X Na,O 4.52 3.94 3.55 411 442 3.62 4.72 5.11 491 4.68

© 2 KO 2.66 1.63 1.78 1.68 1.23 1.85 1.64 1.90 1.71 1.14
2 F 1.03 0.71 0.92 0.44 - - - - - -

Rb,O 1.14 0.84 091 0.66 0.32 0.66 0.49 0.45 0.50 0.38
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Table 2. Cont.

MTO01 MTO02 MTO03 MT04 MTO05 MTO06 MTO07 MTO08 MT09 MT10

quartz 30.02 37.66 31.08 34.57 40.10 33.55 33.84 31.85 32.55 39.64

albite 33.81 29.22 26.94 29.46 39.68 28.10 38.36 40.16 39.77 37.79

mica 27.28 19.02 19.84 16.38 14.03 16.05 13.10 16.11 14.26 10.73
spodumene 6.83 12.94 18.77 17.90 2.88 19.30 10.38 6.89 9.14 5.02
< K-feldspar 0.83 0.42 0.38 0.88 0.20 1.83 1.77 2.79 1.93 0.88
O‘w’ epidote 0.27 0.16 2.14 0.30 0.32 0.66 1.83 1.19 0.89 4.71
?3 garnet 0.09 0.03 0.05 0.11 0.10 0.06 0.18 0.24 1.03 0.66
QQS’ apatite 0.24 0.14 0.25 0.16 0.12 0.20 0.26 0.14 0.19 0.34
P cassiterite 0.23 0.02 0.02 0.01 0.01 0.03 0.06 0.04 0.07 0.05
kaolinite 0.01 0.02 0.05 0.02 2.24 0.01 0.01 0.44 0.01 0.00
microlite 0.06 0.18 0.20 0.08 0.03 0.03 0.07 0.05 0.06 0.05
coltan 0.01 0.00 0.13 0.01 0.06 0.01 0.02 0.02 0.04 0.02
Other * 0.30 0.18 0.13 0.10 0.22 0.17 0.09 0.07 0.05 0.10

* Other: sphalerite, gibbsite, fluorite, barite.

Table 2 lists the SEM-IA results based the mineralogical compositions of samples in the
fraction of 0.30-0.037 mm. In general, the samples are made up of quartz (average 34.5%),
plagioclase (average 34.3%), and mica (average 16.7%). Spodumene content ranges from
2.88% in sample MT05 to 19.3% in sample MT06. Sample MTO01 has 27.3% mica content
while all other samples average 15.5% mica content.

Table 3 lists the chemical results based on the SEM-IA area percentage of minerals and
an assumed density for each mineral compared with the results of the chemical analysis of
the major elements in the same size fraction. The correlation coefficient (R?) between the
SEM-IA calculated and chemically measured compound content indicates the deviation
of the results from a perfectly linear relationship. As indicated in the table, the analysis
presents an R? value of 0.99, which indicates a good correlation between the calculated
and measured data. The differences in Li;O, Fe;O3 CaO, and K,O are due to the varying
mineral compositions that could not be measured, as the mineral classification data input
requires a fixed mineral composition.

Table 3. Calculated SEM-IA vs. measured chemical analysis data for the 0.30-0.037 mm fraction.

Compound (%w; XRF/ICP-OES)

Element Li,O Fe, O3 SiO, Al,Os3 CaO K,O R?
A A
ORI (R T I
I B G
N I R I
O G = N T B L B T R
GG T I
A N A R e O P L
S N v O S S T
SR A S N
o 0% bx mm am ds kg

CA—chemical analysis.
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The mineral compositions of samples MT01-M06 resemble the Greenbushes deposit
(Bale and May, 1989 [9]), Pilangoora Project [26], and Bald Hill deposits in Australia [8],
with spodumene as the main Li ore mineral, in addition to cassiterite and tantalite. In
terms of chemical composition, samples MT01-MT06 have Li,O content common to other
Li deposits worldwide, including Kings Mountain (1.4-1.5 wt% Li,O) [32] and Bald Hill
(1.18 wt% LiyO) (Tadesse et al., 2019 [8]). Further, samples MT07-MT10 have a smaller
Li;O content than typical Li pegmatite deposits (< 1.0 wt% Liy O).

In the density separation process, the sink product of samples MT01-MT06 exhibited
lower Li; O deportment (approximately 40%) with a grade of approximately 6.9 wt%. These
samples (except MTO05) were observed to have a bulk Li;O > 1 wt%, Fe;O3 < 0.5 wt%,
and mica > 14% in the fraction of —-0.30 + 0.037 mm. Samples MT07-MT10 showed
higher Li;O deportment in the sink product (approximately 60%) with a grade of ap-
proximately 5.4 wt% (Figure 3). These samples (and sample MT05) were observed to
have a bulk Li,O < 1.00 wt%, Fe;O3 > 0.60 wt%, and mica < 16.0% in the size fraction of
-0.30 + 0.037 mm.

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

#-0.037
md<2.80

I

I
B

I
% I W

% I W

% I W
% I

% N W

o I W

2.80<d <2.95
md>295

Mass of Li,O in phase (%)

4

> &
LI ELLEILETEL

FFHFFFEFLETEES
Figure 3. Mass percentage of Li;O in the density separation products and in a fraction under
0.037 mm.

]

To gain a better understanding of the cause of the lower Li deportment in samples
MTO01-MTO06 and higher deportment in MT07-MT10, the quantitative locking and liberation
characteristics of spodumene and content of Li in other minerals were assessed.

3.2. Combined Samples

The trends observed in the bulk chemical composition show that samples MT01-MT04
and MTO06 have similarities which can be observed in the correlation graphs between Li,O
and SiO,, Al,O3, Fe;O3, and Rb,O (Figure 4a—d). Samples MT03, MT04, and MT06 have
higher spodumene content (approximately 19%), reaching up to twice as much as the other
samples. Sample MT01 has almost twice as much mica (27%) as the other samples.

Considering these observations and the Li distribution by density separation products
results, samples MT01-MT06 were combined to form G1 and MT07-MT10 to form G2.
Although MTO05 had lower Li;O and spodumene contents (0.25 wt%, Figure 4a, and 2.9%, re-
spectively) than those in samples MT01-MT04 and MTO06 (Li;O > 1.00 wt%, Fe;O3 < 0.50%,
Figure 4c), it was considered a part of G1 because of its geographic location along the
pegmatite vein. MTO5 is closer to the samples in this group and, from a mining perspective,
this block would end up together with the samples in G1.
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Figure 4. Chemical correlation between Li,O and SiO; (a), Al;O3 (b), Fe;O3 (c), and RbO (d). Black
dots represent samples in G1 and blue dots samples in G2.

3.3. Detailed Process Mineralogy

This section details the ore characterization study performed across five size fractions
for samples G1 and G2.

3.3.1. Sample Composition and Distribution by Size Fractions

Table 4 lists the chemical composition of the major compounds of G1 and G2. On the
one hand, G1 has a high bulk Li;O content (1.26 wt%) but low Fe;O3 (0.32 wt%) and CaO
(0.62 wt%) contents. On the other hand, G2 has a lower bulk Li,O content (0.62 wt%) and
the Fe;O3 (0.74 wt%) and CaO (0.76 wt%) contents are almost twice as high as in G1.

Table 4. Bulk chemical analysis of G1 and G2.

Compound (wt%; XRF/ICP-OES)
Element LiO; Fep,O3 SiO, AlL,O3 CaO MgO MnO Na,O KO LOI

Group 1 1.26 0.32 73.0 15.6 043 <010 017 3.74 1.76 2.73
Group 2 0.62 0.74 74.0 14.5 0.76 0.20 0.11 4.56 1.55 2.36

The sieve analysis showed that approximately 27% of the samples” masses report to
the finer fraction (—0.037 mm) in both groups. The Li;O content in this fraction in G1 is
1.09 wt% and 0.63 wt% in G2, accounting for 23% and 25% of Li deportment, respectively
(Table 5).
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Table 5. Mass retained (%), compound content (wt%), and deportment (%) by size fraction.
Compound (wt%) Deportment (%)
. Mass Retained (%) : .

Fraction (mm) Li,O Fe, O3 CaO Li,O Fe, O3 CaO
G1 G2 G1 G2 G1 G2 G1 G2 G1 G2 G1 G2 Gl G2
—0.21+0.15 24.3 22.7 145 075 028 058 026 052 275 252 201 175 148 153
—0.15+0.105 17.3 16.3 138 066 026 050 030 057 186 160 133 108 122 121
—0.105 + 0.074 114 12.2 126 065 026 056 033 067 112 117 874 9.07 881 106
—0.074 + 0.037 20.6 221 125 068 032 070 044 081 200 221 195 206 212 232
—0.037 26.5 26.7 1.09 063 049 118 069 112 226 250 384 420 429 388
Total + 0.037 73.5 73.3 134 069 028 060 033 064 774 750 616 580 571 612
Total sample 100 100 128 068 034 075 043 077 100 100 100 100 100 100

In the fraction of 0.30-0.037 mm, the Li,O contents in G1 and G2 are 1.35 wt% and

0.69 wt%, accounting for 77% and 75% of lithium’s deportment, respectively. The Fe,O3
(0.60 wt%) and CaO (0.64 wt%) contents in this interval are two times higher in G2 than that
in G1 (Table 5). Figure 5 illustrates the Li distribution by the sieve size and the Li content in
the total +0.037 mm fraction for both groups.

Content (wt%)

1.60

1.40

[a—
[\
e

—
S
e

S
%
S

<
oN
S

o
~
()

0.20

0.00

fraction total +0.037 mm

mLi20
mFe203
I CaO

Group 1 Group 2

Figure 5. Li;O, Fe;O3, and CaO contents in the size fraction of total +0.037 mm.
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3.3.2. Mineralogical Composition

Figure 6 illustrates the mineralogical composition of G1 and G2. Both groups present a
similar composition with mainly quartz, plagioclase, spodumene, muscovite, lepidolite, and
K-feldspar. G1 has 5% more spodumene, 3% more muscovite, and 5% more lepidolite than
G2, whereas G2 has slightly more epidote and other minerals than G1, which include Fe-
bearing minerals such as garnet and amphibole. This can be detrimental in the subsequent
processing steps as separating Fe-bearing minerals from spodumene can be difficult using
DMS or flotation.
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Figure 6. Modal mineralogy obtained by SEM-IA for G1 (a) and G2 (b).

3.3.3. Morphology and Microstructure of Spodumene

Figure 7 depicts the representative mineral composition maps of the coarser sized
fraction (—0.21 + 0.15 mm) and an enlarged view of the spodumene grain relationships with
other minerals. G1 and G2 are abundant in liberated spodumene grains, often appearing
in a tabular form. Quartz, plagioclase, muscovite, and lepidolite are generally present as
gangue minerals. Moreover, K-feldspar is observed in G2 (Figure 7a,c,e,f). The magnified
images reveal associations of spodumene grains with plagioclase and muscovite in G1
(Figure 7b,d) and with plagioclase, quartz, and lepidolite in G2 (Figure 7d,h). Muscovite
appears to occur mainly along the margins and fractures of the spodumene grains.
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B spodumene B K-feldspar B kaolinite
P plagioclase W chlorite

B quartz P cassiterite

B lepidolite [l epidote

[l muscovite W titanite

Figure 7. MLA mineral composition maps highlighting liberated spodumene and gangue mineral
grains in the —0.21 + 0.15 mm size fraction for G1 (a,c) and G2 (e,g). The mineral maps on the right
size show an enlarged view of the different mineral textures in some spodumene grains from G1 (b,d)
and G2 (f,h).

The mineralogical transformation of spodumene into micaceous minerals reduces its
density, and it therefore reduces the density differences between spodumene and gangue
minerals, affecting DMS results. Additionally, spodumene tends to break into acicular
particles that easily float with gangue minerals [33].
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3.3.4. Mineral Liberation and Locking Characteristics

Figure 8 depicts the liberation characteristics of spodumene in both groups. The level
of locking is expressed as a function of the area of spodumene. Liberated spodumene
particles contain > 95% of spodumene by area. Binary particles are composed of spo-
dumene associated with one other mineral phase, and complex particles are composed of
spodumene and two or more different mineral phases.

Mass of spodumene (%)
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Figure 8. Spodumene liberation characteristics for G1 (a) and G2 (b). Liberation is based on spo-
dumene area (liberated > 95% spodumene). Binary particles are composed of spodumene and
another mineral phase, whereas complex particles are composed of spodumene and two or more
different mineral phases. *: Grains with >95% spodumene in area.

The global liberation of spodumene (total +0.037 mm) in G1 and G2 are 89% and 88%,
respectively, ranging from approximately 86% in the coarser size fraction to 94% in the finer
size fractions. In both groups, binary particles are more common (approximately 9%) than
complex ones (approximately 2%). The most relevant associations of spodumene, either
binary or complex, are with mica (muscovite + lepidolite), plagioclase, and quartz.

Results showed that spodumene was fairly liberated by area, which implies that
further processing with DMS should efficiently separate most gangue minerals (quartz,
plagioclase, and mica) from spodumene.

Figure 9a,b illustrate the liberation characteristics of spodumene for both groups in
terms of liberated free surface area. Liberation by free surface is important for further
processing because it provides information on the surface area available for a leaching
solution to reach or a collector/depressant to attach. In general, G2 exhibits slightly higher
surface exposure than G1. In the size fraction of total + 0.037 mm, spodumene particles with
> 95% of free surface area represent approximately 83% in G1 and 87% in G2. Moreover,
higher surface exposure is observed in these particles toward finer size fractions. Only in
this size fraction does G1 have slightly higher surface exposure than G2.
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Figure 9. Mineral liberation by free surface area for spodumene in G1 (a) and G2 (b).

3.3.5. Theoretical Grade Recovery Curve

The theoretical grade-recovery curve is defined as the maximum expected recovery
that can be achieved by physical separation of a mineral at a given grade [34], and it is
determined by the surface area liberation of the mineral of interest, which is directly related
to the grind size [26]. As the liberation results were obtained by 2D measurements, the true
liberation results were overestimated; therefore, they can only serve as a guide [35].

Figure 10 illustrates the theoretical grade-recovery curves for spodumene in G1 and
G2. At a spodumene recovery rate of 70%, a pure spodumene concentrate with an Li,O
content of 8.01 wt% is achievable in both samples. At a spodumene recovery rate of 90%,
a grade of approximately 7.4 wt % LiyO is expected in a coarser size fraction, while it

increases up to 7.8 wt% Li,O in a finer one.

----- —0.21+0.15
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Figure 10. Theoretical grade recovery curves for spodumene in G1 (a) and G2 (b).
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3.3.6. Mica Composition

In both groups, two types of micas were distinguished by SEM-IA and classified as
muscovite and lepidolite. No differences in the micaceous compositions were observed
between the samples; variations were found only in the abundance of micas.

Figure 11a illustrates the SEM-IA mineral composition map of a mica particle com-
prising muscovite and lepidolite and presents the difference in the EDS spectra between
the two minerals. Figure 10b depicts the same mica particle in a BSE image, in which
muscovite has a lower grey level than lepidolite. The EDS analysis was performed next to
the black spots, which are laser marks from the LA-ICPMS analysis. The EDS table below
the image shows that muscovite (points 13 and 14) has, in general, less SiO; and more
AlyO;3. Lepidolite also contains more Rb,O and F content.

EDS Si0: Al:Os K:0 MnO Rb:0 F Total

12 51.2 28.0 Bd45 214 - 773 975
13 476 37.7 940 043 - - 95.5
o e 14 473 379 942 028 - - 95.3
15 515 281 B38 216 - 6.50 970

o : = el 16 479 337 940 077 234 424 983
17 476 318 935 116 272 536 954
18 492 300 903 139 305 513 981

Figure 11. SEM-IA particle composition map illustrating the X-ray spectrum of each classified phase
(a) and the BSE image of the same particle depicting the EDS analysis results for each mineral
phase (b).

Table 6 lists the LA-ICPMS analysis performed on muscovite and lepidolite grains
from the floated product of the heavy media test on G1 and G2. A total of 23 measurement
points were collected on muscovite and 41 on lepidolite. Muscovite has an LipO content of
approximately 0.5 wt% and lepidolite has approximately 3.1 wt%. The latter represents a
solid solution series between the trilithionite—polylithionite series and siderophyllite [36];
therefore, the Li,O content fluctuates by a large margin between 1.25 and 5.75 wt% Li,O
in the grains analyzed. As observed in the EDS results, muscovite has a smaller SiO,
content (47.0 wt%) and a larger Al,O3 content (36.9 wt%) than lepidolite (50.0 wt% SiO,
and 30.9 wt% Al,O3). Lepidolite has a slightly higher F content (1.56 wt%) than muscovite
(0.22 wt%). Both micas have a reasonable content of Rb,O, 3.25 wt% in muscovite and
4.86% in lepidolite.
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Table 6. Average composition of muscovite and lepidolite grains obtained by LA-ICPMS.

Content (wt%)

Muscovite Lizo F A1203 SIOZ Kzo FeO Fe203 szo
Mean 0.48 0.22 36.9 47.0 10.1 2.33 2.61 3.25
SD 0.20 0.69 1.88 1.27 0.46 1.21 1.32 0.70
Maximum 0.95 2.78 40.8 50.28 11.2 5.47 6.08 4.23
Minimum 0.13 0.00 31.25 443 8.75 0.11 0.30 1.05
Lepidolite
Mean 3.10 1.56 30.9 50.0 9.83 1.26 1.28 4.86
SD 1.34 2.83 3.47 2.81 0.60 1.89 2.15 0.95
Maximum 5.75 9.49 37.3 54.10 11.2 8.76 9.73 6.67
Minimum 1.25 0.00 24.0 448 8.93 0.24 0.00 2.65

3.3.7. Li Deportment in Li-Bearing Minerals

Li deportment was calculated by considering the LA-ICPMS data and relating it to the
modal mineralogy obtained by the MLA for each group. The Li content in spodumene was
considered theoretical (8.01 wt% LiO). In the fraction of total +0.037 mm, the Li content in
spodumene, lepidolite, and muscovite accounted for 80, 16, and 3% in G1, and 88, 8, and
4% in G2, respectively (Figure 12).

100
3 4
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?..; 90
5 16
g
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o
)
<
% 80 88
S
80
70
Group 1 Group 2

Espodumene Mlepidolite = muscovite

Figure 12. Li deportment in the total +0.037 mm interval.

In the total +0.037 mm interval, G1 had a Li;O content of 1.26 wt%; however, based on
the Li deportment values, spodumene contains approximately 1.01 wt% and is therefore
considered usable. G2 has an Li;O content of 0.62 wt% and spodumene contains 0.58 wt%.

3.3.8. Density Separation

The density of spodumene is 3.1, whereas most gangue minerals have densities from
2.6 t0 3.0. The test was performed at a density of 2.95; therefore, spodumene concentrates in
the sunken product, and few other minerals, mainly Fe-bearing ones, should also report to
this product. Figure 13 illustrates heavy liquid Li deportment for the fraction of 0.30 + 0.037.
On the one hand, the sunken product, G1, has Li deportment of 44% and an LiO content
of 6.53 wt%. On the other hand, G2 has a lower Li;O content of 4.92 wt%, but with a higher
Li deportment of 58%.
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Figure 13. Heavy liquid Li deportment in the size fraction of total + 0.037 mm (a) and Li content in
the sunken product of both samples (b).

Both samples present similar high liberation degrees of spodumene (approximately
88%), therefore, the deportment result is not influenced by the liberation degree. In fact,
a higher modal presence of Li-bearing micas (9% muscovite and 7% lepidolite) in G1
heavily influenced the Li deportment results, while the lower modal presence of Fe-bearing
minerals (<1%) led to the formation of a higher Li content in the sunken product. By
contrast, the lower modal presence of Li-bearing micas in G2 (6% muscovite and 2%
lepidolite) coupled with the higher modal presence of Fe-bearing minerals (approximately
2%) resulted in the higher Li deportment and lower Li content in the sunken product.

To reduce Fe and Ca contaminants in the sunken products, further magnetic sepa-
rations should be performed to remove the iron oxides, epidote, and amphibole in the
magnetic fraction.

Studies involving the concentration of lepidolite from gangue minerals similar to those
observed in this study (muscovite, quartz, and feldspar) were reported using flotation [37].
Commercial lepidolite deposits contain Li in the range of 3.0-4.1 wt% Li,O, some of which
can be found in Brazil, Canada, Namibia, Portugal, and Zimbabwe [19].

4. Conclusions

In this study, the spodumene liberation, locking, and deportment characteristics of
Li-enriched pegmatite samples were assessed through a combination of mineral separation
techniques, SEM-based automated mineralogy, and others. This approach helped identify
and understand the effect of Li deportment differences on the processing behavior of
the samples.

The samples exhibited similar chemical and mineralogical compositions, but different
heavy liquid test results. Although having a higher bulk Li,O content (1.26 wt%) and
a higher modal spodumene content (13%), G1 has a lower Li deportment in the sunken
product in the heavy liquid test (44%). As both samples presented a high degree of
spodumene liberation (approximately 88%), the deportment results were not influenced by
the degree of liberation. In fact, Li-bearing mica played a major role in the heavy liquid Li
deportment results. Hence, quantifying its Li content was the key to understanding the
differences in Li deportment in the heavy liquid test.

The high concentrations of Li and Rb in lepidolite minerals could make them a resource
for these elements. Further processing would be necessary to separate them from gangue
minerals such as muscovite, quartz, and plagioclase.

Further work is needed to assess the fine size fraction (-0.037 mm) in terms of mineral
content, Li deportment, and processing route options. The floated and sunken density
separation products from G1 require specific processing routes to recover Li from micas
and spodumene, respectively.
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