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Abstract. Across Europe, small scale deposits of critical ma-
terials and/or strategic elements, such as W, Li and Sn, are
not viable to mine and process using the traditional large
scale mining and processing technologies due to their ge-
ological characteristics. Project FAME (Flexible And Mo-
bile Economic Processing Technologies, EC Horizon 2020
Grant Agreement No. 641650) was created in order to specif-
ically address the technical and environmental challenges to
the sustainable processing of low sulphide ores from peg-
matites, greisens and skarns deposits. One of the deposits,
Alvarrões-Gonçalo, is a Li pegmatite located at the Gonçalo
pegmatite field (Central Portugal) that is being investigated
on the scope of the concerned project. Currently, the peg-
matites are only being exploited for ceramics, aggregates
and ornamental purposes, however, there is exploitation po-
tential for Li2O-rich ores. Froth flotation is being tested to
produce a lepidolite concentrate. Results showed the feasi-
bility to obtain a Li2O grade adequate for the metallurgical
production of lithium compounds as Li2CO3. The lepido-
lite flotation rejects, normally stored in tailings dumps, are
mainly composed by a mixture of feldspars, quartz and non-
recovered lepidolite (though a very low content), which is,
by itself, a very interesting raw material for ceramic pur-
poses. Consequently, mining exploitation of lepidolite, as
Li2O ore, from pegmatite could comply with the standards
of “green mining”, reaching an almost “zero waste” exploita-
tion, as it can be accomplished in the case of the mineral
processing of the Alvarrões-Gonçalo lithium ore. This basic
scenario could be improved by applying froth flotation also

for feldspars/quartz separation, aiming at obtaining a high
content feldspars concentrate (floated) and a quartz product
(non-floated): the feldspars concentrate can be used to pro-
duce blends with different ratios feldspars/quartz for sanitary
ware and tiles and quartz for other uses, such as glasses and
“silica flour”.

1 Introduction

The word sustainable is increasingly connected to several in-
dustries throughout the world. In 1987, the Bruntland Com-
mission clearly defined the word sustainable as the compro-
mise of present generations to ensure that future generations
can meet their own life-sustaining needs (United Nations,
1987). The development of new waste management strate-
gies could be an encouraging way to ensure future genera-
tions sustainability. This idea conducted to the formulation
of the “zero waste” concept, proposed by the Zero Waste
International Alliance in 2014, having as main goal to pro-
mote practices that enhance the creation of sustainable natu-
ral cycles, in which wasting material must be converted in a
resource for others to use, i.e. to develop products and pro-
cesses that avoid the volume of waste materials (Sauer and
Seuring, 2017; Sverdrup and Ragnarsdottir, 2014; ZWIA,
2015; Arndt et al., 2017; Burlakovs et al., 2018).

In general terms, “Green Mining” can be described as the
implementation of technologies and mining processes target-
ing at reducing any possible environmental footprints asso-
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Figure 1. Geographic and geological setting of the lithium Alvarrões-Gonçalo deposit (adapted from Neiva and Ramos, 2010). G1 – biotite
granite (Guarda granite); G2, G3 and G4 – biotite-muscovite granites.

ciated with the extraction and processing of minerals and
metals, thus accomplishing the objective of “low produc-
tion, high efficiency, low emissions”. The ultimate goal of
the “Green Mining” approach is the utilisation of all usable
minerals and by-products and the maximum reduction of the
amount of waste (e.g. Shi, 2012; Cuffari, 2017; GTK, 2018).

Mining industry can be considered as one of the greatest
waste producers, being fundamental the construction of tail-
ings dams for waste disposal. In consequence, it is also cru-
cial to develop strategies to reduce the quantity of waste gen-
erated during all stages of the mining cycle (Miranda et al.,
2005; Laurence, 2011).

On the scope of the H2020 Project FAME (Flexible And
Mobile Economic Processing Technologies, Grant Agree-
ment No. 641650), which aims at the improvement of pro-
cessing technologies in order to recover critical materials
and/or rare elements, such as W, Li and Sn, from Euro-
pean complex ore deposits, the Li-rich pegmatite deposit of
Alvarrões-Gonçalo (Portugal) is being investigated (Broad-
bent et al., 2018). The deposit is located approximately 20 km
south of Guarda city, Central Portugal. Currently, it is ex-
ploited by FELMICA for ceramics, aggregates and ornamen-
tal purposes.

The Li-rich pegmatites outcropping in the Alvarrões-
Gonçalo area are granitic and lepidolite-rich in composition
and are hosted in a synorogenic Variscan (304.1± 3.9 Ma)
(Neiva and Ramos, 2010) porphyritic biotite granite (Guarda
granite) (Fig. 1). The majority of the known pegmatites oc-
curs as violet-coloured sills, with a sub-horizontal plunge
and ranging up to 3.5 m in thickness. The sills are heteroge-

neous on what concerns their internal structure, textural as-
pects, minerals grain size and relative abundance/distribution
and correspond to an association of pegmatite± aplite. The
decrease of the grain size from the pegmatitic to the aplitic
component is accompanied by a more massive structure and a
more intense violet colour because the aplite is richer in fine
lepidolite. The inferred mineral resource of the Alvarrões-
Gonçalo deposit was estimated in 1.5 Mt @ 1.1 % Li2O (Le-
pidico, 2017).

According to the mineralogy of the Alvarrões-Gonçalo ore
deposit, froth flotation seems to be the most adequate method
to produce a lepidolite concentrate, which should be the pri-
mary product of this deposit (Amarante et al., 2004; Bula-
tovic, 2007). The concentrate would be furtherly converted
into lithium compounds to supply, essentially, the industry of
energy storage. Then, also by froth flotation, it would be pos-
sible to separate the quartz and feldspars, which are, along
with mica, the main minerals present in the rejects of lepi-
dolite flotation (Heyes et al., 2012). These two products can
suitably supply the ceramic industry. In the framework of this
research, a strategic mineral processing flowsheet was devel-
oped to enable an almost zero waste mineral processing of
the Alvarrões-Gonçalo ore.

2 Materials and methods

2.1 Mineralogy of the samples from Alvarrões-Gonçalo

A representative sample of the pegmatite ore from the
Alvarrões-Gonçalo deposit was investigated. In the Li sills
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Table 1. Major elements analysis of the lepidolite flotation reject.

% Element Li2O SiO2 Al2O3 Fe2O3 Na2O K2O LOI

Lepidolite Flotation Reject 0.61 74.63 14.76 0.19 4.65 1.96 1.12

Table 2. Major elements analysis of the feldspars/quartz separation.

% Element Li2O SiO2 Al2O3 Fe2O3 Na2O K2O LOI

High Content Feldspars Product 0.95 65.60 20.01 0.25 5.82 2.63 1.65
Quartz Product 0.24 84.48 9.04 0.12 3.37 1.23 0.55

outcropping in Alvarrões-Gonçalo, it is possible to distin-
guish a pegmatitic facies and an aplitic facies. The peg-
matitic component is characterized by lepidolite (> 500 µm),
albite, Li-muscovite, quartz and K-feldspar as major miner-
als, and montebrasite, topaz, cassiterite, columbo-tantalite,
beryl and zircon as minor minerals. Although present, petal-
ite is scarce due to its alteration to kaolinite, cookeite, pol-
lucite and illite/smectite in late episodes of pegmatite his-
tory. Zinnwaldite also occurs but resulting from the metaso-
matic alteration of biotite on the contact of the host granite
with the pegmatite sills. The aplitic component is very rich
in lepidolite (< 250 µm), which is accompanied by other ma-
jor minerals such as albite, montebrasite and quartz. Some
muscovite, topaz, cassiterite and columbo-tantalite also oc-
cur (Charoy and Noronha, 1999; Ramos, 2007). In both com-
ponents, secondary phosphates from late alteration processes
are also present.

2.2 Experimental testwork

As mentioned above, the main objective of this work was to
assess the possibility of applying the concept of “zero waste
mining” to the exploitation of a pegmatite ore. For the pur-
pose, a 3 t ore sample from Alvarrões-Gonçalo (Portugal) de-
posit, averaging 1.20 % Li2O, was on site primarily crushed
to < 8 mm.

Furtherly, the ore was processed by flotation to recover
a high Li grade concentrate (4.7 % Li2O) and, in a second
step, the tails of the lepidolite flotation were also treated by
flotation to produce a feldspars enriched product and a reject
in which quartz is dominant. Lepidolite flotation was con-
ducted under a pH of about 3.5 (H2SO4) and using 200 g t−1

of FLOTIGAM EDA as collector. Then, the pH was reduced
to 2.5 with HF and 600 g t−1 of AERO 3030C collector were
added to enable the feldspar flotation. Chemical assaying,
using an UNICAM-M series atomic absorption spectrome-
ter (AAS) and a WDS X-ray fluorescence Philips PW 2404
spectrometer (XRF) were performed.

3 Results and discussion

3.1 Results of the laboratory scale tests

According to the flotation procedure, the first stage is the pro-
duction of a lepidolite concentrate, which is the main com-
mercial product. Concentrate grades between 4–5 % Li2O
were achieved, which are adequate for the metallurgy of
lithium compounds. The rejects of lepidolite flotation con-
sist, mainly, in a mixture of quartz and feldspars (albite +
K-feldspar), as can be observed in Table 1.

The second stage of the process consisted in the separa-
tion of feldspars and quartz by flotation, leading to the pro-
duction of a feldspar enriched product (float) and a quartz
product (flotation reject). Table 2 shows the major element
assays performed by AAS for Li content and XRF for the
other elements.

Based on the chemical assay of the major elements, it is
possible to determine the content of the main minerals, as-
suming their stoichiometric composition. Thus, a computa-
tion model was developed to express the chemical composi-
tion of a mixture of those mains minerals, as a function of
the chemical composition of each mineral, according to the
Eq. (1):

Px =

n∑
i=1

Ei × Sx,i, (1)

where Px is the chemical content of any oxide (Li2O, Si2O,
Al2O3, Fe2O3, Na2O, K2O) in the sample, n is the number
of main minerals considered in the calculation, Ei is the %
of the mineral in the sample (E1 – % Lepidolite, E2 – %
Quartz, E3 – % Albite, E4 – % K-Feldspar, E5 – % Mus-
covite, E6 – % Kaolinite), which is unknown and Sx,i is the
stoichiometric composition of the element in each mineral.

Thus, a numerical optimization algorithm, such as Excel
SOLVER tool, was used to determine all the unknowns (Ei)
that minimize the deviation between the chemical assays and
the calculated chemical composition, according to a crite-
rion of the least squares. Table 3 shows the content of the
main minerals in each product. As it is possible to observe,
the “High Content Feldspars Product” shows a low quartz
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Table 3. Major elements analysis of the feldspars/quartz separation.

% Mineral Lepidolite Quartz Albite K-Feldspar Kaolinite Muscovite

High Content Feldspars Product 12.00 13.90 52.30 6.00 8.09 5.45
Quartz Product 3.00 58.34 30.30 3.70 3.43 0.03

Figure 2. Flowsheet proposal for Alvarrões-Gonçalo ore deposit.

content and a high feldspars (albite + K-Feldspar) content,
which indicate that it is possible to produce the desired prod-
ucts from the lepidolite flotation reject. It is also evident that
feldspars activation must be enhanced to increase the con-
tent of feldspars in the floated fraction and, consequently, to
obtain a quartz product with lower feldspars content.

3.2 Flowsheet design for Alvarrões-Gonçalo – “zero
waste” mining

In the sequence of the main objective of this work, a flow-
sheet for the mineral processing of the Alvarrões-Gonçalo
ore is proposed, based on lepidolite flotation batch results and
on preliminary results of feldspars/quartz separation. The
flowsheet, shown in Fig. 2, was conceived according to the
“zero waste” concept, and is now being tested in continu-
ous flow in a Mineral Processing Plant at LNEG premises, in
Portugal.

Thus, the processing flowsheet starts with a comminution
stage (grinding in a rod mill) to obtain the most suitable size
particle for lepidolite liberation (k80 = 0.160 mm). Then, a
crucial desliming step on a hydro-cyclone must be performed
to remove very fine particles (cut size ≈ 0.060 mm), which
reduces the flotation efficiency and increases the reagent
consumption. After that, a high Li grade concentrate (4.7 %
Li2O) is obtained by flotation in a 6 cells bank (35 L each);
the tails of the lepidolite recovery are then floated again to
obtain a feldspar enriched product.

The lepidolite concentrate is suitable for Li metallurgy.
The other 3 products, “Feldspars/Mica” enriched product,
“Quartz based” product and “Slimes” have applications in
several segments of ceramics: the feldspar concentrate could
be mixed with the original material to produce tailored final
products, with some Li content, to satisfy customer needs;
the rejected quartz is not suitable for silica flour, but can be
used in blendings; further studies are under research to opti-
mize the removal of mica minerals prior to feldspar flotation,
and to find an application for the “Slimes” product.

4 Conclusions

The Alvarrões-Gonçalo deposit can be considered a notable
example of a sustainable mining, reaching the goal of an al-
most “zero waste” exploitation. It has been demonstrated that
Mineral Processing is able to contribute to the enlargement
of the added-value chain: a high Li2O lepidolite concentrate
is suitable for use in the industry of lithium compounds and
several by-products that can fit specific needs of raw mate-
rials for ceramic bodies. However, some challenges must be
accomplished to improve the proposed flowsheet: the possi-
bility of obtaining concentrate grades closer the stoichiome-
try of lepidolite (increasing liberation in finer sizes); removal
of mica minerals prior to feldspars flotation to reach a higher
quality feldspar; and looking for an application of slimes,
avoiding their release in a dump.
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