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RESUMEN

El litio es un metal de gran importancia econémica y una materia prima clave para la
transicion energética desde una generacion de energia basada en combustibles fosiles
hacia una basada en fuentes renovables. En este sentido, el descubrimiento de nuevos

yacimientos de litio es fundamental para abastecer la creciente demanda de este metal.

La compania Macusani Yellowcake, subsidiaria de American Lithium, anunci6 un
importante recurso que asciende a 0,9 Mt Li en el Proyecto de Litio Falchani, en el Campo
Volcéanico de Macusani, Puno, SE Perua. El recurso estd alojado en tobas volcéanicas y
brechas nedgenas pertenecientes a la Formacion Macusani. Con contenidos de Li que
oscilan entre ~2000 y 4000 ppm, la unidad denominada Lithium-rich Tuff contiene el
principal recurso. En esta tesis se ha realizado una caracterizacion mineralogica general
y de alta resolucion de muestras de Lithium-rich Tuff utilizando difraccion de rayos X
(XRD), microscopia electronica de barrido con espectroscopia de rayos X de energia

dispersiva (SEM-EDS) y microscopia electronica de transmision (TEM).

Las muestras estudiadas estan compuestas por cuarzo, plagioclasa, feldespato potasico,
micas trioctaédricas (zinnwaldita y lepidolita), minerales del subgrupo de la caolinita y
esmectitas (montmorillonita - beidellita), ademés de zeolitas (mordenita y mutinaita) y
cristobalita en algunas muestras. Los contenidos mas altos de Li (3000-4200 ppm Li) se
encuentran en la porcion central de la secuencia del Lithium-rich Tuff, que se caracteriza
por contener micas + caolinita = mordenita. En los dominios superior e inferior de la
secuencia, los contenidos de Li alcanzan valores de 2000 ppm y la mineralogia esta

dominada por mica + esmectita dioctaédrica + caolinita + halloysita.

La integracion de estos datos con resultados de ensayos metalurgicos proporcionados por
Macusani Yellowcake respalda que, ademés de en micas trioctaédricas primarias, parte
del Li en el Proyecto de Litio Falchani puede estar adsorbido o en posiciones
interlaminares de minerales arcillosos secundarios. Se descarta la existencia de arcillas
con Li tipo hectorita. Estos datos permiten una clasificacion tentativa del proyecto de litio
de Falchani como un deposito volcanogénico ‘mixto’ mica primaria — minerales

secundarios de arcilla.



ABSTRACT

Lithium is a metal with high economic importance and a key raw material to the energetic
transition from carbon fuels to renewable energy sources. In this sense, exploring and
discovering new lithium deposits is essential to supply the growing demand for this

element.

A major lithium resource amounting to 0.9 Mt was announced by Macusani Yellowcake
— American Lithium in the Falchani Lithium Project, Macusani Volcanic Field, Puno, SE
Peru. The resource is hosted by Neogene volcanic tuff and breccia of the Macusani
Formation. With Li contents ranging between ~2,000 to 4,000 ppm, the so-called
Lithium-rich Tuff hosts the main resource. In this thesis, a general and high-resolution
mineralogical characterization of samples from the Lithium-rich Tuff has been performed
using X-Ray diffraction (XRD), scanning electron microscopy with energy dispersive X-

ray spectroscopy (SEM-EDS), and transmission electron microscopy (TEM).

The studied samples comprise quartz, plagioclase, K-feldspar, trioctahedral micas
(zinnwaldite and lepidolite), kaolinite-subgroup minerals, and smectites (montmorillonite
— beidellite), in addition to zeolites (mordenite, and mutinaite) and cristobalite in a few
samples. The highest Li contents (3,000-4,200 ppm L1i) are found in the central portion of
the Lithium-rich Tuff sequence, which is characterized by micas + kaolinite subgroup
minerals + mordenite. In the upper and lower domains of the tuff sequence, Li contents
reach values of 2,000 ppm, and the mineralogy is dominated by mica + dioctahedral

smectite + kaolinite + halloysite.

The integration of these data with metallurgical assay results reported by Macusani
Yellowcake supports that, in addition to magmatic trioctahedral micas, Li in the Falchani
Lithium Project may be in part adsorbed onto and/or occupy interlaminar positions in
secondary clay minerals. The occurrence of clays with Li such as hectorite is discarded.
These data allow a tentative classification of the Falchani Lithium Project as a ‘mixed’

primary mica— secondary clay volcanogenic deposit.
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1. INTRODUCTION
1.1. Lithium: a critical raw material for the global economy

The growing awareness of anthropogenic global warming has generated international
convergence upon the objective of an energy transition from fossil fuels to renewable
energy sources to reach carbon neutrality (Jowitt and McNulty 2021; European
Commission 2023). This global purpose affects not only the energy sector but also our
society and economy (IRENA 2019). This shift requires the development of clean and
renewable energies, increasing the demand for raw materials and the associated concern
over their supply (Lee et al. 2020; Jowitt and McNulty 2021). Unfortunately, if the
demand for key raw materials exceeds its supply, the long-awaited transition might slow

down (IRENA 2019).

Raw materials of mineral origin are essential not only for the production of domestic
services but also developing eco-efficient energy technologies (e.g., wind turbines, solar
panels, electric vehicles, among others; Bauer et al. 2011; European Commission 2023).
According to the European Commission (2023), a critical raw material (CRM) is one that
has a high economic importance and a high risk of supply disruptions (Fig. 1). Similarly,
the United States Geological Survey defines as critical those nonfuel mineral materials
that are essential to the economic and national security of the United States whose supply
chain is vulnerable to disruption, and that is essential in the manufacturing of products
that are crucial for the national economy or security (Fortier et al. 2018). Both institutions

list lithium as critical.
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Figure 1. Critical Raw Materials for the European Commission (2023) based on their supply risk and
economic importance, including lithium

Lithium is mainly traded as 1) mineral concentrates extracted from lithium minerals
such as spodumene, petalite, and lepidolite; ii) lithium chemicals or mineral compounds,
chiefly lithium carbonate (Li2CO3) and chloride (LiCl), and to a lesser extent as lithium
bromide (LiBr) and hydroxide monohydrate (LiOH-H>0O); and ii1) lithium metal, which
is obtained by electrolysis from lithium chloride (Evans 2014; Bradley et al. 2017a;
Bibienne et al. 2020). Lithium production is expressed in tonnes of lithium carbonate
equivalents (LCEs) considering that Li-carbonate is the major chemical compound
(Evans 2014; Bradley et al. 2017a). In that way, lithium carbonate, with 0.188 wt.% Li
corresponds to one LCEs, lithium metal products are 5.32 LCEs, and lithium bromides

are 0.425 LCEs (Evans 2014).

The principal applications of lithium are divided according to its chemical or non-
chemical demand (Evans 2014). Non-chemical lithium (i.e., mineral concentrates) are
used in ceramics and glass fabrication (Evans 2014). For example, the addition of lithia
(L120) in ceramics or glass production reduces the melting temperature and increases
density, thus lowering production costs (Evans 2014; Bibienne et al. 2020). As an
example of comparison, a glass containing 15 wt.% Li2O will have a melting point

temperature of 500 °C, while the same glass containing 15 wt.% K,O will have a melting



11

point of 850 °C (Garrett 2004). Chemical lithium is also used in glasses, ceramics,
enamels, and glass ceramics for cookware and telescopic lenses (Evans 2014). The most
important use of lithium carbonate is to produce cathode for Li-ion batteries, although it
has been largely replaced by lithium hydroxide in such use (Sterba et al. 2019). Also,
lithium carbonate is used in mental disorder medications such as bipolar disorder and is
one of the few proven drugs that has an anti-suicidal effect, hence its classification as
essential in medicine by the World Health Organization (Bradley and Jaskula 2014;
Bibienne et al. 2020). Lithium hydroxide monohydrate is required in advanced
rechargeable Li-ion batteries in plug-in electric-hybrid vehicles (PHEVs; Evans 2014),
and also its °Li content has been used in the production of tritium (*H) for nuclear weapons
(Garrett 2004). Moreover, lithium hydroxides are used in greases, lubricants, and air
conditioning systems as dehumidifiers (Kesler et al. 2012). In its anhydrous form, it is
used as a CO» absorbent in submarines and spaceships (Evans 2014; Bibienne et al. 2020).
Lithium chloride is used in food processing for controlling humidity and in hospitals as a
solution with a sanitizing effect (Evans 2014). Lithium bromide is used in absorption-
refrigeration systems (Evans 2014). Lithium metal is used in primary non-rechargeable
Li-batteries in calculators, cameras, and watches, providing a high electrochemical
potential and a long operating life (Evans 2014; Bradley et al. 2017a). Finally, a lithium-
aluminum-copper alloy is applied in the aerospace industry to reduce the weight of

aircraft structures (Garrett 2004; Bradley et al. 2017a).

The future demand for lithium will depend on several factors including the growth of
the population and the requirement of this critical raw material to hold back anthropogenic
global warming through the development of clean energies (Kesler et al. 2012).
Inevitably, it will boost the development of new rechargeable batteries, which at the same
time will lead to an increase in lithium demand (Fig. 2; Bibienne et al. 2020). Then, by
2028 to 2030, the manufacturing of lithium batteries for electric vehicles is expected to

correspond to 95 percent of the lithium demand (Azevedo et al. 2022).
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Figure 2. Bar chart of forecasts (f) of lithium over the decade 2018-2028, expressed in thousands of

metric tonnes of LCEs. Major uses of lithium are indicated. The dotted green line indicates predicted

maximum demand of LCEs, and the red one indicates predicted minimum demand of LCEs. Note that

lithium demand in 2018 was about 300,000 tonnes of LCE, whereas it is expected that by 2028 it will
reach 1.0-1.3 Mt of LCE. Modified from Bibienne et al. (2020)

Five factors have been identified to rule risk supply: 1) geologic, with the study and
identification of undiscovered lithium resources and evaluation of economic exploitation
(reserves); ii) technical, since few countries are capable of extracting and processing the
ore; iii) environmental and social; iv) political, taking into account the influence of
governments; and v) economic, depending whether production and extraction costs of
lithtum can be paid by countries that require it or not (National Research Council 2008;
European Commission 2023). In order to reduce the growing supply-demand gap, new
technologies are under development to exploit unconventional lithium sources, including
direct lithium extraction (DLE) and direct lithium to product (DLP), which not only hold
the future supply of this material but also will allow to reduce the environmental and
social footprint (Azevedo et al. 2022). Secondary supply, such as recycling Li-ion
batteries, is also expected to increase in the following years and help cover part of the

forecasted high demand for lithium (Azevedo et al. 2022).

According to Trading Economics (2023), the price of lithium has considerably
increased in recent years as a consequence of its demand for the manufacture of batteries
used in electric-hybrid vehicles (Fig. 3). For comparison purposes, at the end of the year
2020 the price of lithium carbonate dropped to a minimum value of 40,000 yuan/t
(approx. 6,000 USD/t) while in November 2022 its price reached 600,000 yuan/t (approx.
83,500 USD/t; Trading Economics 2023).
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Figure 3. Variation of the prices of lithium carbonate in yuan/t during the last 5 years. The red point
indicates the maximum price of lithium carbonate (approx. 6,000 dollars/t). Modified from Trading
Economics (2023)

1.2. Geochemistry and mineralogy of lithium

Lithium, known by its chemical symbol Li, is the third chemical element in the
periodic table and the lightest alkali metal. It is a soft and silvery-white metal with an
atomic mass of 6.49 and a specific gravity of 0.534. Lithium has two stable isotopes in
nature: °Li, with an abundance of 92.1 — 92.6 %, and "Li, with an abundance of 7.4 — 7.9
% (Pogge von Strandmann et al. 2020). Due to its high reactivity, lithium does not occur
in its elemental form in nature but forms mineral compounds such as silicates and
phosphates in rocks and chloride complexes in brines (Bradley and Jaskula 2014; Evans

2014).

Although lithium was the only metal produced in the Big Bang, the abundance of this
element in the universe is very low compared to other light elements produced in that
event, namely H and He (Lodders 2020). Due to the low binding nuclear energy of lithium
isotopes (5.3 MeV/n to °Li and 5.6 MeV/n to "Li), both nuclides are fragile and can be
destroyed in Sun-like stars, thus explaining their low abundance. Even so, lithium is still
present in the universe due to production by spallation (i.e., the break-up of nuclei by a
collision) of heavier elements through interaction with galactic cosmic rays and by

nuclear reactions in some red giant Li-rich stars (Lodders 2020).
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The average lithium concentration in the bulk silicate Earth (equivalent to the
Primitive Mantle) is 1.39 ppm. Lithium average contents in the mantle and the oceanic
crust are 1.6 ppm and 4.3 ppm, respectively (Bradley et al. 2017a; Lodders 2020). In the
bulk continental crust, the average lithium content is 18 ppm; in the upper continental
crust, it is 20-40 ppm (Bradley et al. 2017a; Pogge von Strandmann et al. 2020). Lithium
contents may uncommonly reach values higher than 7,000 ppm in granitic LCT (lithium-

cesium-tantalum) pegmatites (London 2017; Michaud et al. 2021).

During magmatic differentiation processes, lithium shows a positive correlation with
Si0,, which indicates a moderately incompatible element behavior in basaltic magmas
(Penniston-Dorland et al. 2017; Chen et al. 2020). Also, lithium is incompatible with
quartz and feldspar, and its concentration increases in residual melts as the crystallization
of magmas proceeds (Stewart 1978; London 2017). Then, minerals in which Li is an
essential component could be used as indicators of the degree of differentiation of the

granitic melt from which they were deposited (London 2017).

Due to its hydrophilic properties, lithium is highly soluble during weathering of
silicate rocks and easily transported primarily in its ionic form (Aral and Vecchio-Sadus
2008; Bradley et al. 2017a). Once dissolved, lithium partitions into solution (e.g., rivers,
groundwaters) and secondary weathering minerals (e.g., clays, oxides, and zeolites;
Pogge von Strandmann et al. 2020). Whereas lithium is in trace concentrations in rivers
(average value of 0.0015 ppm) and seawater (average value of 0.18 ppm), it may reach
much higher contents in secondary minerals formed during weathering processes,
commonly in the range of 70-500 ppm (Huh et al. 1998; Evans 2014; Pogge von
Strandmann et al. 2020).

The isotopic composition of lithium is commonly expressed in the delta notation as

8’Li in per mil (%o), which is calculated using the following expression:
Tr:/) 67+
Li/ "Li
§7Li = ( ar /6 e 1) * 103
Ll/ LlStandard

The used standard is NIST-RM8545, which represents a Li>CO3 with "Li/°Li=12.019
(Marschall and Tang 2020). The §’Li values of the Earth’s reservoirs are +1.7%o £ 1.0%o

for continental crust, +3.5%o0 + 1.0%o0 for mantle, and +31.2%0 + 0.3%0 for modern

seawater (Marschall and Tang 2020). The relative variation in abundances of both
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isotopes is particularly useful to trace surface processes that occur during weathering of
rocks, in which Li isotopes strongly fractionate (Pogge von Strandmann et al. 2020). In
contrast, the use of lithium isotopes to trace high-temperature processes has been mostly
discarded due to the high diffusion of this element at igneous and metamorphic

temperatures (Marschall and Tang 2020).

Regarding the mineralogy of lithium, the first described lithium mineral, petalite
(Table 1), was identified in 1817 by the chemist Johan Arfvedson (Evans 2014). To date,
the International Mineralogical Association has approved 112 minerals containing

essential lithium (https://www.mindat.org/element/Lithium). However, it is noteworthy

that some rare Li minerals are restricted to a single locality. Approximately 73% of the
lithium minerals are silicates, 19% are phosphates, and 8% include other mineral types
(carbonates, fluorides, oxides, hydroxides, borates, and arsenites; Grew 2020). In
addition, lithium may occur in trace amounts, mostly substituting magnesium, in rock-

forming minerals (Bradley et al. 2017a).

According to the lithium mineral classification of pegmatites by London (2017), the
principal Li minerals include aluminosilicates, micas, tourmalines, and phosphates (Table
1). In granitic pegmatites, the most important Li-bearing mineral is the inosilicate
spodumene, which is found along with the nesosilicate eucryptite and the phyllosilicate
petalite (Table 1; London 2007; Brooks 2020). In LCT pegmatites, lithium micas belong
to the lepidolite solid solution between trilithionite and polylithionite endmember
compositions. In non-LCT pegmatites, chiefly in those of the NYF (niobium-yttrium-
fluorine) family, zinnwaldite occurs, which is a solid solution between siderophyllite and
polylithionite. Lithium end-members of the tourmaline group are elbaite, rossmanite, and
fluor-liddicoatite, also commonly found in granitic pegmatites (London 2017; Grew
2020). Granitic Li-rich pegmatites may also show a variety of lithium phosphates,
including the Li-Al amblygonite-montebrasite solid solution and the Li-Mn-Fe triphylite-
lithiophilite solid solution (London 2017; Grew 2020).

Lithiophorite and sugilite are Li-mineral species related to manganese deposits (Grew
2020). Hectorite — a sodium-magnesium-lithium clay mineral of the smectite family —,
the phyllosilicates tainiolite and norrishite, and jadarite — a lithium-borosilicate that have
been identified in sedimentary sequences in Serbia — are found in rhyolite caldera

sequences (Bowell et al. 2020; Borojevi¢ Sostari¢ and Brenko 2023). Lithium can also be
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adsorbed in clay minerals such as illite, kaolinite, smectites, or in interstratified smectite-

illite (Castor and Henry 2020; Tang et al. 2022).

Table 1. Main lithium minerals. Hectorite has been cataloged as questionable, which applies to poorly
characterized minerals whose validity could be doubtful.

Mineral Classification Formula Li2O wt.%
Amblygonite Phosphate LiAI(PO4)F 7.40
Bikitaite Tectosilicate LiAlSi206'H, O 7.32
Cookeite Phyllosilicate (LiA140) [A1Si3010] (OH)s 2.86
. - Na (Lil,sAh,s) Al6(Si6018)

Elbaite Cyclosilicate (BO3);(OH)(OH) 4.07

Eucryptite Nesosilicate LiAlISiOq4 9.7-11.86
Hectorite Phyllosilicate Nao.3(Mg,L1)3(S14010)(F,OH), 1.17
Holmquistite Inosilicate O{Li>} {Mg3Al>} (SisO2) (OH): 3.98
Jadarite Nesosilicate LiNaSiB3;07(OH) 7.28
y dﬁ}‘gg;i o | Cyclosilicate | Ca (Li2Al) Alg(SisOus) (BOs)s (OH)F | 2.61
Lithiophilite Phosphate LiMn*'(POa) 9.53
Lithiophorite Hydroxide (AL, Li) Mn*"O»(OH), 3.16

Montebrasite Phosphate LiAl(PO4)(OH) 7.4-10.21
Norrishite Phyllosilicate KLiMn**5(Si4010) O2 3.25

Petalite Phyllosilicate LiAl (Si4O10) 4.50-4.73
Polylithionite | Phyllosilicate KLi2Al (S14010) (F, OH) 6.46

) a LI(ALL1) Ale(SisO1s)

Rossmanite Cyclosilicate (BO3)5(OH)3(OH) 1.62
Simmonsite Halide NaxLiAlFs 7.71
Spodumene Inosilicate LiAlSi206 6-9
Sugilite Cyclosilicate KNay(Fe**, Mn*", Al),Li3Si12030 3.04
Tainiolite Phyllosilicate KLiMg>(Si4010) F2 3.69
Trilithionite Phyllosilicate K(Li15Al5) (AlSi3010) (F, OH)» 5.61
Triphylite Phosphate LiFe*'PO4 9.47

1.3. Overview of lithium deposits

Lithium resources and reserves in the world are mainly hosted in 3 types of deposits:
1) granitic pegmatite, mostly of the LCT family; i1) Aydromorphic, including brines in
which Li-ions are found in saline solutions; iii) volcanogenic, including clay and jadarite
deposit. In addition, deposits that may contain lithium in lesser proportions are iv)
manganese deposits with a Li-rich hydrothermal imprint; and v) bauxite deposits (Figs.
4-5; Bradley et al. 2017a, b; Gourcerol et al. 2019; Bowell et al. 2020). Although the most
important lithium resources and with the lowest processing costs are found in continental

brines (58%), lithium is mostly extracted from pegmatites with conventional methods due
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to their relatively higher lithium contents (Bradley et al. 2017a; Sterba et al. 2019;
Karrech et al. 2020).

Figure 4. Lithium resources distribution in the world according to type of deposit. Adapted from Bradley
and Jaskula (2014). Hydromorphic deposits include salt flat (salar), geothermal, and oilfield brines and
volcanogenic deposits include clays and zeolites

Figure 5. Major lithium deposits in the world. Modified from Bowell et al. (2020)

At the present, world lithium production is concentrated in Australia (spodumene

operations), Latin America (brine operations), China (unknown origin), and smaller
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productions in Russia, Portugal, the United States, and Zimbabwe (Table 2; United States
Geological Survey 2023). Furthermore, new lithium sources to be developed in the future
are found in Austria, Argentina, Bolivia, Chile, Peru, Portugal, Spain, and the United
States, among others (Table 2, United States Geological Survey 2023).

Table 2. Lithium mine production, reserves, and resources in the world in 2021. Extracted from United
States Geological Survey 2023.

Mine production” Reserves” Resources”
Bolivia - - 21,000,000
Argentina 5,970 2,700,000 20,000,000
United States - 1,000,000 12,000,000
Chile 28,300 9,300,000 11,000,000
Australia 55,300 6,200,000 7,900,000
China 14,000 2,000,000 6,800,000
Germany - - 3,200,000
Congo - - 3,000,000
Canada - 930,000 2,900,000
Mexico - - 1,700,000
Czechia - - 1,300,000
Serbia - - 1,200,000
Russia - - 1,000,000
Peru - - 880,000
Mali - - 840,000
Brazil 1,700 250,000 730,000
Zimbabwe 710 310,000 690,000
Spain - - 320,000
Portugal 900 60,000 270,000
Namibia - - 230,000
Ghana - - 180,000
Finland - - 68,000
Austria - - 60,000
Kazakhstan - - 50,000
Other - 3,300,000 -
Total 107,000 26,000,000 76,318,000

*Note: Mine production in 2021, reserves, and resources in metric tonnes (t).

1.3.1. Pegmatite deposits

Rare element granitic pegmatites of both the LCT and NYF families stood out as
the main Li source despite the high costs of its processing that are offset by its relatively
high contents compared to brine deposits (Fig. 4; Karrech et al. 2020). Pegmatites of the
LCT family are the main hard-rock source of lithium and are also enriched in other high-
tech metals such as Cs, Ta, Be, Rb, Nb, and Sn (London 2017; Bowell et al. 2020).

Pegmatites of the LCT family have a peraluminous nature (i.e., high alumina content) and
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form by anatexis of Li-enriched sedimentary rocks and extreme differentiation of I-type
granites (Stewart 1978; Bradley et al. 2017b; Grew 2020). Li-rich pegmatites get enriched
in incompatible elements due to sequential crystallization of a single fluid, multiple fluids
injections, or a late hydrothermal alteration (London 2008). The most abundant lithium
mineral in LCT pegmatites is spodumene; other important lithium silicate minerals in
LCT pegmatites include polylithionite-trilithionite (lepidolite), amblygonite, petalite,
elbaite, montebrasite, among others (Bowell et al. 2020). In NYF pegmatites, simmonsite
is found (Grew 2020). In addition, metasomatic rocks associated with contact zones of

pegmatites present holmquistite as a characteristic Li-bearing mineral (Grew 2020).

The pegmatitic deposits with the highest tonnages are found in Australia,
including Greenbushes (Fig. 5; 118 Mt of spodumene ore with a grade of 2.4% Li,0 —
1.e., 7.12 of LCE), Earl Grey (Fig. 5; 189 Mt of spodumene ore with a grade of 1.5%
Li20), and Wodgina (Fig. 5; 233 Mt of spodumene ore with 1.21% Li,O grade; Karrech
et al. 2020). Other important pegmatite deposits and advanced prospects include Tanco
in Canada (Fig. 5; 7.3 Mt of spodumene ore with 2.76% Li20O), San José in Spain (112
Mt of spodumene ore with 0.61% Li>0O), and Bikita in Zimbabwe (Fig. 5; 23 Mt of
spodumene, lepidolite and petalite ore with 1.4% Li,O grade; Bradley et al. 2017b).

1.3.2. Hydromorphic deposits

The most important hydromorphic Li deposits consist of continental brines, which
nowadays stand out as the preferred source of lithium (Fig. 5; Bowell et al. 2020). Lithium
brines are normally hypersaline (1.7 — 24 times more saline than seawater) solutions that
are near saturation for many compounds and may contain high concentrations of

dissolved lithium ions (Bowell et al. 2020).

Continental lithium brine deposits develop in endorheic basins containing a salar
and/or salt lake, allowing its concentration in arid environments (Munk et al. 2016). These
deposits are associated to surface- and ground-waters that contain important quantities of
lithtum derived from igneous and/or hydrothermal activity (Evans 2014; Munk et al.

2016; Bradley et al. 2017a).

South American brine deposits in the so-called Lithium Triangle of the Andes
occur at shallow depths and are considered the largest brine deposits worldwide (Fig.6;

Evans 2014; Vilca 2020). The Lithium Triangle of the Andes contains more than 50% of
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the global resources of lithium and delimits a strategic zone for the exploration of this
element in Chile, Argentina, and Bolivia (The Mineral Corporation 2019; Vilca 2020;
United States Geological Survey 2023). In Chile, lithium-rich continental brines include
Salar de Atacama (Fig. 5; 6300 Kt of Li with 0.184 wt.% Li) and Salar Maricunga (269
Kt Li with 0.117 wt.% Li). In Bolivia is the Salar de Uyuni (Fig. 5; 3600 Kt Li with 0.045
wt.% Li), and in Argentina are the Salar Centenario (921 Kt Li with 0.045 wt.% Li), Salar
del Hombre Muerto (835 Kt Li with 0.071wt.% L1i), Salar Cauchari (282 Kt Li with 0.069
wt.% Li), and Salar del Rincon (203 Kt Li with 0.032 wt.% Li; Bowell et al. 2020).

Figure 6. Location of the Macusani Volcanic Field to the north of the Lithium Triangle of the Andes,
which is delimited by Salar Uyuni (Bolivia), Salar de Atacama (Chile), and Salar del Hombre Muerto
(Argentina)

Significant salar lithium deposits are also found in the Clayton Valley basin in
Nevada, USA (Fig. 4; 41 Kt Li with 0.012 wt.% Li), where lithium-rich brines and clays
are described; the latter includes hectorite, which has been interpreted as the remaining

of a former brine system (Bradley et al. 2017a).

Unconventional hydromorphic lithium sources include geothermal and oilfield

brines. Lithium extraction as a by-product of geothermal brines may become a
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fundamental source of lithium in the future (Brooks 2020; Toba et al. 2021). Although
lithium concentration is relatively low, the ratio between Li and other dissolved elements
is similar to continental brines with 100-200 ppm Li (Kesler et al. 2012). One of the most
enriched geothermal brine sources is found in Salton Sea in the U.S. (Fig. 5; up to 286
mg/L Li; Thompson and Fournier 1988; Toba et al. 2021). Lithium concentration in
oilfield brines may typically contain more than 50 mg/L Li as identified in the Jurassic
Smackover formation (up to 112 mg/L; Bowell et al. 2020) in Texas, in North Dakota
(~400 to 118 mg/L), Wyoming (~90 to 93 mg/L), and Oklahoma (51 to 70 mg/L; Collins
1976).

1.3.3. Volcanogenic deposits

Volcanogenic lithium deposits are closely related to secondary minerals such as
clays, zeolites, or jadarite, with a genetic-spatial relation to felsic volcanic rocks in

calderas.

In clay deposits, lithium may occur either within clay minerals — mostly as
hectorite or in illite-smectite mixed-layer clays — or as an adsorbed ion to clay minerals
(Bowell et al. 2020). Lithium-clay deposits result from the interaction of pre-existing
volcanic rocks enriched in lithium with atmospheric or hydrothermal fluids, triggering

the deposition of secondary clay minerals (Bowell et al. 2020).

One of the best examples of lithium clay deposits occurs in the McDermitt caldera,
on the Nevada-Oregon border in the US (Castor and Henry 2020). The 40 x 25-km
McDermitt caldera, in which lithium resources are hosted by tuffaceous sediments, is the
largest clay deposit in the world (Castor and Henry 2020). Lithium occurs as Li-illite
(chemically similar to tainiolite), hectorite and in mixed clay layers with a range of 2,000-
3,000 ppm Li (Castor and Henry 2020). Within the McDermitt caldera, Kings Valley (Fig.
5) has become one of the most illustrative and highest-grade clay deposits (27 Mt Li with
0.395 wt.% Li). In this deposit, illite-tainiolite is the main lithium ore, followed by
hectorite (Bowell et al. 2020). In the Falchani deposit in Peru (Fig. 5; 0.9 Mt Li and 0.296
wt.% Li), lithtum occurs as an adsorbed ion to hydrothermal clays in lacustrine
sedimentary and rhyolite tuffaceous rocks, according to Bowell et al. (2020); however, a

detailed mineralogical characterization of the Falchani deposit is not available.
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A less common lithium-boron deposit type is related to jadarite in the Neogene
Jadar volcano-sedimentary basin in Serbia (Fig. 5; Gourcerol et al. 2019; Bowell et al.
2020; Borojevi¢ Sostari¢ and Brenko 2023). This basin has an LCT pegmatites basement,
which could represent a local Li endowment, followed by jadarite precipitation due to the
interaction between geothermal-hydrothermal fluids and volcano-sedimentary sequences
(Gourcerol et al. 2019; Bowell et al. 2020). The high contents of Li in the Jadar deposit
(~156 Mt @ 1.8% Li>O; Borojevi¢ Sostari¢ and Brenko 2023) rank it as one of the largest
lithium deposits in the world (Bowell et al. 2020).

1.3.4. Manganese deposits

In manganese deposits, lithium mineralization is associated with hydrothermal
fluid circulation, and Li-bearing minerals include sugilite, lithiophorite, and norrishite
(Gourcerol et al. 2019; Grew 2020). The occurrence of these lithium minerals along veins
and fractures and radiometric dating evidence that the Li mineralization is younger than
the sedimentary host rock (Grew 2020). For that reason, Grew (2020) suggests that
lithium minerals are products of hydrothermal alteration. For example, in the Tahohata
mine in Japan (Fig. 5), the lithium mineralization occurred during the alteration of a

Cretaceous granodiorite intrusive by the circulation of hydrothermal fluids (Grew 2020).
1.3.5. Bauxite deposits

Secondary minerals such as lithiophorite and cookeite predominate in karst bauxite
deposits, in which stratiform bauxite horizons are related to karst bedrocks (Gourcerol et
al. 2019). In the Halimba basin (Fig. 5; Hungary), bauxites contain lithiophorite, which
deposited from hydrothermal fluids (Béardossy 2013; Gourcerol et al. 2019). In the

Xinmin bauxite deposit, Tang et al. (2022) proposed Li enrichment due to surface runoff.

1.4. The discovery of a major lithium resource at Falchani

In November 2017, the discovery of a major lithium resource in the Falchani
concession, located in Macusani Volcanic Field (Carabaya Province, Puno Department),
was announced. The Falchani concession belongs to the Falchani Lithium Project and
consists of lithium-uranium exploration properties owned by Macusani Yellowcake
S.A.C., the Peruvian subsidiary of American Lithium (formerly Plateau Energy Metals;
The Mineral Corporation 2019).
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In 2018, different national media, such as Gestion and Redaccion RPP reported that
the Falchani Project had estimated resources of 2.2-2.5 Mt lithium carbonate equivalents,
considering it as ‘white gold” and 130-132 Mt UzOg (Redaccion RPP 2018). Ulises Solis,
manager of Macusani Yellowcake, declared to Gestion (2018) that Falchani contains
sufficient resources, which would increase with exploration, to become “the largest
lithium mine in the world, with a higher production than Chile, Bolivia and Argentina
together”. In addition, Gestion (2018) highlighted that by then, only 8,000 of 92,000
hectares owned by Macusani had been explored and that production would begin at the

end of 2020.

Recent news published in May 2022 by RPP noticias indicates that the Macusani
Yellowcake company has postponed the lithium production until 2023 due to various
factors, such as the coronavirus pandemic (Agencia Reuters 2020) and social-
environmental issues. At first, Vilca (2020) refers to administrative-judicial issues,
reporting that 32 of the 151 concessions of Macusani Yellowcake are in litigation with
INGEMMET. Furthermore, the Ministerio de Energia y Minas (MINEM) went into a
discrepancy with Macusani Yellowcake since MINEM indicates that the project would
be more feasible if lithium was not related to uranium, as it would represent a radiation

danger for the population at Corani (Saldarriaga 2021).

The Falchani Lithium Project (Fig. 7) includes two concessions: Falchani and
Ocacasa 4 (The Mineral Corporation 2019), in which exploration started as a result of a
radiometric anomaly and superficial sampling. Lithium and uranium occurrences in the
Macusani area are associated with Tertiary tuffs and ignimbrites of the Macusani
Formation (a.k.a. Quenamari Formation; The Mineral Corporation 2019). In April 2018,
a sample of tuff yielded a grade close to 4,000 ppm; although no lithium minerals were
identified, clay alteration was recognized in the groundmass of the rhyodacitic tuffs (The

Mineral Corporation 2019).

In the technical report by The Mineral Corporation (2019), a local stratigraphy was
delimited, including, top to bottom, the Upper Rhyolite, the Upper Breccia (UBX), the
Lithium-rich Tuffs (LRT), and Lower Breccia (LBX) (Table 3; The Mineral Corporation
2019).
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Table 3. Lithium Resources in Falchani Project. LRT: Lithium Rich-Tuff; BX: Breccia (Upper and
Lower Breccia); Li Conversion Factors as follows: Li: LioC03=5.323; Li,0:Li,C0O3=2.473. Modified
from The Mineral Corporation (2019)

Lithium resources in the Falchani project
Category |  Zone Tomeetsrl((I:\/I p| Liepm) |LiCOs(MD| LicO (%)
Indicated LRT 42.53 3566 0.8 2.3
LRT+BX 60.92 2954 0.96 0.64
Inferred LRT 123.55 3275 2.14 2.12
LRT+BX 260.07 2706 3.75 0.58

A second company exploring uranium-lithium in Macusani at that time was Fission
3.0 Corp. According to SIDEMCAT (2022), Fission 3.0 Corp. owns the Llama Norte and
Llama Sur concessions near the Falchani Lithium Project (Fission 3.0 Corp. 2022). This
company reported in 2016 that 13 out of 16 drill holes cut high-grade uranium (>1.21 %

U30g) and superficial (i.e., over 0.5 m deep) anomalies of lithium (>533 ppm).

In 2018, INGEMMET started a project under the title “Evaluacion del Potencial de
Litio en el Sur del Peru” in different regions of Perd, such as Arequipa, Cusco,
Huancavelica, Ica, Moquegua, Puno, and Tacna (Ronquillo et al. 2019). The main
objective was to identify the presence of lithium in economic quantities in volcanic and
plutonic rocks (Ronquillo et al. 2019). According to the analyzed samples, the highest
lithium values were found in the central segment of a lapilli tuff sequence belonging to
the Sapanuta Member of the Quenamari Formation in Puno, with 2,815 to 3,070 ppm Li;
in contrast, they reported much lower Li values in the range between 135 and 342 ppm in

the Chacacuniza and Picotani Members of the Quenamari Formation.

In June 2022, American Lithium Corp. (2022) announced the production of sulphate
of potash (SOP, also known as potash or potassium sulphate) as a by-product of lithium,
which provides an additional potential for the Falchani Project and an alternative fertilizer

supply for Peru.
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Figure 7. Exploration concessions in the Macusani Basin between the coordinates 280,000 and 360,000
East and 8,420,000 and 8,480,000 North. The Falchani Project covers an area of 1,700 ha (SIDEMCAT
2022)

1.5. Conundrum

In recent years, the demand for lithium has increased due to various factors, such as
the energy transition, and is expected to continue to increase in the next years (IRENA
2019; European Commission 2023; Azevedo et al. 2022). Currently, the manufacture of
rechargeable batteries is the sector with the highest demand for lithium (Bibienne et al.
2020), which has triggered an abrupt increase in its price from its minimum value of 5,400
USD/t in 2020 to the current (August 2023) 36,900 USD/t (Trading Economics 2023).
The exploration for new — both conventional and non-conventional — lithium sources is

necessary to secure its supply in the next decade.

Rhyolitic tuffs and ignimbrites from the Macusani Volcanic Field are known for their
high lithium contents. This Lithium-rich Tuff is related to lacustrine sedimentary units in
a volcanic field of important dimensions (the Falchani Lithium Project area alone
comprises 93 hectares). The Falchani Lithium Project has indicated and inferred resources

of 0.9 Mt Li and grades around 3,000 ppm Li (The Mineral Corporation 2019). The Li
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resource is chiefly hosted by a tuff level, the so-called Lithium-rich Tuff, undocumented
in previous studies of volcanic and volcanogenic rocks in the area (e.g., Pichavant and
Montel 1988; Pichavant et al. 1988a, b; Cheilletz et al. 1992). Studies on the
mineralogical expression of lithium in such rocks are still unavailable. In this sense, the
discovery of the Falchani Lithium Project represents a favorable area to be surveyed
through detailed mineralogical studies focused on the identification of clay minerals
formed as a result of the circulation of meteoric and/or hydrothermal fluids that leached

lithium from rhyolitic materials in a caldera basin (see Benson et al. 2017).

1.6. Objectives

The main objective of this study is the assessment of the mineralogical expression of

lithium in the Lithium-rich Tuff in the Macusani Volcanic Field.

Specific objectives include:
» To identify primary and secondary mineral phases in the Li-rich Tuff;
* To perform high-resolution mineralogy on the identified clay minerals;
= To ascertain the minerals that contribute to the lithium endowment; and

* To discuss the classification of the Falchani Lithium Project according to its

environment of formation and mineralogy.
1.7. Hypothesis

According to limited previous studies, it is expected that the Lithium-rich Tuff
presents a homogeneous mineralogy composed of primary quartz, feldspar, and micas, as
well as secondary clays and zeolites. It is expected that lithium is associated with
secondary clay minerals either in their crystal lattice (i.e., lithium-clay phases) or as an
adsorbed ion (ion-clay) due to the strong alteration/weathering undergone by the rhyolitic

volcanic and volcaniclastic rocks within the Macusani Volcanic Field.
1.8. Justification

Lithium is a critical element in growing demand mostly due to its use in the
manufacture of electric vehicle batteries. The discovery and characterization of new
sources of this element, including non-conventional ones, are crucial (Bibienne et al.
2020). Tuffs and ignimbrites in the Macusani Volcanic Field in south-eastern Peru,

particularly those in the newly defined Lithium-rich Tuff unit, stand as non-conventional
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volcanogenic lithium sources. On the other hand, reported resources for the Falchani
Lithium Project rank it as one of the largest potential sources of lithium globally (Vilca
2020). Despite this, the mineralogy of ore-bearing rocks in the Falchani Lithium Project
is largely unknown, notably that of clay minerals. The Falchani Lithium Project and
surrounding areas represent an excellent opportunity to survey further the mineralogy of
volcanogenic lithium deposits, including the high-resolution mineralogical
characterization of clay minerals, potential bearers of Li in this type of deposits. The
correct identification of clay minerals at the Lithium-rich Tuff from the Macusani
Volcanic Field and their crystallochemical relation with lithium will also be relevant for

the mineral and metallurgical processes for lithium recovery.

2. METHODOLOGY
2.1. Sampling

Seventy rock samples were collected during a fieldwork campaign developed in the
Macusani Volcanic Field in October 2021. Out of these, thirty-one samples of Lithium-
rich Tuff were selected for this thesis to investigate their mineralogy. A list of the
analyzed samples and their respective sample code, description, and location (including
coordinates of outcrop samples, collar drill cores, and concessions) is provided in

Appendix A. The location of the studied samples is shown in Figure 8.
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Figure 8. Location of the studied rock samples and exploration concessions owned by Macusani
Yellowcake (SIDEMCAT 2022) in the Macusani Volcanic Field

2.2. X-Ray Diffraction

Previous to their analysis, weathered parts of the rock samples were removed by
cutting with a diamond saw (Fig. 9A). The samples were then dried at 70°C for 24 hours
and subsequently crushed with a jaw crusher (Fig. 9B) until a fine powder was obtained.
A representative fraction of about 10 g of the crushed rock samples was obtained through

rotary splitters (Figs.10A, B).
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Figure 9. A) Diamond saw and B) jaw crusher available at the QEMSCAN laboratory (PUCP) used in
this study

Figure 10. A, B) Rotary splitters used in this study at the QEMSCAN laboratory (PUCP)

The obtained representative fractions of the samples were ground in an agate mortar
(Fig. 11A) and manually pressed using a glass plate to obtain a flat surface in cylindrical
standard sample holders of 16 mm in diameter and 2.5 mm in height. Powder XRD data
were collected with a Bruker D8 Discover diffractometer (Fig. 11B) in Bragg-Brentano
0/20 geometry of 240 mm of radius at the Centro de Caracterizacion de Materiales of the
Pontifical Catholic University of Peru (CAM-PUCP). Scanning from 4 to 70 ° (26) was
performed at a step size of 0.017° and a scan time of 1 s per step. Nickel-filtered Cu Ka

radiation (k = 1.5418 A) and 40 kV—40 mA conditions were used.
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Figure 11. A) Agate mortar. B) Bruker D8 Discover diffractometer, available at CAM-PUCP

In addition, a total of seventeen clay-rich samples were selected for clay
identification. For this purpose, the clay fraction was analyzed as oriented mounts (Moore
and Reynolds 1989) at CAM-PUCP using the same equipment and setup as for powdered
samples, although with variable scanning ranges as follows: (i) air dried, scanning from
2 to 50° (20); (i1) samples saturated with ethylene glycol, scanning from 2 to 30° (20);
(ii1) samples heated at 400°C, scanning from 2 to 30° (20); and (iv) samples heated to
550°C, scanning from 2 to 30° (20).

The software PANalytical X’Pert Highscore 2.0.1 was used to subtract the
background of the diffractograms, detect the peaks, and assign mineral phases to each
peak. To identify clay minerals, we followed the flow diagram proposed by the USGS,
available at https://pubs.usgs.gov/0f/2001/0f01-041/htmldocs/flow/index.htm. Results of

XRD analyses are provided in Appendix B.

2.3. SEM-EDS

Four samples were studied using a Quanta 650 FEI scanning electron microscope
(SEM) equipped with an EDAX-Octane Pro EDS microanalysis system at CAM-PUCP.
The operating conditions for the analyses were 20 keV of accelerating voltage and a
current of 5 nA. The images were obtained in secondary electron (SE) mode, and the
composition of the imaged mineral phases was obtained using the EDS detector. Textures
and morphologies of clay minerals, micas, and zeolites and their major element

composition analyzed by SEM-EDS are presented in Appendix C.


https://pubs.usgs.gov/of/2001/of01-041/htmldocs/flow/index.htm
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24. TEM

A transmission electron microscopy (TEM) study was carried out on three samples (2021-
MAC-38, 2021-MAC-49, and 2021-MAC-50). The samples were prepared as powders,
dispersed in ethanol, sonicated, and deposited onto Formvar®-covered Cu grids. Mineral
compositions were determined by analytical electron microscopy (AEM) in a HAADF
Thermo Fisher Scientific TALOS F200X microscope at the Centro de Instrumentacion
Cientifica (CIC) of the Universidad de Granada. Operating conditions were 200 kV, with
a point-to-point resolution of 1.2 A in the TEM mode and 1.9 A in the scanning (STEM)
mode. The quantitative micro- to nano-chemical analyses in STEM mode were obtained
by energy dispersive X-ray microscopy (AEM-EDX), using the Super-X system. Mineral
standards were used to obtain K-factors according to the method proposed by Lorimer
and CIiff (1976). High-resolution transmission electron microscopy (HRTEM) and
selected-area electron diffraction (SAED) patterns were taken with a Titan instrument
with an XFEG emission gun, spherical aberration corrector, and HAADF detector,
operated at 300 kV at the CIC. The point-to-point resolution is 0.8 A in the HRTEM mode
and 2 A in the STEM mode.

3. GEOLOGICAL SETTING
3.1. Geology of the Central Andes of southern Peru: The Cordillera Oriental

The Andes Cordillera is a mountain belt-shaped by the subduction of the oceanic
Nazca plate beneath the South American continent (Kay and Mpodozis 2020; Ramos
1999; Worner et al. 2018). The Andean mountain belt is geographically divided into the
Northern (0-15°S), Central (15-33°S), and Southern Andes (33-56°S). The Central
Andes, where the study area is located, is the largest of these segments (~4,000 km long).
Major geomorphotectonic units in the Central Andes include the high-elevation
Cordillera Occidental and Cordillera Oriental, the low-relief and high-elevation
Altiplano-Puna Plateau, and the Subandean fold and thrust belt (Fig. 12; Kay and
Mpodozis 2020). Sempere and Jacay (2008) divided the Central Andes into two domains:
the Western Magmatic Andes, comprising the forearc, Cordillera Occidental, and SW
Altiplano, which formed dominantly by magmatic accretion; and the Eastern Tectonic
Andes, consisting of the NE Altiplano, Cordillera Oriental, and Subandean belt, where

tectonic shortening was significant. In southern Peru, these two domains are separated by
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a lithospheric boundary coinciding with the Urcos-Ayaviri-Copacabana-Coniri Fault

System (Sempere and Jacay 2006).

In southern Peru, the Cordillera Oriental orogenic belt separates the Altiplano from
the Sub-Andean thrust and fold belt. The so-called Inner Arc in the Cordillera Oriental is
characterized by igneous rocks of peralkaline and peraluminous affinities in contrast with
the calc-alkaline and alkaline affinities in the Main Arc domain stretching along the

Cordillera de la Costa and Cordillera Occidental (Clark et al. 1990).

Figure 12. Geomorphotectonic structures of the Central Andes including the location of the Macusani
Volcanic Field. The dotted-line box around Macusani Volcanic Field indicates the area covered in Fig.
13. Modified from Kontak et al. (1990)

The Triassic Mitu rifting in central Peru, which occurred in the context of the breakup
of Pangea, roughly coincided with the present axis of Cordillera Oriental (Sempere et al.
2002; Spikings et al. 2016; Miskovi¢ et al. 2009). The termination of Triassic Mitu rifting
due to the change in plate convergency in the latest Triassic and Early Jurassic (Spikings
et al. 2016) was followed by Jurassic to the early Cretaceous establishment of subduction-

related arc magmatism in the Central Andes and extensional back-arc basins formed in
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southern Peru (Kay and Mpodozis 2020). In the late Cretaceous, there was a transition to
compressional tectonism as a result of the westward shift of the South American plate
(Miskovi¢ et al. 2009) and from the Late Oligocene to the present, high convergence rate
plate dynamics, orogenic uplift, and strong magmatism have prevailed in the Central

Andes (Cheilletz et al. 1992).

At the latitudes of southern Peru, Perez et al. (2016) subdivided the Cordillera Oriental
into three tectonic/structural domains: 1) the Central Andean Backthrust Belt, which is a
SW-verging system of fold and thrust belt formed during the Andean orogeny by tectonic
inversion of a Mesozoic back-arc basin; ii) the Precordillera de Carabaya, with high
elevations separated by series of Tertiary intermontane basins, namely the Macusani,
Crucero, and Ananea-Ancocala basins (Kontak et al. 1990; Sandeman et al. 1997), also
known as the Macusani Structural Zone (Perez et al. 2016); and iii) the glaciated peaks
of the Cordillera de Carabaya, also known as the Carabaya batholith, which is defined by
a suite of Triassic plutons (Fig. 12; Kontak et al. 1990). Tertiary intermontane basins are
spatially related to three major volcanic fields, represented geomorphologically by the

Macusani (a.k.a. Quenamari), Cayconi, and Picotani mesetas (Fig. 13).
3.2. Regional geology of the Cordillera de Carabaya

The Cordillera of Carabaya is a 195-km-long mountain range covering the
southeastern segment of the Cordillera Oriental in Peru. Geographically, it extends
between 13°07'S and 14°52'S and between 69°14'W and 70°16'W across the Cusco and

Puno regions.

In the Cordillera de Carabaya, Neoproterozoic to Mesozoic volcanic, sedimentary,
and metamorphic sequences, Triassic-Jurassic intrusive rocks, and Paleogene-Neogene
volcanic and intrusive rocks are exposed (Kontak et al. 1990; Sandeman et al. 1996;
Sanchez and Zapata 2003; Miskovi¢ et al. 2009). Rocks in Cordillera de Carabaya record
three main periods of deformation: i) Eohercynian, during the Late Devonian-Early
Carboniferous period, ii) Late Hercynian, during the late Permian, and iii) Andean, from

Upper Cretaceous to Miocene (Laubacher 1978; Perez et al. 2016; Miskovi¢ et al. 2009).

The oldest rocks exposed in Cordillera de Carabaya are the gneisses, micaschists, and
amphibolites of Neoproterozoic-Lower Cambrian age grouped under the name of

Iscaybamba Complex (Sanchez and Zapata 2003). From the Ordovician to the Lower



34

Carboniferous, more than 15 km of (meta-)sedimentary strata comprising shales and
sandstones were accumulated in the paleogeographic position that today encompasses the
Cordillera de Carabaya (Sandeman and Clark 2004; Kontak et al. 1990). From the Lower
Ordovician to the Upper Devonian, siliciclastic sedimentation took place in a large
epicontinental marine basin covering part of the Brazilian shield and reached its
maximum depths in the area covered by present-day Cordillera Oriental (Laubacher
1978). With a total thickness up to 7,000 m, the exposed Lower Paleozoic sequences
consist mostly of the Middle Ordovician San José Formation and the Upper Ordovician
Sandia Formation (Laubacher 1978). The San Jos¢ Formation is characterized by a
flyschoid sequence of fossiliferous black shales with small intercalations of sandstone
levels. The Sandia Formation is a detrital sequence composed of quartzites interbedded
with gray-black shales. Overlying this unit is the Ananea Formation, a >2,500-m-thick
Silurian-Devonian sequence comprising black shales interbedded with quartzites in the

uppermost part of this unit (Laubacher 1978).

The Upper Paleozoic lithologies exposed in this segment of the Cordillera Oriental
are composed of carbonate and detrital facies that overlie unconformably on the Lower
Paleozoic series and were folded during the Late Hercynian deformation phase
(Laubacher 1978). They correspond to the Mississippian Ambo Group and the overlying
Pennsylvanian Tarma Group. Materials belonging to both groups are composed of silico-
calcareous marine deposits including sandstones, shales, and limestones (Laubacher
1978). In the earliest Permian, rocks of the Copacabana Group were deposited in an
epicontinental sea. The Copacabana Group comprises fossiliferous limestones with

intercalations of sandstones, and black shales, cherty limestones (Sempere et al. 2002).

The sedimentary continuity observed between the Early Permian Copacabana Group
and the overlying Triassic Mitu Group is associated with the Middle Triassic continental
rifting allowing the accumulation of the sedimentary and volcanic rocks (Laubacher
1978; Sempere et al. 2002; Rosas et al. 2007; Spikings et al. 2016). Spikings et al. (2016)
indicating that the deposition of the Mitu Group started in the Middle Triassic (~240-245
Ma) and lasted until the Late Triassic (~220 Ma). It consists of a >2,000-m-thick
succession of interbedded red siliciclastic (conglomerates, sandstones, and mudstones)
and local carbonate and evaporite rocks with volcanic and volcaniclastic rocks, the
assemblage intruded by hypabyssal to plutonic rocks (Sempere et al. 2002; Spikings et al.

2016). Volcanic rocks have a predominantly basaltic to andesitic composition and
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alkaline intraplate signatures (Kontak et al. 1990). Most Triassic plutons exposed in the
Cordillera de Carabaya were emplaced between 236.3 = 0.9 Ma and 216.1 = 3.1 Ma,
coevally with the deposition of the Mitu Group, thus indicating that these events took

place in the same tectonic environment (Spikings et al. 2016).

Younger Early Jurassic igneous complexes in the Cordillera de Carabaya include
peralkaline volcanic and intrusive rocks of the Allincapac Complex (206 + 70.8 Ma;
Kontak et al. 1990) and Late Triassic-Early Jurassic peraluminous granitoids
corresponding to the Carabaya granitoid batholith (190.3 £ 2.5 to 216.1 = 3.1 Ma; Kontak
et al. 1990; Miskovi¢ et al. 2009).

The Cretaceous sequences in Cordillera de Carabaya belong to four units deposited
in fluvial and eolian environments which, from bottom to top, include the Huancané,
Viluyo, Ayabacas, and Vilquechico Formations (Laubacher 1978; Sandeman et al. 1996;
Rodriguez et al. 2021). According to Rodriguez et al. (2021), the Huancané Formation
consists of a sequence of massive white sandstones with a subordinate intercalation of
shales deposited in a fluvial environment. The Viluyo Formation is composed of arkosic
and/or quartz sandstones with the eventual presence of horizontal and crossed lamination.
The Ayabacas Formation corresponds to grayish limestones deposited in an unstable shelf
marine environment. Finally, the Vilquechico Formation is composed of greenish-gray

shales deposited in a fluvial sedimentation environment with floodplains.

After a major uplift due to compressional tectonics during the Late Eocene, the
emplacement of strongly peraluminous volcanic and intrusive rocks of the Crucero
Supergroup and Crucero Intrusive Supersuite took place (Cheilletz et al. 1992; Sandeman
etal. 1996, 1997). Oligocene-to-Miocene igneous and sedimentary rocks belonging to the
Crucero Supergroup are exposed in and adjacent to the Macusani, Crucero, and Ananea-
Ancocala intermontane depressions (Fig. 13), in which the igneous rocks represent the
most recent manifestation of magmatic activity in the Inner Arc domain (Clark et al.
1990). Extrusive rocks of the Crucero Supergroup occur within four volcanic fields:
Macusani (a.k.a. Quenamari), Cayconi, Picotani, and Antauta (Sandeman et al. 1996).
The Crucero Supergroup encompasses two petrologically and temporally distinct
assemblages: the older Picotani Group and the younger Quenamari Group (Sandeman et

al. 1996, 1997).
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The Picotani Group comprises a sequence that dominates in the Picotani Field and
consists of an assemblage of rhyodacitic volcanic rocks intercalated with mafic flows of
Late Oligocene — Early Miocene age (ca. 22-26 Ma; Sandeman et al. 1997, Sandeman
and Clark 2003); in finer detail, volcanic rocks include S-type rhyodacites and rhyolites,
lamprophyres, medium-to high-K calc-alkaline basalts, and shoshonites; subdivided into
ten formations by Sandeman et al. (1997), namely Cerro Queuta, Cerro Huancahuancane,
Cerro Sumpiruni, Pucalacaya, Lago Perhuacarca, Cerro Moromoroni, Cerro Cancahuine,
Pachachaca, Jama Jama, and Suratira. As for the Quenamari Group, it comprises a
sequence of strongly peraluminous rhyolitic ash flows of Miocene age (ca. 6.5 - 17 Ma)
that are prevalent in the Quenamari Field (Sandeman et al. 1997, Sandeman and Clark
2003). It was subdivided by Sandeman et al. (1997) into the Huacchane, Quebrada
Escalera, and Macusani Formations. Whereas the Huacchane and Quebrada Escalera
Formations occur in the Picotani Field, the Macusani Formation occurs in the Quenamari

Field.

Figure 13. Simplified geology of the tectonic/structural domains: Cordillera de Carabaya, Precordillera
de Carabaya (a.k.a. Macusani Tectonic Zone), and Central Andean Backthrust Belt. The locations of the
Macusani, Crucero, and Ananea-Ancocala intermontane depressions are also shown. Modified from
Kontak et al. (1990) and Sandeman et al. (1997)
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3.3. Geology of the Macusani Basin and the Macusani Volcanic Field

The Macusani basin is located in the northern part of the Puno Department and is
surrounded by the 4,500 to 5,500 m peaks of the Cordillera and Precordillera de Carabaya
(Cheilletz et al. 1992; Sandeman et al. 1997). It lies between the Cordillera de Carabaya
to the north and the Central Andean Backthrust Belt to the south (Fig. 13). The Macusani

Basin encompasses part of the Macusani Volcanic Field.

According to Sandeman et al. (1997), the exposed Crucero Supergroup lithologies in
the Macusani Volcanic Field include volumetrically dominant rhyolitic rocks of the
Macusani Formation (Quenamari Group) and, in a lesser proportion, rhyodacitic
sequences of the Lago Perhuacarca, Pucalacaya, and the Cerro Sumpiruni Formations
(Picotani Group). The volcano-sedimentary sequence of the Macusani Volcanic Field is

cut by hypabyssal units of the Quenamari and Picotani Intrusive Suites (Fig.14).
3.3.1. Picotani Group

In the Quenamari Volcanic Field, the Picotani Group is represented by the Late
Oligocene to Early Miocene Lago Perhuacarca, Pucalacaya, and Cerro Sumpiruni
Formations. The descriptions and geochronological constraints provided in the following

paragraphs are taken from Sandeman et al. (1997).

The Cerro Sumpiruni Formation is composed of a sequence of peraluminous,
greyish-green, cordierite-biotite bearing rhyodacitic ash-flow tuffs unconformably
overlying Paleozoic-Mesozoic rocks. Biotite crystals from the lowest and highest exposed
rocks on Cerro Sumpiruni (Fig. 14) yielded “°’Ar/*Ar dates of 24.13 + 0.11 Ma and 24.00
+ 0.25 Ma, respectively (Fig. 15).

The Pucalacaya Formation is composed of high-K calc-alkaline, basaltic andesite
flows with calcite-filled amygdules and peraluminous, cordierite-biotite rhyodacitic ash-
flow tuffs that crop out in the south of Hacienda Pucalacaya (Fig. 15). The latter is
petrographically similar to the Cerro Sumpiruni Formation. This unit unconformably
overlies pre-Cenozoic units and is locally covered by rhyolitic ash-flows of the Macusani
Formation. “°Ar/*Ar dating of a shoshonite from this locality yielded 21.90 + 1.68 Ma
(Fig. 15).

The Lago Perhuacarca Formation is composed of flows of intermediate
composition interlayered with rhyodacitic-rhyolitic ash-flow tuffs. Metaluminous to

peraluminous intermediate lavas in this unit are interpreted as the result of incomplete
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mixing between minette and cordierite + biotite-bearing, more silicic melts. *°Ar/*?Ar

analyses in biotite from an andesite yielded a 23.86 + 0.40 Ma date.
3.3.2. Quenamari Group

In the Quenamari Field, the Quenamari Group is represented by the Macusani
Formation, which is a 500-m-thick sequence that covers an area of 850 km? (Fig. 14).
“0Ar/*Ar analyses on rocks from the Macusani Formation yield dates between ca. 10.4
and 6.7 Ma (Cheilletz et al. 1992). This formation is mostly composed of whitish grey,
poorly stratified, crystal-rich rhyolitic ash-flow tuffs containing ash- and lapilli-size
pyroclastic fragments, juvenile pumice fragments and shards, and lithic fragments
(Arribas and Figueroa 1985; Cheilletz et al. 1992; Sandeman et al. 1997). The ash-flow
tuffs have a relatively uniform mineralogical composition comprising sanidine,
sillimanite, andalusite, muscovite, biotite, and tourmaline (Pichavant et al. 1988a).
Juvenile fragments include obsidian clasts interbedded within the ash-flow tuffs, and
lithic fragments include pelites, quartzites, and limestones barely or not metamorphosed
(Cheilletz et al. 1992). Other obsidian glasses of equivalent age, known as macusanite (or
Macusani glasses), occur as pebbles scattered in stream gravels (Barnes et al. 1970;

Pichavant et al. 1987).

Figure 14. Geological map of the SW quadrant of the Quenamari Meseta, where the Quenamari
Volcanic Field is located. Modified from Sandeman et al. (1997)
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The ash-flow tuffs of the Macusani Formation are characterized by high silica
(71.5-75 wt% Si0O2) and highly peraluminous signatures with normative corundum >2%.
Also, by high alkalis and a marked depletion in FeO, MgO, CaO, and TiO, (Barnes et al.
1970; Pichavant et al. 1988b). The age-equivalent Macusanite glasses are enriched in
NayO and normative corundum, and depleted in K,O, MgO, CaO, FeOy, and TiO; relative
to the ash-flow tuffs (Pichavant et al. 1988b). Although F, Li>O, B>03, and P>Os contents
are high in the tuffs, these are even higher in the Macusanite glasses (Pichavant and
Montel 1988; Pichavant et al. 1987); both are also enriched in As, Cs, Rb, Sn, and Te
(Barnes et al. 1970). Pichavant et al (1988b) concluded that the unusual, lithophile-
enriched compositions of the ash-flow tuffs of the Macusani Formation and the
macusanite glasses are compositionally equivalent to Himalayan or Hercynian two-mica
leucogranites and peraluminous leucogranite series, respectively. According to Pichavant
et al (1987), macusanite glasses and tuffs of the Macusani Formation shared a common
magmatic evolution. Geochemical and mineralogical data indicates that magma was
produced by direct melting of the crust, specifically by anatectic melting of metapelitic
materials, and there is no evidence of mixing or assimilation by another meta- to sub-

aluminous magma (Pichavant et al. 1988b).

Cheilletz et al. (1992) proposed a lithological subdivision of tuff layers from the
Macusani Formation based on the size of their lapilli clasts into large-lapilli ash-flow tuffs
(LLT) and lapilli ash-flow tuffs (LT). The LLT is the lower layer of the Formation and is
less consolidated than the LT zone. It is porous and strongly altered. The base of the layer
is enriched in >20 cm-diameter lapilli. The LT overlies the LLT, is consolidated, less
porous than the former, and contains <5 cm-sized clastic fragments. It is characterized by

columnar jointing.

INGEMMET used a different nomenclature for Neogene volcano-sedimentary
rocks exposed in the Macusani Volcanic Field. The materials corresponding to the
Macusani Formation of Sandeman et al. (1996) were grouped under the Quenamari
Formation by INGEMMET, who proposed its subdivision into the Chacacuniza,
Sapanuta, and Yapamayo Members (Fig. 16; Lopez 1996, De la Cruz et al. 1996, Chavez
etal. 1997). The Chacacuniza and Sapanuta Members would correspond to a first eruptive
event in the Middle to Late Miocene (10 + 0.5 Ma; Cheilletz et al. 1992), and the
Yapamayo Member, to a Late Miocene-Pliocene volcanic event (6.7 + 1.0 Ma; Cheilletz

et al. 1992). The lithofacies, lithogeochemistry (Table 4), and mineralogy of the three
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members summarized below are after De la Cruz et al. (1996), Lopez (1996) and Chavez

etal. (1997).

= Chacacuniza Member: Lower member of the Quenamari Formation. It is 10 to 15
meters thick and consists of compact and well-welded rhyolitic ignimbrite flows. This
member is considered the first explosive event recorded in the Chacacuniza area, and
it is found in angular unconformity over rocks of the Mitu Group. Its mineralogy
includes quartz, plagioclase, biotite, sanidine, and zeolites embedded in a volcanic
glassy matrix along with glass shards, pumice fragments, lithic material, and

amygdules.

= Sapanuta Member: This member is a succession of three white tuffaceous rhyolitic-
dacitic ignimbrite units and shows characteristic columnar jointing. Its uppermost unit
corresponds to a flow of pumice and lithic fragments. The Sapanuta Member overlies
in angular unconformity rocks of the Mitu Group and, in some sectors, concordantly
overlies rocks of the Chacacuniza Member. The mineralogy consists of quartz,
plagioclase (in some cases with acicular rutile inclusions), K-feldspar, biotite, apatite,
and lithic fragments embedded in a cryptocrystalline matrix with chalcedony-filled

amygdules.

* Yapamayo Member: Upper member of the Quenamari Formation. It consists of a
succession of four rhyolitic ignimbrite flows with thicknesses that vary from 30 to 50
m. The ignimbrite flows have angles < 5° to the NW, allowing the formation of plains
that shape the Quenamari Meseta. It presents weakly welded ash-flows at the base
and a white tuff to the top. Mineralogically, it is composed of quartz, plagioclase,
biotite, K-feldspar, sericite, and clays. Volcanic glass was found as obsidian shards in
a matrix with a vitroclastic texture. Uranium mineralization in this member comprises

pitchblende (Arribas and Figueroa 1985).
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Table 4. Comparative data of major element whole rock compositions of the three members of the
Quenamari Formation (Chacacuniza, Sapanuta and Yapamayo; Lopez 1996)

Major elements (wt.%0)

Member i .
SiO2 Al203 Fe203 MgO CaO TiO2

Chacacuniza 69.53 - 14.29 - 1.49 - 0.37 - 0.43 - -

72.20% | 15.48% 1.97% 0.8% 1.12%
Sapanuta 70.21% | 15.23 - 2.02% 0.30% 0.82% 0.23%
15.48%

Yapamayo 70.25 - 14.3 - 0.37 - 0.05 - 0.5 - 0.08 -
73.54% 15.8% 1.47% 0.37% 0.81% 0.28%

Figure 15. Comparative stratigraphic columns after Sandeman et al. (1996) and Lopez (1996). Sandeman
et al (1996) presented a stratigraphic column of the Quenamari Group (Macusani Formation) and Picotani
Group (Cerro Sumpiruni, Pucalacaya, Lago Perhuacarca Formations) exposed in the Macusani Field.
Lopez et al (1996) described the Chacacuniza, Sapanuta and Yapamayo Members of the Quenamari
Formation (in full synonymity with Macusani Formation)
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3.3.3. Quenamari and Picotani Intrusive Suites

Many of the peaks around the southern margin of the Quenamari Meseta are
underlain by the Crucero Intrusive Supersuite, which consists of hypabyssal silicic
intrusions such as the Quebrada Centilla Stock, Ninahuisa Stock, Revancha Dyke,

Chacacuniza Stock, and Nevado Ollo Quenamari plug (Sandeman et al. 1997).

The Quebrada Centilla Stock is a cordierite-biotite monzogranite intrusion
exposed along the northern and northeastern flanks of Nevado Ollo Quenamari,
apparently intruding Lago Perhuacarca and Cerro Sumpiruni Formations (Sandeman et
al. 1997). “Ar/*Ar dates of 24.09 + 0.18 Ma and 23.65 = 0.14 Ma indicate a cogenetic

relation with flows of the Lago Perhuacarca Formation (Sandeman et al. 1997).

The Ninahuisa Stock is a peraluminous, cordierite-biotite monzogranite exposed
along the floor of the Ninahuisa Valley (Sandeman et al. 1997). “*Ar/*°Ar dating in biotite
and sanidine yielded 23.52 + 0.58 Ma and 23.15 + 0.20 Ma, respectively (Sandeman et
al. 1997).

The Revancha Dyke is a peraluminous, glass-rich cordierite-biotite rhyodacite
dike that crops out on the southern slope of the Ninahuisa Valley (Sandeman et al. 1997).
It cuts rhyodacitic ash-flows and monzogranitic intrusive rocks (Sandeman et al. 1997;
Sandeman and Clark 2003). “°Ar/*’Ar dating in biotite yielded 24.1 + 0.2 Ma (Sandeman
and Clark 2003).

The Chacacuniza Stock is one of the two Miocene, highly peraluminous
intrusions that are exposed in the southern Quenamari Field (Sandeman et al. 1997). The
total-fusion *°Ar/*’Ar muscovite date was of 7.51 = 0.14 Ma (Sandeman et al. 1997),
which demonstrates that the Chacacuniza stock is coeval with the Yapamayo Member

(Cheilletz et al. 1992).

Finally, the Nevado Ollo Quenamari Plug is a sanidine-quartz-biotite intrusion.
“Ar/9Ar dating of sanidine yielded a plateau date of 12.14 = 0.11 Ma (Sandeman et al.
1997).
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4. RESULTS
4.1. XRD

The results of powder XRD indicate that the studied samples of Lithium-rich Tuff
from the Macusani Volcanic Field are mostly composed of quartz, plagioclase, K-
feldspar, and micas (zinnwaldite and lepidolite, according to electron probe and Raman
micro-analyses in Torr6 et al. 2023; Table 5). In addition, variable proportions of kaolinite
subgroup minerals, smectite, and mordenite were identified. Finally, the presence of other
minerals, such as cristobalite and mutinaite, is plausible in a few samples, but the X-ray

diffractograms were not conclusive, and therefore, their occurrence is not confirmed.

In all samples, the doo1 of 9.8 A (20 ~8.9°) is consistent with mica group minerals
(Figs. 16 to 19). On the other hand, the peaks at 20 ~12.5°, corresponding to doo1 of 7.1
to 7.2 A, for air-dried oriented mounts are interpreted as kaolinite subgroup minerals
(samples 2021-MAC-008, 2021-MAC-011A, 2021-MAC-038, 2021-MAC-039, 2021-
MAC-040, 2021-MAC-048, 2021-MAC-052, 2021-MAC-065A, 2021-MAC-066, 2021-
MAC-042, and 2021-MAC-049). The diffractogram showed no change with ethylene
glycol and oven-dried treatment at 400°C, while with the oven-dried treatment at 550°C,

the doo1 ~7.1 peak collapsed (Figs. 16 to 18).
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Table 5. Minerals identified in samples of Lithium-rich Tuff from the Macusani Volcanic Field using
XRD. PI: plagioclase, Mca: mica, Qz: quartz, Kfs: K-feldspar, Kln: kaolinite subgroup minerals, Sme:
smectite, Crs: cristobalite, Mor: mordenite, Mut: mutinaite, Cbz: chabazite

Rock Forming Minerals Clays Other

N° Samples
Pl Mca Qz Kfs Kin Sme | Mor Crs Mut
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Figure 16. Powder XRD patterns (left) and oriented aggregate mount XRD patterns (right) of samples
2021-MAC-008B, 2021-MAC-011A, 2021-MAC-038, 2021-MAC-039, and 2021-MAC-040. Major
mineralogy includes plagioclase (P1), quartz (Qz), K-feldspar (Kfs), and mica (Mca). In all diffractograms
(except for sample 2021-MAC-011A), the doo; of 7.1 A (20 ~12.5°) is interpreted to correspond to
kaolinite subgroup minerals (Kln)
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Figure 17. Powder XRD patterns (left) and oriented aggregate mount XRD patterns (right) of samples
2021-MAC-048, 2021-MAC-052, 2021-MAC-065A, and 2021-MAC-066. Common minerals include
mica (Mca), plagioclase (P1), quartz (Qz), and K-feldspar (Kfs). The dgoi of 7 to 7.1 A (20 ~12.5°) is
interpreted as kaolinite subgroup minerals (KIn). In the oriented aggregate mounts of sample 2021-MAC-
052, the XRD pattern presents a peak at 20 ~7.1° (doo1 of 12.2 A) corresponding to smectite (Sme). In the
oriented aggregate mounts of samples 2021-MAC-065A and 2021-MAC-066, smectite peaks were not
detected

In samples 2021-MAC-035, 2021-MAC-042, 2021-MAC-049, 2021-MAC-050, and
2021-MAC-051, smectite peaks at 20 ~5.8-7° for air-dried oriented aggregate mounts
present a door of 12.4 to 15.1 A (Fig. 18). With the ethylene glycol treatment, the doo
expands to 16.6-17 A, and undergoes slight sharpening. Then, it contracts to ~10 A with
the oven-dried treatments at 400°C and 550°C.
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Figure 18. Powder XRD patterns (left) and oriented aggregate mount XRD patterns (right) of samples
2021-MAC-035, 2021-MAC-042, 2021-MAC-049, 2021-MAC-050, and 2021-MAC-051. The doo1 of
12.5to 15.1 A (20 ~5.8 - 7°) are interpreted as smectite (Sme). Also, the doos of 7 to 7.1 A (20 ~12.5°) are
interpreted as kaolinite (Kln). Other identified phases include mica (Mca), plagioclase (P1), and
cristobalite (Crs)

In samples 2021-MAC-026 and 2021-MAC-053, the peaks at 20 ~6.5°, are interpreted

as the zeolite group mineral mordenite, and correspond to diio of 13.5-13.7 A. As
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expected, no changes were observed for this peak in the diffractograms of ethylene

glycol-treated and oven-dried mounts (Fig. 19).

Figure 19. Powder XRD patterns of (left) and oriented aggregate mount XRD patterns (right) of samples
2021-MAC-026 and 2021-MAC-053. The doo1 of 9.8 A (20 ~8.9°) corresponds to mica (Mca). The di19 of
13.5 to 13.7 A (20 ~6.5°) are interpreted as mordenite (Mor). Other mineral phases identified include
plagioclase (P1), quartz (Qz), and K-feldspar (Kfs)

The systematization of the results obtained allowed the classification of the studied
samples into four categories, according to their prevalent mineralogy: i) mica with no
zeolite nor clay minerals, i1) mica with kaolinite subgroup minerals, iii) smectite with

mica, and iv) zeolite with mica (Fig. 20).
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Figure 20. Powder XRD patterns showing the interpreted major peaks as black vertical lines with the
corresponding mineral labels. Samples are classified according to their prevalent mineralogy.
Abbreviations: plagioclase (P1), mica (Mca), quartz (Qz), K-feldspar (Kfs), kaolinite subgroup minerals
(Kln), smectite (Sme), cristobalite (Crs), mordenite (Mor), and mutinaite (Mut)
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The powder-XRD patterns of samples from three drill cores (PCHAC-01-TSW,
PCHAC-04-TV, and PCHAC-32) are sorted by depth in Figures 21 to 23. Their respective
lithium contents, as provided by Macusani Yellowcake-American Lithium for the
corresponding 1 m-long segments of the drill cores, are also displayed. In the drill core
PCHAC-01-TSW, higher lithium contents were found in samples from the central
domain, which are mineralogically dominated by mica and kaolinite subgroup minerals
(Fig. 21). The upper and lower domains are characterized by lower lithium contents (~567

to 930 ppm) and the occurrence of smectite.

Figure 21. Powder XRD patterns of samples from the drill core PCHAC-01-TSW sorted by depth.
Lithium values provided by Macusani Yellowcake-American Lithium. Color code as in Fig. 20.
Abbreviations: plagioclase (P1), mica (Mca), quartz (Qz), K-feldspar (Kfs), kaolinite (Kln), and smectite
(Sme)

Only two samples from the drill core PCHAC-04-TV were analyzed. The sample
collected at a shallower level, which returned a higher lithium content (~3,200 ppm),
consists of mica and kaolinite subgroup minerals, whereas the sample taken at a greater
depth is characterized by a lower lithium content (~2,000 ppm) and the presence of

smectite (Fig. 22).
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Figure 22 Powder XRD patterns of samples from the drill core PCHAC-04-TV sorted by depth. Lithium
values provided by Macusani Yellowcake-American Lithium. Color code as in Fig. 20. Abbreviations:
plagioclase (P1), mica (Mca), quartz (Qz), K-feldspar (Kfs), kaolinite (KlIn), smectite (Sme), and
cristobalite (Crs)

Finally, in the drill core PCHAC-32 (Fig. 23), the highest lithium contents were found
in samples collected at deeper levels and belonging to the “mica with kaolinite subgroup
minerals” (2,800 ppm) and “zeolite with mica” (3,859 ppm) mineralogical types.
Shallower samples of the “smectite with mica” type returned lower lithium contents (up

to 1,300 ppm).

Figure 23 XRD patterns of samples from the drill core PCHAC-32 sorted by depth. Lithium values
provided by Macusani Yellowcake-American Lithium. Color code as in Fig. 20. Abbreviations: albite
(Ab), plagioclase (P1), mica (Mca), quartz (Qz), K-feldspar (Kfs), kaolinite (KIn), smectite (Sme),
cristobalite (Crs), mordenite (Mor), and mutinaite (Mut)

In Figure 24, the powder XRD patterns obtained on samples from the three drill cores
are sorted according to their relative depth; their respective lithium contents are shown.
The following vertical mineral succession comprising three main domains was identified:

» Upper domain, which is characterized by a mineralogical composition dominated

by smectites and mica + cristobalite. The lithium contents are in the range of 567

to 1,826 ppm.
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* Central domain, which is mineralogically dominated by kaolinite subgroup
minerals and mica, as well as K-feldspar, plagioclase, and quartz. This domain
has the highest Li contents, ranging from 2,845 to 4,278 ppm.

= Lower domain, which is mostly composed of smectite = kaolinite subgroup

minerals + cristobalite and with Li contents between 930 and 2,092 ppm.

Figure 24. Powder XRD patterns of drill core samples (2021-MAC-035 to 2021-MAC-053) classified
according to their mineralogy and sorted by depth. Color code as in Fig. 20. Abbreviations: plagioclase
(P1), mica (Mca), quartz (Qz), K-feldspar (Kfs), kaolinite subgroup minerals (Kln), smectite (Sme),
cristobalite (Crs), and mordenite (Mor)

4.2. SEM-EDS

In sample 2021-MAC-026, mordenite (identified by powder XRD) is prevalent and
occurs as aggregates of subhedral, sheet-like, > 5 um crystals (Fig. 25A); EDS spectra
yielded high contents of Si and O, moderate contents of Al, and low contents of Na and

K, which is compatible with the structural formula of mordenite
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[(Na2,Ca,K2)4(AlsgSisn)Oos - 28H>0]. Also, small plates of variable thicknesses are
observed, most probably corresponding to kaolinite according to their pseudohexagonal
morphology (Fig. 25B). Feldspar crystals show rugged surfaces and partial alteration to
clays (Figs. 25C-D).

Figure 25. Secondary-electron SEM images of sample 2021-MAC-026 (zeolite with mica type). A)
Subhedral, sheet-like crystal aggregates, probably of mordenite. B) Pseudohexagonal plates of kaolinite
with different thicknesses. C-D) Feldspar crystals with rugged and altered surfaces

In samples 2021-MAC-035 and 2021-MAC-050, smectites with different
morphologies were observed with SEM. In sample 2021-MAC-035, smectite appears as
wavy, flaky masses with curved edges (Figs. 26 A-B) and as tightly interwoven flakes
(Fig. 26C). In Figure 26D, two different morphologies can be distinguished: one with
wavy flakes with curved edges, and the other with irregular, sharper edges. SEM-EDS

analyses reveal high Si and Al contents and lower Mg, Ca, and Na contents.
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Figure 26. Secondary-electron SEM images of smectite in sample 2021-MAC-035 (smectite with mica
type). A-B) Wavy, flaky smectite (Sme) masses with curved edges. C) Tightly interwoven, elongated
flakes of smectite. D) Wavy flakes with curved edges (left) and irregular and sharp masses (right) of

smectite

In sample 2021-MAC-050, angular fragments of feldspar crystals show exposed
surfaces altered to smectite (Figs. 27A-B). Both feldspar crystals and local subhedral
tabular crystals of mica are cemented by smectite aggregates (Figs. 27C-D).
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Figure 27. Secondary-electron SEM images of sample 2021-MAC-050 (smectite with mica type). A-B)
Angular fragments of feldspar (Fsp) altered to smectite (Sme). C) Tabular mica (Mca) crystal (~750 pm)
surrounded by crystal fragments of feldspar altered to clay minerals. D) Close-up of C), showing the
tabular mica crystal (upper right) in a fragmentary matrix composed of feldspar and cemented by smectite

Finally, in sample 2021-MAC-039, prismatic crystals of K-feldspar, sheets of mica,
and euhedral grains of quartz are cemented by an irregular mass of kaolinite (Fig. 28).
Tabular grains of feldspar are partially altered to kaolinite (Figs. 28A, C). Subhedral mica
sheets in Figure 28B show irregular surfaces and returned high fluorine contents (>10
wt.%) in EDS analyses, which accords well with chemical data in Torr6 et al. (2023).

Mica crystals also form open booklets partially altered to kaolinite (Figs. 28C-D).
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Figure 28. Secondary-electron SEM images of sample 2021-MAC-039 (mica with kaolinite subgroup
minerals type). A) Tabular crystals of feldspar (Fsp) and euhedral grains of quartz (Qz) embedded in a
mass of kaolinite (Kln). B) Detail of a mica (Mca) tabular crystals with an irregular surface. C) Small (<5
um), subhedral feldspar crystal, partially altered to and embedded in a mass of kaolinite. D) Flaky,
undulated grains of mica embedded in a mass of kaolinite

4.3. TEM

TEM observations corroborate the predominance of mica and kaolinite subgroup
minerals in sample 2021-MAC-038. Kaolinite crystals form the typical pseudohexagonal-
shaped platelets with slightly rounded outlines (Figs. 29A-B), and their individual sizes
are up to 200 nm. Electron diffraction patterns show a pseudohexagonal arrangement and
present the crystal parameters a=5.11 A and b = 8.88 A, which are coherent with those
of kaolinite (Figs. 29 C). TEM-AEM analyses of kaolinite subgroup minerals reflect
intense peaks for O, Al, and Si (Fig. 29D). Tubular crystals of halloysite are observed
very locally (Fig. 29E).
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Figure 29. TEM data of sample 2021-MAC-038 (mica with kaolinite subgroup minerals type). A-B)
Bright-field images of pseudohexagonal-shaped platelets of kaolinite (KIn). C) Electron diffraction of
kaolinite showing crystal parameters a=5.11 A (2*2.55 A) and b=8.88 A (2*4.44 A). D) TEM-AEM
spectrum of kaolinite. E) Halloysite (Hly) crystals with hollow tubular morphologies and lengths up to
200 nm

In sample 2021-MAC-049, the fine fraction analyzed with TEM is chiefly composed
of smectite (Fig. 30A). TEM-AEM spectra on smectite particles reveal high contents of
Siand Al and lower contents of K, Na, and Ca (Fig. 30B). In high-resolution TEM images,
doo1 0f 10.23 A and 10.26 A were measured, consistent with those of a collapsed smectite
(Fig. 30C). The smooth ring pattern observed in the electron diffraction suggests that the
smectite aggregates are randomly oriented and may be poorly crystalline, presenting the
crystal parameters a=5.12 A and b=8.62 A consistent with dioctahedral phyllosilicates
(Fig. 30D). Local kaolinite is also observed in this sample (Fig. 30E). The electron
diffraction of a kaolinite crystal presents a crystal parameter of a=5.14 A and b=8.88 A,
indicative of dioctahedral phyllosilicates (Fig. 30F) and the TEM-AEM spectrum shows
high contents of Si, Al, and O, and much lower contents of Na, Ca, and K (Fig. 30G).
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Figure 30. TEM data of sample 2021-MAC-049 (smectite with mica type). A) Bright-field image of
smectite (Sme) particles (bright and dark) and B) its representative TEM-AEM spectrum. C) High-
resolution TEM image of the frame area in A showing doo1 of 10.23 A and 10.26 A in smectite. D)

Electron diffraction pattern of smectite aggregates from which crystal parametersa=5.1 A andb=8.9 A
were calculated. E) Bright-field image, F) electron diffraction with crystal parameters (a=5.14 A and b =
8.88 A), and G) TEM-AEM spectrum of kaolinite (Kln)

In sample 2021-MAC-050, scaly crystals of smectite forming rose-shaped aggregates
of around 500 pm in diameter, are ubiquitous (Fig. 31). These aggregates are common on
the surface of feldspar crystals, suggesting replacement (Figs. 31A-B). Lattice fringes of
a collapsed smectite (montmorillonite—beidellite series) were measured in high-
resolution TEM images, revealing a doo1 of 11.05 A (Fig. 31C). Smectite presents little
crystallinity to judge from smooth ring-shaped electron diffraction patterns, with a
spacing of 10.96 A, which may correspond to the d001 of a collapsed smectite (Fig. 31D).
Finally, the TEM-AEM spectra indicate high contents of Si, Al, and O and much lower
contents of K, Na, and Ca contents suggesting that small amounts of these elements occur

in the interlayer position (Fig. 31E).
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Figure 31. TEM data of sample 2021-MAC-050 (smectite with mica type). A) Bright-field image of a
feldspar (Fsp) particle with scaly particles of smectite (Sme) forming rose-shaped aggregates on its edges.
B) Detail of an isolated rose-shaped smectite aggregate. C) High-resolution TEM image of smectite with
a door 11.05 A. D) Smooth ring electron diffraction pattern with a spacing of 10.96 A, it must be noted
that the orientation does not allow the measurement of a and b and hence the determination of
dioctahedral or trioctahedral character, and E) TEM-AEM spectrum of a smectite particle

5. DISCUSSION

5.1. Mineralogical expression of lithium in the Lithium-rich Tuff

In volcanogenic lithium deposits, the lithium ore is usually related to secondary
minerals formed upon alteration of a pre-enriched rhyolite volcanic rock (Benson et al.
2017; Neukampf et al. 2019; Bowell et al. 2020; Michaud et al. 2021; Ellis et al. 2022;
Sarchi et al. 2023). Described secondary lithium-bearing phases in volcanogenic deposits
include clay minerals (in which lithium may be structural or occur in interlaminar
positions or adsorbed) as well as other phases such as zeolites and jadarite (Starkey 1982;
Benson et al. 2017; Bowell et al. 2020; Castor and Henry 2020; Borojevi¢ Sostari¢ and
Brenko 2023). The magnesium-lithium clay mineral hectorite (Table 1), a trioctahedral
smectite, is considered by Bowell et al (2020) the main ore in volcanic tuff-hosted

deposits and is widely described in volcanogenic lithium (e.g., McDermitt Caldera; see
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below) but also in clay (including bentonite) and borate deposits found along western

USA (mindat.org/min-1841.html), including the type locality Hector Bentonite Mine

(Foshag and Woodford 1936). In addition, tainiolite — a mineral of difficult classification
identified by some authors as an illite-smectite (e.g., Bowell et al. 2020) and by others as
a trioctahedral mica (e.g, Toraya et al. 1977) —is also an important lithium ore in this type

of deposits.

From a mineralogical point of view, the best studied volcanogenic clay-type lithium
deposits are probably those found at the McDermitt Caldera on the Nevada-Oregon
border in the United States. In the Thacker Pass deposit in the McDermitt Caldera, Castor
and Henry (2020) concluded that lithium occurs in hectorite and an illitic clay chemically
similar to tainiolite, as well as in mixed smectite-illite clays. Likewise, in lithium deposits
of the Western Balkan lithium-boron metallogenic zone that formed in lacustrine
environments, the lithium ore is linked to either the Li-borosilicate jadarite (Jadar basin)
or Li clays (Valjevo deposit and Rekovac Li-B project; Borojevi¢ Sostari¢ and Brenko

2023). In the latter, Li ore is vaguely described as Li-bearing smectites.

According to the XRD, SEM-EDS, and TEM results presented in this thesis, the
Lithium-rich Tuff of the Macusani Volcanic Field is mineralogically composed of quartz,
plagioclase, K-feldspar, trioctahedral micas (lepidolite and zinnwaldite; Torr6 et al.
2023), and clay minerals (Fig. 20). The clay minerals, which are the main focus of this
thesis, include kaolinite subgroup minerals (kaolinite and, very locally, halloysite; Fig.
29) and dioctahedral smectites (montmorillonite-beidellite; Figs. 30-31). In addition,
cristobalite and zeolites (e.g., mordenite and mutinaite) were found in a few samples. The
absence of hectorite in the studied samples contrasts with the common assumption that it
represents the main ore in tuff-hosted volcanogenic deposits (Bowell et al. 2020). Also,

the occurrence of tainiolite is discarded in the studied samples.

Despite micas (lepidolite and zinnwaldite) being the only confirmed lithium minerals,
the mineralogical expression of lithium in the Lithium-rich Tuff is probably more
complex. Preliminary tests performed by Macusani Yellowcake and reported in The
Mineral Corporation (2019) attained high lithium extractions from samples of Lithium-
rich Tuff by using acid leaching at low temperatures. For example, leaching with sulfuric
acid resulted in a 75-79 % recovery of lithium at 88°C and 90 % at 90-95°C. Also,
hydrochloric acid allowed an 88 % extraction of lithium at 92°C. These data strongly
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suggest that lithium in the Lithium-rich Tuff also occurs in easily leachable positions such
as interlaminar or adsorbed onto clays in addition to structurally bonded in micas.
Unfortunately, the reported extraction tests do not indicate the mineralogical composition
of the tested samples. Therefore, the contribution of the different potential lithium-
bearing phases (i.e., micas, clays — smectite and kaolinite —, zeolites) on the lithium

endowment cannot be constrained.

A rough approximation to the contribution of the identified minerals in the Lithium-
rich Tuff to the bulk lithium contents is intended here based on the visual comparison of
peak intensities in powder XRD patterns, considering the direct proportionality between
the intensity of the peaks and the amount of mineral in the sample (Fig. 24). As explained
above, the samples with the highest lithium contents (2,500 to 4,300 ppm) in drill cores
come from the central portion of the tuff sequence and belong to the “micas with kaolinite
subgroup minerals” and “zeolite with mica” mineralogical types defined in this thesis. A
first visual approximation would suggest that in samples of the “micas with kaolinite
subgroup minerals” type, lithium is hosted primarily in micas to judge from the higher
relative intensity of powder XRD mica peaks compared to those of kaolinite. On the other
hand, samples of the “zeolite with mica” type show more intense peaks for mordenite
than micas, which would agree with the mineralogical association of lithium with this

zeolite (see Hoyer et al. 2015).

Samples from the upper and lower portions of the tuff sequence, which belong to the
“smectite with mica” mineralogical type, yielded lower Li contents in the range between
500 and 2,500 ppm (Fig. 24). In these samples, the relative intensity of the powder XRD
peaks corresponding to smectite are considerably higher than those of micas, suggesting
a higher proportion of the former in the analyzed samples. The lower proportion of mica
in samples of the “smectite with mica” type might explain the lower values of lithium in
these samples when compared with the mica- and lithium-richer samples of the central
portion of the tuff sequence. However, the observation of individual diffractograms of
samples of the “smectite with mica” type suggest quite the opposite. Samples with lower
proportions of micas (e.g., 2021-MAC-49 and 2021-MAC-50 with 1,610 ppm and 2,760
ppm Li, respectively) returned higher Li values relative to those with more intense mica
and less intense smectite peaks (e.g., 2021-MAC-42 and 2021-MAC-50 with 880 ppm
and 960 ppm Li, respectively). This strongly suggests that smectite may also be an
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important lithium scavenger in the Lithium-rich Tuff, which is in good agreement with

the preliminary extraction test results performed by Macusani Yellowcake.

Considering the exposed data, lithium in the Lithium-rich Tuff is assumed to occur
both in primary (igneous) minerals, namely lepidolite-zinnwaldite (Torr¢6 et al., 2023), as
well as adsorbed onto or occupying interlaminar positions in secondary clay minerals. In
addition, Li might also occur sorbed on zeolites (Hoyer et al. 2015). The performance of
laboratory-scale cation-exchange capacity tests on mineralogically well characterized
clay- and zeolite-rich samples of the Lithium-rich Tuffis advised to assess the proportions
of lithium that occur either bounded in the structure of micas in interlaminar positions in

clays or sorbed onto the clay and zeolite minerals identified in this thesis.

5.2. Classification of the Falchani Lithium Project

Hard-rock LCT pegmatite and hydromorphic salar deposits are considered
conventional lithium sources (Bradley et al. 2017a; Bowell et al. 2020). On the other
hand, non-conventional sources of lithium include volcanogenic, bauxite, and Mn oxide

deposits (Fig. 32).

According to the geological setting, facies description, and mineralogical
characterization reported in this thesis, the Macusani Lithium Project belongs to the
volcanogenic type (see also The Mineral Corporation 2019). Volcanogenic lithium
deposits are, in turn, subdivided into clay mineral, ion-clay, and jadarite sub-types
(Bowell et al. 2020). According to our data, lithium in the Lithium-rich Tuff of the
Macusani Lithium Project is hosted by primary (igneous) phases, in this case, zinnwaldite
and lepidolite, and also associated with secondary minerals such as clays (particularly
smectites, as discussed above) and zeolite. Therefore, an unequivocal classification of the
Macusani Lithium Project in one of these predefined types of volcanogenic lithium
deposits is not possible. Noteworthy also is the fact that, to our best knowledge, primary
lithium micas are not reported as important mineral components in other volcanogenic
lithium deposits and, hence, may represent a singularity in the case of the Falchani
Lithium Project. The opposite occurs with Li clay minerals, for trioctahedral Li smectites,
amply described as the main lithium ore in tuff-hosted volcanogenic lithium deposits
(Benson et al. 2017; Castor and Henry 2020; Borojevié Sostari¢ and Brenko 2023), were
not identified in the Lithium-rich Tuff of the Falchani Lithium Project. Pending cation-

exchange capacity results on samples from the Lithium-rich Tuff to more precisely assess
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the contribution of each Li-bearing mineral to the general Li endowment, we preliminarily
propose the classification of the Falchani Lithium Project as a “mixed” primary mica —

secondary clay/zeolite volcanogenic deposit type (Fig. 32).

Figure 32. Classification of lithium deposits mostly based on Bowell et al. (2020), highlighting the
proposed “mixed” primary mica — secondary clay/zeolite volcanogenic deposit type for the Falchani
deposit. The zeolite* and primary-mica* endmembers within volcanogenic lithium deposits are merely
indicative since they have not been described

The lixiviation of lithium that is in interlaminar positions in, or adsorbed onto, clay
minerals is energetically favorable regarding the extraction of lithium from lepidolite and
zinnwaldite, which typically involves roasting at high temperatures (750 — 1,000°C) with
additives (Luong et al. 2013). Despite the fact that extraction of Li from lepidolite is still
considered technically challenging, new methods are under development, such as the
integration of flotation and leaching with sulfuric acid, to convert Li-micas into usable
products (Mulwanda 2021; Lepidico 2023). Therefore, even though mica minerals may

be important Li carriers in the Lithium-rich Tuff, the main ore by volume in this deposit
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is probably represented by clay and zeolite minerals, in which the extraction is much

inexpensive, micas representing and added economic value.

6. CONCLUSIONS

In this thesis, samples of the Lithium-rich Tuff, which hosts the main resource in the
Falchani Lithium Project, Puno, Peru, have been mineralogically characterized using

XRD, SEM-EDS, and TEM. The following conclusions are reached:

* The major mineralogical composition of the Lithium-rich Tuff consists of quartz,
plagioclase, K-feldspar, trioctahedral micas (lepidolite and zinnwaldite), and clay
minerals (smectite and kaolinite subgroup minerals). In addition, zeolites

(mordenite + mutinaite) and cristobalite are found in a few samples.

» The samples have been grouped into four mineralogical types: i) mica with no
zeolite nor clay minerals, ii) mica with kaolinite subgroup minerals, iii) smectite

with mica, and iv) zeolite with mica.

= A vertical mineralogical succession has been identified in drill core samples. The
identified zones include i) the lower domain (< ~1,850 ppm Li), which is
characterized by the ubiquitous occurrence of smectites and lesser amounts of
micas; i1) the central domain, which presents the highest lithium contents (<
~4,200 ppm Li) and embraces samples of the “micas with kaolinite subgroup
minerals” and “zeolite with mica” types; and iii) the upper domain (< ~2,800 ppm
Li), characterized by the presence of smectites with lesser proportions of micas

and traces of kaolinite.

= The examination of clay minerals with high-resolution techniques (HRTEM)
proved the dioctahedral character of the smectites (montmorillonite-beidellite),
with crystal parameters a=5.12 A and b=8.62 A. Kaolinite subgroup minerals
correspond to kaolinite, with crystal parameters a=5.11-5.14 A and b=8.88 A and,
very locally, halloysite.

* In addition to lithium micas (zinnwaldite and lepidolite), it is plausible that an
important proportion of lithium in the Lithium-rich Tuff is also associated with

secondary minerals, chiefly dioctahedral smectites (either adsorbed or occupying
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interlaminar positions) and zeolite (probably, as a sorbed cation). Cation-
exchange capacity tests on mineralogically well-characterized clay- and zeolite-
rich samples are advised to assess the proportions of lithium that occur either
bounded in the structure of micas, in interlaminar positions in clays or sorbed onto

the clay and zeolite minerals.

The Falchani Lithium Project is tentatively classified as a ‘mixed’ primary mica

— secondary clay/zeolite volcanogenic deposit type.
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APPENDIX A. List of studied samples from the Macusani Volcanic Field

Sample

Coordinates

UTME | UTMN

Drill core

Depth

Concession

2021-MAC-005

317,768 | 8,451,301

(m)

Huarituna 3

Description

Oriented oligomictic cemented floatbreccia with
dark matrix and sub-rounded to angular light clasts.

2021-MAC-006

317,759 | 8,451,260

Huarituna 3

Oriented oligomictic cemented floatbreccia with
dark matrix and sub-rounded to angular light clasts.

2021-MAC-008 A

317,880 | 8,451,590

Falchani

Finely laminated (alternating white/gray laminae),
non-foliated volcanic mudstone with concretions
relicts.

2021-MAC-008 B

318,893 | 8,451,535

Falchani

Finely laminated (alternating white/gray laminae),
non-foliated volcanic mudstones with pseudo-
stromatolytic texture and concretion relicts.

2021-MAC-011 A

319,446 | 8,451,382

Falchani

Finely laminated (alternating orange-beige/white
laminae), non-foliated volcanic mudstone with a
convoluted level and concretion relicts.

2021-MAC-011 B

319,564 | 8,451,884

Falchani

Finely laminated (alternating orange-beige/white
laminae), non-foliated volcanic mudstone with a
convoluted level and concretion relicts.

2021-MAC-019A

308,594 | 8,451,082

Sapanuta 3

Massive, grayish white volcanic mudstone with ash-
size mica crystals and surface-impregnate ferric
oxides and hydroxides.

2021-MAC-021

308,601 | 8,450,888

Sapanuta 3

Massive, cohesive, grayish white volcanic
mudstone. Matrix-supported scarce medium ash-
size mica crystals.

2021-MAC-022A

308,738 | 8,450,791

Sapanuta 3

Massive, grayish white volcanic mudstone. Matrix-
supported medium ash-size mica crystals and
surface-impregnate ferric oxides and hydroxides.




Sample

Coordinates

UTME

UTMN

Drill core

Depth
(m)

Concession

2021-MAC-022B

308,738

8,450,791

Sapanuta 3

Description

Massive, grayish white volcanic mudstone. Matrix-
supported scarce medium ash-size mica crystals.
Dissemination of very fine crystals of
realgar/orpiment/cinnabar and radiating acicular
crystals of stibnite.

2021-MAC-025

318,397

8,451,249

Falchani

Massive, white grayish white volcanic mudstone.
Matrix-supported scarce medium ash-size mica
crystals.

2021-MAC-026

318,247

8,451,169

Falchani

Finely ondulated laminated (alternating white/light
gray laminae), non-foliated mud-size grained rock
with dark-gray aggregates.

2021-MAC-031

318,003

8,451,079

Falchani

Slumped volcanic mudstone with dark matrix, sub-
rounded to angular light clasts, and sporadic
medium ash-size mica crystals.

2021-MAC-035

319,729

845,1374

PCHAC 01-

TSW (1)

62.55-
62.60

Falchani

Strongly altered massive, mud-size grained
volcaniclastic rock with low hardness and cream
color. Scarce medium ash-size matrix-supported
mica crystals and/or crystal-fragments are evenly
distributed.

2021-MAC-038

319,729

8,451,374

PCHAC 01-

TSW (1)

80.35-
80.45

Falchani

Finely curved laminated (alternating white/gray
laminae), foliated mud-size grained rock with
medium ash-grained mica crystals.

2021-MAC-039

319,729

8,451,374

PCHAC 01-

TSW (1)

149.00-
149.10

Falchani

Finely laminated (alternating white/gray laminae),
non-foliated mud-size grained rock with medium
ash-grained mica crystals.

2021-MAC-040

319,729

8,451,374

PCHAC 01-

TSW (1)

183.25-
183.35

Falchani

Cohesive, finely beige-white/gray laminated, non-
foliated, mud-size grained rock with white nodules
and fine ash- to medium ash-size mica crystals




Sample UTE/IOErdTJa'I'EijI N Drill core D(erﬁ;h Concession Description
2021-MAC-042 319,729 | 8,451,374 | PCHAC 01- | 195.80- Falchani Breccia with strongly altered, massive, mud-size
TSW (1) 195.90 grained volcaniclastic rock. Scarce medium ash-size
matrix-supported mica crystals and/or crystal-
fragments are evenly distributed
2021-MAC-048 319,748 | 8,451,643 | PCHAC 04- | 174.40- | Ocacasa4 |Finely laminated (alternating white/gray laminae),
TV 174.50 slightly foliated mud-size grained rock with medium
ash-grained mica crystals.
2021-MAC-049 319,748 | 8,451,643 | PCHAC 04- | 226.00- | Ocacasa4 |Strongly altered, massive mud-size grained
TV 226.10 volcanoclastic rock with black material distributed
along two-structural-orientations lineaments.
2021-MAC-050 318,576 | 8,451,429 | PCHAC 32- | 34.50- Falchani Strongly altered, massive, mud-size grained
TNW 34.60 volcaniclastic rock. Matrix-supported scarce
medium ash-size mica crystals.
2021-MAC-051 318,576 | 8,451,429 | PCHAC 32- | ~43.00 Falchani Strongly altered, massive volcanic mudstone.
TNW Medium ash- to coarse ash-size mica, K-feldspar
and smoky quartz crystal fragments are matrix-
supported.
2021-MAC-052 318,576 | 8,451,429 | PCHAC 32- | ~52.50 Falchani Strongly altered, massive, mud-size grained grayish
TNW white volcaniclastic rock. Very fine- to medium-
grained K-feldspar and quartz crystal fragments,
and very fine- to medium-grained mica fragments.
2021-MAC-053 318,576 | 8,451,429 | PCHAC 32- | ~115.00 Falchani Strongly altered, massive, mud-size grained and
TNW light cream volcaniclastic rock. Medium ash-size
matrix-supported mica, quartz, feldspar crystals
and/or crystal-fragments are unevenly distributed.




Sample UTE/IOErdTJa'I'EijI N Drill core D(erﬁ;h Concession Description
2021-MAC-065 A | 316,951 | 8,440,039 Antacora seis | Finely laminated (alternating dark gray/white
laminae), non-foliated, volcanic mudstone with
concretions relicts, quartz, feldspar, and mica
crystals.
2021-MAC-065 B | 316,951 | 8,440,039 - - Antacora seis | Finely laminated (alternating dark gray/white
laminae), non-foliated, volcanic mudstone with
concretions relicts, quartz, feldspar, and mica
crystals.
2021-MAC-065 C | 316,951 | 8,440,039 - - Antacora seis | Finely laminated (alternating dark gray/white
laminae), non-foliated, volcanic mudstone with
concretions relicts, quartz, feldspar, and mica
crystals.
2021-MAC-066 316,910 | 8,439,957 Antacora seis | Massive pale orange volcanic mudstone. Matrix-
supported crystals and/or crystal fragments include
quartz, feldspar, and “books” of micas.
2021-MAC-067A | 319,344 | 8,437,743 San Vicente |Massive, white/pale orange, crystal-rich volcanic
white mudstone with smoky quartz, feldspar, and mica
crystals.
2021-MAC-067B | 319,344 | 8,437,743 - - San Vicente |Massive, white/pale orange, crystal-rich volcanic
white mudstone with smoky quartz, feldspar, and mica
crystals.
2021-MAC-067C | 319,344 | 8,437,743 - - San Vicente |Massive, white/pale orange, crystal-rich volcanic

white

mudstone with smoky quartz, feldspar, and mica
crystals.
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APPENDIX C. SEM - EDS
2021-MAC-026 : Zeolite with mica’

Spot 1: Spot 3:

Element Weight % Atomic % Error %

0K 51.62 6415 775 Element Weight % Atomic %  Error %
*FK 272 2.85 14.96 O 058 2231 09
MK 5.14 444 947 B 22 o 1S
AlK .78 6.47 545 NaK 6.78 6.01 8.97
SiK 20.88 2115 449 Az ey T 35
KK 1.4 0.63 11.26 SiK 30.81 2235 4.66
*Cak 0.61 03 17.88 KK 242 1.26 87

Spot 2: Spot 4:

Element Weight % Atomic % Error %

0K 47.99 61.18 8.18
*FK 372 4 14.11
NaK 325 288 10.67
*Mg K 0.52 0.44 17.56
AlK 103 7.8 542
SiK 30.76 2234 4.62
KK 232 121 978
*CsL 115 0.18 39.07

The elements and values presented in *red can be considered erroneous



2021-MAC-026 : Zeolite with mica’

Spot 1: Spot 3:

Element Weight % Atomic % Error %

Element Weight % Atomic %  Error % OK 5095 63.16 77
oK 5181 66.04 863 *FK 4.19 438 13.46
NaK 257 228 1082 NaK 5.82 3.02 932
AIK 982 742 328 AlK 8.20 6.00 5.69
SiK 2737 19.87 449 SiK 2001 2048 4.35
KK 842 439 3.62 *KK 119 0.6 114
*CaK 0.55 027 19.84

Spot 2: Spot 4:

Element Weight % Atomic % Error % Flement Weight % Atomic % Error %
0K 48.57 62.55 8.77 oK 48.24 622 8.76
*FK 2.03 2.2 A *FK 2.44 2.65 16.05
NaK 297 2.66 10.81 NaK 272 244 10.83
AlK 1031 7.87 533 AlK .96 7.62 53
SiK 2749 2017 459 SEK 27.86 2047 452
KK 8.63 455 379 KK 8.78 4.63 3.38

The elements and values presented in *red can be considered erroneous



2021-MAC-026 : Zeolite with mica’



2021-MAC-035 : ‘Smectite with mica’

Spot 1:

Spot 2:

The elements and values presented in *red can be considered erroneous



2021-MAC-035 : ‘Smectite with mica’

Spot 1:

The elements and values presented in *red can be considered erroneous



2021-MAC-035 : ‘Smectite with mica’

Spot 1:

The elements and values presented in *red can be considered erroneous



2021-MAC-035 : ‘Smectite with mica’

Spot 1:

The elements and values presented in *red can be considered erroneous



2021-MAC-035 : ‘Smectite with mica’

Spot 1: Spot 3:

Element Weight % Atomic % Error %

0K 4743 603 697
FK 3n 4.04 13.99
*NaK 036 032 52,51
MgK 1.63 1.36 10.02
AIK 14.15 10.67 447
SiK 31.09 2252 413
*CaK 1.57 0.79 21.86

Spot 2: Spot 4:

The elements and values presented in *red can be considered erroneous



2021-MAC-035 : ‘Smectite with mica’

Spot 1: Spot 3:

Element Weight % Atomic %  Error %
Element Weight % Atomic % Error %

oK 5035 6274 653
0K 52.85 65.52 6.57 - o s s
FK 248 2.59 156 e i e ot
e — = 1028 *MeK 0.84 0.69 14.77
AlIK 9.11 6.69 496 Me - - :
SiK 30.57 2159 39 S s 30 482
mm - . 1850 SiK 297 21.08 404
KK 124 063 19.62
Spot 2: Spot 4:
Element Weight % Atomic %  Error % Element Weight % Atomic % Error %
0K 49.92 62.36 659 oK 48.41 60.91 67
FK 4m 497 1252 FK 504 534 12.52
NaK 038 0 19.19 NakK 075 0.66 2353
Mg K 143 118 1015 MgK 144 119 1091
AlK 1335 959 452 AIK 13.49 10.06 452
SiK 283 2014 413 SiK 2953 2117 413
Cak 119 0.69 2088 CaK 134 0.67 2299

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1:

Spot 2:

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1: Spot 3:

Spot 2: Spot 4:

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1: Spot 3:

Spot 2:

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1: Spot 3:

Element Weight % Atomic %  Error %

0K 40.25 53.13 731 Element Weight % Atomic %  Error %
*FK 11.88 132 10.14 0K 4347 61.81 6.97
*NaK 1.61 148 13.63 NaK 838 144 11
AIK 1348 10.55 4.76 AlK 10.68 8.08 476
SiK 21.53 16.18 441 SK 28 2034 404
KK 7.37 398 6.07 KK 447 233 9.53
*Fe K 388 147 22.08

Spot 2: Spot 4:

Element Weight % Atomic %  Error % Element Weight % Atomic % Error %

N OK 4916 6226 615
oK 43.13 54.91 7.13 NaK 291 785 10
*FK 12.82 13.75 10.14 MK 043 036 212
NaK 27 239 105 ALK 10.68 .02 478
A{K 11.62 8.77 4.73 SiK 2687 1938 407
SiK 2294 16.64 4.18 *PK 0.64 042 21.14
KK 6.79 354 6.00 KK 331 17 109

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1:

Element Weight % Atomic % Error %

0K 3262 4262 6.82
FK 174 19.15 .26
ALK 35.69 26.1 383
SiK 1629 1213 5.62

Spot 2:

Element Weight % Atomic %% Error %

0K 496 6341 122
NaK 563 5.02 788
MgK 049 0.41 2011

AT 1019 172 473

SiIK 2693 19.61 398

PK 0.64 0.42 19.3

KK 6.51 341 6.57

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1:

Element Weight % Atomic % Error %%

0K 4415 5125 7

NaK 990 202 6.81
AIK 118 207 438
SiK 3164 23.38 4.08
*KK 242 128 1305

Spot 2:

Element Weight % Atomic % Error %

0K 4954 6359 137
NaK 474 423 829
*MgK 0.33 043 16.57
AIK 1032 7.36 47
SiK 2632 19.39 3.07
*PK 0.68 0.45 19.66
KK 167 4.03 S

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1:

Element Weight % Atomic %  Error %

*CK 755 1131 1488
OK 521 61.16 707
AIK 175 122 809
SiK 3859 2581 LN

Spot 2:

Element Weight %6 Atomic %6 Error %

0K 4001 j188 76
FK 13.86 15.14 10.13
NaK 117 1.05 16.2
AlK 15.05 1157 46
SK 2134 1391 447
KK 838 443 646

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1: Spot 3:

Element Weight % Atomic % Error %% Element Weight %0 Atomic % Error %

0K 40.63 3264 133 0K 4200 55.03 71
FK 1297 1415 10.15 NakK 106 9635 6.73
NaK 149 134 13.59 AIK 12.34 9935 479
AIK 1489 1143 4351 SiK 3258 2426 417
SiK 2182 16.1 438 PK 0.65 044 32.56
KK 219 434 6.02 KK 1.24 0.66 2077

Spot 2:

Element Weight % Atomic % Error %o

0K 40.56 3436 1.69
FK 8.21
NaK imn
AIK 1412 11.22
SiK 2455 1874
KK 177 426
FeK 3.88 149

The elements and values presented in *red can be considered erroneous



2021-MAC-039 : ‘Mica with kaolinite subgroup minerals’

Spot 1:

Element
OK
FK
NaK
ALK
SiK
KK

Spot 2:

The elements and values presented in *red can be considered erroneous

Weight % Atomic %%

432
1447
121
1215
2189
109

3482
1547
107
9.14
1582
3.68

Error %%
712
10.06
1497
469
424
631
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