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RESUMEN 

El depósito volcanogénico de Li de Falchani en Perú alberga recursos significativos de Li y Cs. 

Investigaciones previas identificaron zeolitas en las unidades mineralizadas. Esta tesis documenta 

la mineralogía de muestras ricas en zeolitas de Falchani y discute las condiciones fisicoquímicas 

de su formación y su potencial económico según su contenido en Li y Cs. 

Los análisis de DRX identificaron un ensamble mineralógico compuesto por fases primarias 

(feldespato, mica, cuarzo) y secundarias (arcillas, zeolitas, sílice amorfa). Las muestras se 

clasifican en cinco tipos según su paragénesis de alteración dominante: i) zeolita, ii) zeolita + 

esmectita/arcillas interestratificadas, iii) zeolia + esmectita/arcillas interestratificadas + caolinita, 

iv) esmectita/arcillas interestratificadas dominante, y v) caolinita dominante.  

La mordenita y la mutinaita son las zeolitas predominantes, mientras que la clinoptilolita y la 

heulandita son minoritarias. Las zeolitas forman agregados radiales de cristales aciculares en 

amígdalas, vetillas y espacios intersticiales dentro de una matriz hipocristalina brechada, así como 

esferulitas y localmente cristales idiomorfos. Estas características sugieren un origen autigénico 

durante la alteración del vidrio riolítico en condiciones de pH alto y actividad de sílice elevada. 

Las muestras ricas en zeolitas presentan altos contenidos de Li (hasta 4,700 ppm; mediana 2,300 

ppm) y Cs (hasta 9,600 ppm; mediana 6,600 ppm). Su enriquecimiento en Cs es diferencial con 

respecto al resto de tipos mineralógicos, lo que sugiere que las zeolitas jugaron un papel clave en 

el enriquecimiento de este metal. En cambio, los contenidos de Li son muy similares, 

estadísticamente, entre las muestras pertenecientes a todos los tipos mineralógicos. Si bien esto 

resalta que las muestras ricas en zeolitas son atractivas en cuanto a su potencial aporte al volumen 

de mena, no las identifica claramente como minerales portadores de Li. Se requieren estudios más 

especializados, como intercambio catiónico, para definir cuál es la expresión mineralógica del Li 

dentro de las muestras ricas en zeolitas de Falchani.  
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ABSTRACT 

The Falchani volcanogenic Li deposit in Peru hosts significant Li and Cs resources. Previous 

investigations identified zeolites within the mineralized units. This thesis documents the 

mineralogy of zeolite-rich samples from Falchani and discusses the physicochemical conditions 

of their formation and their economic potential based on their Li and Cs contents. 

XRD analyses identified a mineral assemblage composed of primary (feldspar, mica, quartz) and 

secondary (clays, zeolites, amorphous silica) phases. The samples are classified into five types 

based on their dominant alteration paragenesis: i) zeolite type; ii) zeolite + smectite/mixed-layer 

clay type; iii) zeolite + smectite/mixed-layer clay + kaolinite subgroup type; iv) smectite/mixed-

layer clay dominant type; and v) kaolinite subgroup dominant type.  

The predominant zeolites are mordenite and mutinaite, while clinoptilolite and heulandite are 

minor. Zeolites form radial aggregates of acicular crystals in amygdales, veinlets, and interstitial 

spaces within a brecciated hypocrystalline matrix, as well as spherulites and local euhedral 

crystals. These characteristics suggest an authigenic origin during the alteration of rhyolitic glass 

under high pH and silica activity conditions. 

Zeolite-rich samples exhibit high contents of Li (up to 4,700 ppm; median 2,300 ppm) and Cs (up 

to 9,600 ppm; median 6,600 ppm). Their enrichment in Cs is differential compared to the other 

mineralogical types, which would suggest that zeolites played a key role in the enrichment of this 

metal. In contrast, Li contents are statistically very similar among samples belonging to all 

mineralogical types. While this highlights that zeolite-rich samples are attractive in terms of their 

potential contribution to the volume of extractable and processable ore, it does not clearly identify 

zeolites as Li host minerals. More specialized studies, such as cation exchange experiments, are 

required to define the mineralogical expression of Li within the zeolite-rich samples from 

Falchani. 
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1. INTRODUCTION 

1.1. Natural zeolites: Characteristics, applications, and their potential for Li and Cs 

sorption 

Zeolites are aluminosilicate minerals of the tectosilicate group characterized by being 

microporous and hydrated (Hey 1930). They have relatively low densities (~2.0-2.3 

g/cm³) and moderate hardness (~3.5-5.5 on the Mohs scale). Zeolites can exhibit 

prismatic, acicular (e.g., natrolite), tabular (e.g., heulandite, stilbite), or equidimensional 

(e.g., chabazite) habits depending on their structural arrangement (Klein et al. 1982). They 

possess a unique three-dimensional structure, formed by tetrahedra of silicon (SiO4) and 

aluminum (AlO4) oxides linked together by shared oxygen vertices (Smith 1984; Coombs 

et al. 1998; Hay 1978), that creates an open crystalline network with molecular-size 

channels and cavities in the range of ~3.5-8 Å (Flanigen 1991). These channels and 

cavities act as molecular sieves, allowing the selective passage of small molecules. 

The isomorphic substitution of Si4+ by Al3+ in the structure of zeolites generates a charge 

defect that is compensated by the presence of alkaline and alkaline-earth cations, such as 

Na+, K+, Ca2+, and Mg2+, which become trapped in the channels and cavities (Hey 1930). 

This configuration provides them with a high cation exchange capacity (Pabalan and 

Bertetti 2001). Another distinctive characteristic is their reversible dehydration capability, 

which allows them to lose and regain water molecules without collapsing their porous 

crystalline structure (Armbruster and Gunter 2001). 

In general terms, natural zeolites follow the chemical formula: 

(Li, Na, K)p (Mg, Ca, Sr, Ba)q [Al(p+2q) Sin-(p+2q) O2n] . mH2O 

Where “p” and “q” are the numbers of monovalent and divalent ions, respectively, “n” is 

half the number of oxygen atoms, and “m” is the number of water molecules (Singh and 
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Kolay 2002). In this formula, group IA and IIA cations compensate for the negative charge 

resulting from the substitution of Si by Al. 

Thanks to their unique structural and compositional properties, zeolites have numerous 

applications as adsorbents, catalysts, and ion exchangers in various industrial processes 

(Giannetto et al. 2000). These applications include their use as adsorbents in separation 

processes (Inglezakis et al. 2023), purification of industrial gases (Hernandez et al. 2015), 

and in lithium-ion batteries (Nunes-Pereira et al. 2012 and references therein). They act 

as catalysts in numerous petrochemical industry processes (Corma 2003). As ion 

exchangers, they are used in the softening of industrial and domestic waters (e.g., removal 

of Ca2+ and Mg2+; Giannetto et al. 2000), removal of heavy metals in industrial effluents 

(e.g., Cu2+, Ni2+, Co2+, and Fe2+; Belova 2019), and the treatment of radioactive wastes 

(e.g., Cs+; Johan et al. 2015; Jiménez-Reyes et al. 2021). Additionally, they are used in 

medicine (e.g., for gastrointestinal issues, dental problems, protection against 

radionuclides, among others), agriculture (e.g., as a fertilizer supplement), livestock feed, 

and aquaculture (Rocher 1995). Natural zeolite and other materials, such as silica, fly ash, 

and metakaolin, are used to reduce the cement content in concrete, thereby decreasing its 

carbon footprint (Shekarchi 2023). 

Natural zeolites can exchange ions in their structure with other ions in solution at the 

cation exchange sites (Sherry 1969; Pabalan and Bertetti 2001). This replacement is 

controlled by several factors, such as the nature of the cationic species, the size and charge 

of the cation (anhydrous or hydrated), temperature, ion concentration in solution, solvent, 

and structural characteristics of the zeolites (Giannetto et al. 2000), all of them 

subordinated to zeolite composition, since the lower the Si/Al ratio, the higher the 

exchange capacity (Breck 1974). 
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The fact that zeolites can adsorb molecules and ions into their pores and surfaces creates 

a dual screening effect where sodium ions (Na+) are completely exchanged for lithium 

ions (Li+). In contrast, cesium ions (Cs+) are only partially exchanged (Breck 1974). 

Studies have reported that natural zeolites, such as mordenite and clinoptilolite, have high 

selectivity for Cs+ in aqueous environments (Johan et al. 2015). The pH of the solution 

influences Cs+ adsorption. Under acidic conditions, the high concentration of H+ competes 

with Cs+ for negatively charged sites, reducing Cs+ adsorption. As the pH increases, the 

negatively charged surface layer in some zeolites becomes enriched in Cs, as the amount 

and rate of adsorption of this cation gradually increase. However, in ultra-basic 

environments, with a pH above 8, Cs+ associates with the OH- groups present, and the 

strong alkalinity can deteriorate the zeolite structure, thereby decreasing its adsorption 

capacity (Ferreira et al. 2021). Conte et al. (2022) found that the sorption of Li in certain 

types of zeolites, particularly in those with Si/Al molar ratios <1.5, was a fast process and 

that up to 70 % of the dissolved Li was removed at pH of 10 to 11. However, Li removal 

was significantly reduced in bimetallic aqueous solution due to competition for the 

sorption sites between the different cations. 

1.2. Lithium and cesium: Economic importance and uses 

Lithium is the lightest and least dense solid metal, with an atomic mass of 6.94 amu. It 

belongs to the alkali metal group. Lithium is a moderately incompatible, highly mobile, 

lithophile element (Goldschmidt 1954; Brenan et al. 1998; Aral and Vecchio-Sadus 2008). 

Its concentration varies from 1.39 ppm in the silicate Earth to 5.5 ppm in MORB and 30.5 

ppm in the upper continental crust (Sauzéat et al. 2015; Marschall et al. 2017; Pogge von 

Strandmann et al. 2020). In some granitic rocks found in the upper continental crust, such 

as rare metal-rich granites and Li-Ta-Cs (LTC) pegmatites, the contents can reach much 

higher levels (London 2017; Michaud et al. 2021). In contrast, it is much less abundant in 
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water reservoirs, such as the ocean water, with a mean Li content of 0.18 ppm (Tomascak 

et al. 2016). The human body contains approximately 7 mg of lithium (Aral and Vecchio-

Sadus 2008). 

Nowadays, lithium is primarily exploited from granitic pegmatites of the Li-Cs-Ta (LCT) 

family, which have high lithium contents (~>1 wt% Li2O) but low tonnage (~10 Mt). The 

main ore mineral in LCT pegmatites is spodumene (London 2008; Bradley and Jaskula 

2014; Grew 2020; Groves et al. 2022). Hydromorphic deposits, specifically salars and 

geothermal fields, exhibit low lithium grades but high tonnage (Evans 2014; Bowell et al. 

2020). Volcanogenic deposits contain lithium in clays such as hectorite and tainiolite 

within volcanogenic sequences, exhibiting low grades and high tonnages (Benson et al. 

2017; Bowell et al. 2020; Putzolu et al. 2025a, b). Industrial lithium compounds include 

lithium carbonate (Li2CO3), lithium chloride (LiCl), lithium bromide (LiBr), and lithium 

hydroxide (LiOH·H2O; Evans 2014; Bradley et al. 2017b; Bibienne et al. 2020). Lithium 

carbonate is the dominant compound in the market, and resources are measured in lithium 

carbonate equivalents (LCEs; Evans 2014; Bradley et al. 2017a). 

Lithium has numerous applications in technology and medicine. In battery technology, it 

functions as the active material in electrolytes and electrodes, facilitating ion transfer 

during battery charging and discharging cycles. Due to this, lithium-ion batteries are 

crucial for electronic devices, electric vehicles, and energy storage systems, owing  to 

their high energy capacity and efficiency (Evans 2014; Watari et al. 2020; IEA 2021; 

Jowitt and McNulty 2021). It is also used in drugs for bipolar disorder and as an essential 

element in medicine for its anti-suicidal effect (Garrett 2004; Bibienne et al. 2020). 

Historically, Li was used in nuclear weapons (Bradley et al. 2017a). 

Lithium is considered a critical metal by several countries, including the United States 

(IEA 2023), Canada (Government of Canada 2024), and the European Union (European 
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Commission 2023). Several factors are associated with the future demand for lithium, 

primarily related to population growth and the expansion of technologies that require 

lithium (Bibienne et al. 2020), as well as efforts to combat climate change (Kesler et al. 

2012; Watari et al. 2020). According to the International Energy Agency (2021), lithium 

demand is projected to grow 13 to 51 times between 2020 and 2040. In November 2022, 

the price had soared to ~$83,500/ton, reflecting a significant upward trajectory for lithium 

prices driven by the increasing adoption of electric vehicles (Trading Economics 2023). 

However, lithium carbonate prices in China reached $14,500/ton in January 2024, falling 

to $9,400/ton in November of the same year. Meanwhile, the USA contract market 

maintained an annual average of $14,000/ton, representing a 66% decrease from 2023 

prices (USGS 2025). In August 2025, the lithium carbonate price was ~$11,772/ton 

(Trading Economics 2025). 

By contrast, cesium is one of the heaviest and most dense solid metals, with an atomic 

mass of 132.91 amu. It is also part of the alkali metal group. Cesium is highly reactive 

with water, halogens, air, acids, and bases. Geochemically, Cs is highly incompatible due 

to its large ionic radius and concentrates in the liquid during magma crystallization 

(London 2005). Cesium is an ultra-trace element in the silicate Earth (0.021 ppm; 

McDonough 2003), MORB (0.53 ppm), and bulk continental crust (1 ppm; Hofmann 

1988). 

The most important cesium deposits are LCT pegmatites (Černý and Ercit 2005), such as 

Tanco in Canada and Bikita in Zimbabwe (Trueman et al. 2020). Its main ore is pollucite 

(~30 wt.% Cs2O; Linnen et al. 2012), a mineral of the zeolite group (Norton 1973). Rare 

metal granites, such as the Yichun granite in China, may also serve as a source of Cs 

(Huang et al. 2002; Trueman et al. 2020). Geyserites, i.e., epithermal fluids leaching 

rhyolites, are another cesium deposit type (Trueman et al. 2020), including Targejia in 



 

 

6 

China, Taron in Argentina, and Yellowstone in the USA (White et al. 1975; Christiansen 

2001). Industrial cesium compounds are the metal itself, formate (HCOOCs+1), bromide 

(CsBr), carbonate (Cs2CO3), chloride (CsCl), hydroxide (CsOH), iodide (CsI), nitrate 

(CsNO3), and sulfate (Cs2SO4; USGS 2025). 

The primary application of cesium is in the form of cesium formate, a product used in the 

exploration and production of oil and gas through high-pressure and high-temperature 

well drilling fluids (Schlumberger Corporation 2002; Cabot Specialty Fluids 2003). Other 

cesium compounds have industrial applications in spectrophotometers and scintillation 

counters, medical radioisotopes, organic compound alkylation, energy conversion, battery 

electrolytes, fluoroscopy and X-ray equipment, phosphors and pyrotechnics, water 

treatment, and scientific instruments (Butterman et al. 2004). The Time Center of the 

United States Naval Observatory features a cesium atomic clock with an accuracy of up 

to 1 second in 1.4 billion years. These clocks are also used in aircraft, satellites, and 

ground systems that track the space shuttle (Breakiron 2003). The isotope 137Cs plays an 

important role in agriculture, food sterilization, surgical equipment, and cancer treatment 

(Jensen 1985; National Safety Council 2003). According to the International Atomic 

Energy Agency and other reports, radioactive substances, including 137Cs, can be 

employed in Radiological Dispersion Devices, which are weapons that use conventional 

explosives to disperse radioactive material (Charbonneau 2003). 

Cesium is considered a critical element by Canada (Government of Canada 2024), but not 

by the United States or the European Union (IEA 2023). Global pollucite reserves are 

estimated to be less than 200,000 tons, and existing stockpiles could be depleted in a few 

years. The future demand for this metal is expected to increase due to its multiple uses in 

industry, technology, and medicine (USGS 2025). Cesium is available in three purity 

grades: 99%, 99.5%, and 99.9%, with main compounds being chloride and nitrate 
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(Butterman et al. 2004). In 2024, 1-gram ampules of 99.8% cesium cost $98.00 and 

99.98% cesium cost $124, representing increases of 7% and 6% from 2023, respectively. 

Prices for 50 g of 99.9% cesium compounds ranged from $104 to $173.60, with a 5% to 

6% increase. The standard cesium plasma solution was $93.40/50 mL and $142/100 mL, 

up 4%. Cesium formate 98% was $52.40/25 g, a 6% increase from the previous year 

(USGS 2025). In August 2025, the price of cesium carbonate is ~$135.14/kg (Shanghai 

Metals Market 2025). 

1.3. The Falchani Lithium Project: Discovery, significance, and recent research 

The Falchani Lithium Project is geologically situated in the Macusani Volcanic Field, 

located in the Eastern Cordillera of the Central Andes (Fig. 1). Geographically, it is 

situated in the province of Carabaya, ~50 km north of Lake Titicaca, in the Department of 

Puno, in southeastern Peru. The lithium mineralization in the Falchani Lithium Project 

was discovered in November 2017. Macusani Yellowcake S.A.C., a subsidiary of the 

Canadian company American Lithium Corporation, owns this project. Table 1 presents 

the measured, indicated, and inferred resources of the project as of 2023. The total 

resources amount to 9.52 Mt LCE (Loveday and Karstick 2023). This figure suggests that 

the Falchani Lithium Project may become one of the world's largest hard-rock lithium 

mines. 

The lithium ore at the Falchani Lithium Project is distributed among three lithologic units, 

labeled as Upper Breccia, Lithium-rich Tuff, and Lower Breccia, as described in the 

technical report by Nupen (2019). These units are described in more detail in the 

"Geological Setting" section below. A few recent studies on the mineralogy and 

geochemistry of the Li-ore units have been developed. Segovia-More et al. (2023) and 

Segovia-More (2024) studied the mineralogy of these units through X-ray Diffraction 

(XRD), Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-
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EDS), and Transmission Electron Microscopy (TEM) and concluded that Li is associated 

with primary micas and secondary dioctahedral smectites and, potentially, zeolites. 

Ramírez-Briones et al. (2025) studied the whole rock chemical composition of the Li-ore 

units and found that some zeolite-dominated samples are rich in Li (up to 5,000 ppm) and 

Cs (up to 8,993 ppm). Torró et al. (2025) performed a detailed characterization of mica 

crystal clasts in the Lithium-rich Tuff, comprising cores of zinnwaldite and narrow rims 

of lepidolite, which yielded 40Ar/39Ar plateau dates of ca. 8.9 Ma (see also Sanandres-

Flores 2023). 

Table 1. Estimation of measured, indicated, and inferred resources as of October 31, 2023. 

(Loveday and Karstick 2023). 

TONNES 
(Mt) 

LITHIUM 
(ppm) 

CESIUM 
(ppm) 

POTASSIUM 
(wt.%) 

RUBIDIUM 
(ppm) 

MEASURED 

69 2,792 631 2.74 1,171 

68 2,832 641 2.72 1,194 

65 2,915 647 2.71 1,208 

61 3,024 616 2.74 1,228 

57 3,142 547 2.78 1,250 

INDICATED 

378 2,251 1,039 2.92 1,055 

357 2,342 1,058 2.90 1,070 

327 2,472 1,095 2.87 1,104 

310 2,549 1,086 2.86 1,146 

288 2,646 1,041 2.88 1,166 

INFERRED 

506 1,481 778 3.31 736 

443 1,597 837 3.24 762 

348 1,785 886 3.18 796 

276 1,961 942 3.10 850 

201 2,211 1,022 3.01 926 



 

 

9 

 

Figure 1. Location of the Falchani Lithium Project, which covers an area of 1,700 ha, in the 

Macusani Volcanic Field (GEOCATMIN 2024). 

1.4. Conundrum 

The current demand for lithium and cesium is expected to increase over the following 

decades. Lithium is considered a critical raw material by the United States (IEA 2023), 

Canada (Government of Canada 2024), and the European Union (European Commission 

2023), and cesium is considered a critical raw material by Canada (Government of Canada 

2024). This is largely driven by the energy transition towards electric mobility and the 

adoption of renewable energy resources to achieve carbon neutrality (Jowitt and McNulty 

2021; European Commission 2023). This transition, crucial for combating climate change, 

has generated increased demand for raw materials of mineral origin and raised concerns 

over their availability (Lee et al. 2020; Jowitt and McNulty 2021). 

In particular, lithium is essential for the production of rechargeable batteries, particularly 

in electric vehicles. The demand for lithium is projected to grow significantly, with 
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estimates suggesting a 13– to  51–fold increase between 2020 and 2040 (IEA 2020). 

Exploration and prospecting for new sources are vital to ensure the future supply of 

lithium. On the other hand, cesium demand is increasing due to its multiple uses in 

medicine, industry, and technology, including photoelectric cells and battery storage 

(Butterman et al. 2004). This underscores the need for further investigation into their 

primary mineral deposits and their mineralogical expression, which may enhance 

discovery and optimize metallurgical processes for their benefit (Frenzel et al. 2024). 

The study of lithium and cesium deportment in zeolite-rich rocks in volcanogenic deposits 

presents a significant challenge due to the lack of prior research. The scarcity of studies 

addressing the presence and characteristics of these zeolites in volcanogenic lithium 

deposits creates a knowledge gap that limits our understanding and potential exploitation 

of these resources. Research in this area would not only fill a critical gap in geological 

literature but also potentially open new opportunities for the exploitation of valuable 

mineral resources. 

1.5. Objectives 

Main Objective: 

- To study the mineralogy of zeolite-rich samples in lithium-ore units from the Falchani 

Lithium Project with a particular focus on their Li and Cs uptake. 

Specific Objectives: 

- To identify the zeolite group minerals that are present in the lithium-ore units and their 

textural relationship with other mineral phases; 

- To constrain the physicochemical conditions under which the zeolites formed and to 

explore how this may enhance our understanding of the formation conditions of the 

deposit. 
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- To assess the economic potential of the zeolite-rich samples, particularly in relation to 

their contents of lithium and cesium. 

1.6. Hypotheses 

According to the limited previous research, several zeolite-rich horizons occur in lithium-

ore units from the Falchani Lithium Project (Segovia-More et al. 2023; Segovia-More 

2024). The zeolite group minerals there are expected to have high lithium and cesium 

contents (Ramírez-Briones et al. 2025). These elements are likely incorporated in the 

zeolites as exchangeable cations adsorbed onto their surfaces and cavities (Sherry 1969; 

Pabalan and Bertetti 2001; Hoyer et al. 2015). 

1.7. Justification 

Lithium and cesium are essential elements for the energy transition towards a 

decarbonized economy, and their demand is increasing due to their multiple uses in 

industry, technology, and medicine (USGS 2025). Therefore, it is important to identify 

and characterize new primary sources. The Falchani Lithium Project, situated in the 

Macusani Volcanic Field, of southeastern Peru, presents high contents of both elements. 

The technical report and mineral resource estimate (Loveday and Karstick 2023) indicate 

that the Falchani Lithium Project is one of the most economically significant potential 

sources of lithium, as well as other elements that may be benefited as by-products (Table 

1). However, the mineralogy of the rocks is poorly constrained, particularly with respect 

to the occurrence of zeolites. The investigation of the mineralogy of zeolite-rich rocks 

from the volcanogenic Falchani Lithium Project may serve as a model for future 

volcanogenic lithium discoveries (cf. Benson et al. 2017; Bowell et al. 2020; Putzolu et 

al. 2025a) in which zeolites are important mineral constituents. The accurate identification 

of zeolite minerals and their relationship with lithium and cesium during the exploration 
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stage will be pivotal to optimizing recovery processes through quantitative mineral 

characterization and spatial variability modeling, thereby reducing uncertainties (Frenzel 

et al. 2024), and enabling more efficient exploitation of these strategic resources. 

Moreover, the identification and characterization of unconventional deposits, such as 

volcanogenic lithium deposits, represent a significant opportunity to mitigate supply risks 

and stabilize the market amid the growing demand for these strategic metals. 

2. METHODOLOGY 

2.1. Sampling 

In order to support this study, a total of 22 drill core samples (Fig. 2) and one surface 

sample were collected during several field campaigns in the Macusani Volcanic Field. 

High contents of both lithium and cesium and the guidance of Macusani Yellowcake’s 

geologists were used for the selection of the samples. Appendix A contains a list of the 

samples, including sample codes, geologic units (i.e., Lower Breccia, Lithium-rich Tuff, 

and Upper Breccia), diamond drill hole code, depth, geographical coordinates, and brief 

field descriptions. Appendix B contains hand sample photographs and more detailed 

descriptions. The locations of the surface sample and the collars of the drill cores from 

which the other samples were collected are shown in Figure 3. 
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Figure 2. Sampling of drill cores. A) Aspect of drill cores from the Falchani Lithium Project 

from which samples were collected. B) The samples were stored in labelled plastic bags. 

 

Figure 3. Location of the surface sample (2021-MAC-26) and of the collars of drill cores from 

which the remaining 25 samples were collected within the Falchani Lithium Project, which is 

owned by Macusani Yellowcake S.A.C. (GEOCATMIN 2024). 
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2.2. Analytical methods 

2.2.1. X-ray diffraction (XRD) 

The rock samples were prepared for bulk and separate mineral analysis. When 

required, paper-covered rock fractions and separates were initially broken into 

smaller pieces with a hammer. To separate specific components of the rocks (e.g., 

brown coatings), a meticulous procedure was followed, utilizing tweezers and other 

sharp tools. Subsequently, the bulk or separate materials were placed on a bond 

sheet for storage. Following this process, a total of 36 rock fractions and separates 

were obtained for XRD analysis. All the fractions and separates were then manually 

ground in an agate mortar and pestle (Fig. 4A) to a grain size smaller than 35 µm, 

with the resulting powder stored in labelled plastic vials (Fig. 4B). 

For the XRD analysis, I followed the procedure described in Segovia-More (2024). 

The fine powder material was compacted on standard cylindrical holders (16 mm 

diameter, 2.5 mm height) to form a smooth surface. XRD data collection was 

conducted using a PANalytical X’Pert PRO MPD alpha1 powder diffractometer at 

Scientific and Technological Centers of the University of Barcelona (CCiTUB) and 

a Bruker D8 Discover diffractometer at Centro de Caracterización de Materiales of 

the Pontificia Universidad Católica del Perú (CAM-PUCP). Both diffractometers 

operate in Bragg-Brentano θ/2θ geometry with 280 mm radius using Ni-filtered Cu 

Kα radiation (l = 1.5418 Å) and 40 kV–40 mA conditions. Scanning was performed 

from 4 to 100 º (2θ) at a step size of 0.017° with a scan duration of 1 second per 

step. 
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Figure 4. Manual sample preparation for XRD analysis. A) Agate mortar and pestle used 

to prepare rock powder. B) Labelled plastic vials with the powdered samples. 

Utilizing the PANalytical X’Pert Highscore 2.0.1 software, background noise was 

subtracted from the diffractogram patterns, peaks were identified, and mineral 

phases were attributed to each peak. A semi-quantification of the mineral phases 

was performed using the full-pattern summation (FPS) method, which utilizes  

full-pattern aggregation based on a reference library of pure diffraction standards. 

The results of the XRD analyses are detailed in Appendix C. 

2.2.2. Optical microscopy 

Nine polished thin sections were prepared at the Thin Section Laboratory of the 

University of Barcelona for subsequent microscopic study. Petrographic analyses 

were conducted using transmitted and reflected light on a Zeiss Primotech 

polarizing microscope at the Geology Laboratory of the PUCP. Photomicrographs 

and detailed microscopic petrographic descriptions of the polished sections 

analyzed are provided in Appendix D. 
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3. GEOLOGICAL SETTING 

3.1. The Central Andes in southern Peru: The Oriental Cordillera 

The Andes Cordillera of South America, shaped by the subduction of the Nazca oceanic 

plate under the South American continent, is classically divided into the Northern (0-

15°S), Central (15-33°S), and Southern (33-56°S) domains (Kay and Mpodozis 2020). 

The Central Andes have an extension of ~4,000 km, and at the latitudes of southern Peru, 

they comprise the Western Cordillera, the Altiplano-Puna Plateau, the Eastern Cordillera, 

and the Subandean fold and thrust belt as major geomorphotectonic units (Fig. 5; Wörner 

et al. 2018; Kay and Mpodozis 2020). 

 

Figure 5. Geomorphotectonic units of the Central Andes, highlighting the location of the study 

area within the Eastern Cordillera. Modified from Kontak et al. (1990). 
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The study area is located in the Eastern Cordillera of the Central Andes in southeastern 

Peru (Fig. 5). The Eastern Cordillera stands as a high-elevation range that separates the 

Altiplano from the Sub-Andean thrust and fold belt and foreland basin. The axis of 

present-day Eastern Cordillera in southern Peru and northern Bolivia coincides with the 

axis of the Mitu rift system, which was associated with the breakup of Pangea in the late 

Permian and Triassic (Sempere et al. 2002; Mišković et al. 2009; Spikings et al. 2016). 

The igneous and sedimentary rocks deposited within the Mitu rift system are grouped 

under the Mitu Group and unconformably overlie dominantly Paleozoic metasedimentary 

rocks of marine origin (for a review of proto-Andean geodynamics, see Chew et al. 2007, 

2016). Mitu Group rocks in Peru include Triassic molasse facies, alkaline-subalkaline 

basalts, and basaltic andesites deposited between ca. 240 to 220 Ma (Reitsma 2012; 

Spikings et al. 2016). The volcanic rocks, predominantly basaltic to andesitic in 

composition, exhibit intraplate alkaline signatures (Kontak et al. 1990). The Late Triassic 

and Early Jurassic marked the end of rifting and the onset of subduction-related arc 

magmatism between the Jurassic and Early Cretaceous in the Central Andes (Mišković et 

al. 2009; Kay and Mpodozis 2020). Since the Late Oligocene, the Central Andes have 

been characterized by a high rate of plate convergence, intense orogenic uplift, and 

significant magmatism, which have shaped the topography of the region and geological 

structure (Perez and Horton 2014; Carlotto et al. 2023; Falkowski et al. 2023). 

The Eastern Cordillera in southeastern Peru comprises three morphotectonic provinces, 

which frow the southwest to the northeast include i) the Central Andean Backthrust Belt, 

which is a southwest-verging system formed by tectonic inversion of a Mesozoic back-

arc basin; ii) the Macusani Structural Zone, which is described in detail below; and iii) 

the Cordillera de Carabaya, where are exposed Neoproterozoic to Mesozoic volcanic, 

sedimentary, and metamorphic sequences, as well as Triassic-Jurassic and Paleogene-
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Neogene volcanic and intrusive rocks (Laubacher 1978; Kontak et al. 1990; Sandeman et 

al. 1997; Perez et al. 2016a). 

3.2. The Macusani Structural Zone 

The Macusani Structural Zone, also known as the “Precordillera de Carabaya” (Kontak et 

al. 1990; Sandeman et al. 1997) or "Late Hercynian" fold domain (Laubacher 1978), is 

characterized by its high, uniform structural elevation along strike resulting in the 

exposure of Carboniferous, Permian, and Triassic rock units. As summarized by Perez et 

al. (2016b), it records a complex geologic history that includes three major phases of 

deformation. The first, the Eohercynian deformation phase, occurred in the Late Devonian 

to Early Carboniferous, forming NW-trending folds in Ordovician–Devonian rocks, 

which are overlain by Carboniferous–Permian sedimentary rocks. During the Late 

Permian, the second phase, known as “Late Hercynian”, produced faults and folds in 

upper Paleozoic strata with sigmoidal orientations, interpreted as NW-trending, in échelon 

folds formed in a left-lateral shear zone and later refolded. The third phase, associated 

with the Andean orogeny, involved the reactivation of pre-existing structures as thrust 

faults, with the Triassic Mitu Group being cut by NW-trending thrust faults parallel to 

those of the late Permian structures. 

The Lower Paleozoic sedimentary sequences in the Macusani Structural Zone, which can 

be up to 7,000 m thick, consist mainly of the Middle Ordovician San José Formation and 

the Upper Ordovician Sandia Formation (Laubacher 1978). The San José Formation is 

characterized by a flysch-like sequence of fossiliferous black shale interspersed with 

minor layers of sandstone. The Sandia Formation comprises a detrital sequence of 

quartzite alternating with gray-black shale. Above these units lies the Ananea Formation, 

a Silurian-Devonian sequence over 2,500 m in thickness, composed of black shale 

interbedded with quartzite in its upper part (Laubacher 1978). 
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The Upper Paleozoic lithologies include carbonate and detrital facies that discordantly 

overlie the Lower Paleozoic series. They correspond to the Mississippian Ambo Group 

and the Pennsylvanian Tarma Group, which consist of siliceous-calcareous marine 

deposits of sandstone, shale, and limestone (Laubacher 1978). In the early Permian, the 

Copacabana Group was deposited in an epicontinental sea and is characterized by 

fossiliferous limestone intercalated with sandstone, black shale, and cherty limestone 

(Sempere et al. 2002). 

The sedimentary continuity observed between the early Permian Copacabana Group and 

the Upper Triassic Mitu Group reflects Middle Triassic continental rifting that facilitated 

the accumulation of sedimentary and volcanic rocks (Laubacher 1978; Sempere et al. 

2002; Spikings et al. 2016). In the Macusani Structural Zone, the Triassic Mitu Group is 

characterized by the predominance of volcanic facies over detrital ones. This distinctive 

characteristic is attributed to the proximity to emission centers (Laubacher 1978; Panca et 

al. 2024). 

Jurassic and Cretaceous rock units in the Macusani Structural Zone have more restricted 

exposure compared to the Paleozoic and Triassic rocks, and include the Muni, Huancané, 

Viluyo, Ayabacas, and Vilquechico formations (Rodríguez et al. 2021). The Upper 

Jurassic and Lower Cretaceous Muni Formation was deposited in fluvial and aeolian 

environments and consists of alternating siltstone, mudstone, and fine-grained arkosic 

sandstone, all of which exhibit characteristic reddish-brown hues (López 1996; Rodríguez 

et al. 2021). The Lower Cretaceous Huancané Formation consists of massive white 

sandstone with occasional intercalations of shale, deposited in a fluvial and eolian 

environment (Newell 1949; Rodríguez et al. 2021). The Lower Cretaceous Viluyo 

Formation consists of a sequence of arkosic or quartzitic sandstone and forms an angular 

unconformity with the overlying Ayabacas Formation (López 1996; Rodríguez et al. 
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2021). The Turonian-Coniacian Ayabacas Formation is composed of gray packstone 

deposited in an unstable shelf marine environment (Callot 2008; Rodríguez et al. 2021). 

The Coniacian-Maastrichtian Vilquechico Formation (also known as the Hanchipacha 

Formation; e.g., Newell 1949) consists of green or grey pelitic sequences deposited in a 

fluvial floodplain environment (Newell 1949; Rodríguez et al. 2021). The last three 

formations are part of the Moho Group. 

The Macusani Structural Zone encompasses significant Tertiary volcanic fields, including 

Macusani (also known as Quenamari), Cayconi, and Picotani (Sandeman et al. 1996, 

1997). Volcanic and volcaniclastic units in these fields were grouped under the Crucero 

Supergroup by Sandeman et al. (1996; 1997). The Crucero Supergroup encompasses two 

distinct groups: i) the older Picotani Group and ii) the younger Quenamari Group. The 

Picotani Group consists of a sequence of Late Oligocene to Early Miocene (ca. 22-26 Ma) 

rhyodacitic volcanic rocks interbedded with mafic flows (Sandeman et al. 1997; 

Sandeman and Clark 2003). Specifically, the (sub)volcanic rocks include rhyodacite, S-

type rhyolite, lamprophyre, medium- to high-K calc-alkaline basalt, and shoshonite. This 

group is subdivided into the Cerro Queuta, Cerro Huancahuancane, Cerro Sumpiruni, 

Pucalacaya, Lago Perhuacarca, Cerro Moromoroni, Cerro Cancahuine, Pachachaca, Jama 

Jama, and Suratira formations. The Quenamari Group comprises Miocene (ca. 17-6.5 Ma) 

strongly peraluminous rhyolitic ash flow-tuff and is subdivided into the Huacchane, 

Quebrada Escalera, and Macusani formations. While the Huacchane and Quebrada 

Escalera formations are found in the Picotani Field, the Macusani Formation occurs in the 

Macusani Volcanic Field (Sandeman et al. 1997). Tertiary intrusive suites in the area were 

grouped by Sandeman et al. (1997) into the Crucero Intrusive Supersuite, which comprises 

i) the older Picotani Intrusive Suite and ii) the younger Quenamari Intrusive Suite, which 

are co-genetic with the homonymous volcanogenic rocks of the Crucero Supergroup. 
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3.3. The Macusani Volcanic Field 

The Macusani Volcanic Field comprises a sequence of rhyolitic ash-flow tuff exposed in 

the Quenamari Plateau at 4,400 m.a.s.l. and covers an area of ~860 km² (Cheilletz et al. 

1992). The exposed volcanic rocks of the Crucero Supergroup belong to both the Picotani 

and Quenamari groups (Fig. 6). The first group is represented by the Lago Perhuacarca, 

Pucalacaya, and Cerro Sumpiruni formations. These formations are exposed in Nevado 

Ollo Quenamari (near the Perhuacarca Lake), the Ninahuisa Valley (near the Ninahuisa 

River), and Cerro Sumpiruni Mountain, respectively, all located on the southeastern 

margin of the volcanic field. The second group is represented by the Macusani Formation, 

which is the youngest unit of the Crucero Supergroup (Sandeman et al. 1997). It covers 

most of the volcanic field area and is described in more detail below, as it is the unit that 

hosts the lithium-ore units in the Falchani Lithium Project (Nupen 2019). Intrusive units 

of the Crucero Supersuite are exposed along the central and southern areas of the 

Macusani Volcanic Field and include the Quebrada Centilla Stock, the Ninahuisa Stock, 

and the Revancha Dike of the Picotani Suite, and the Chacacuniza Stock and the Nevado 

Ollo Quenamari Plug of the Quenamari Suite (Sandeman et al. 1997). 
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Figure 6. Geological map of the Macusani Volcanic Field, modified from Pichavant et al. (1988), 

Sandeman et al. (1998), and Kontak et al. (1990). 

The Macusani Formation (a.k.a. Quenamari Formation; e.g., López 1996) is a 340 to 440 

m-thick sequence of poorly stratified, moderately welded, whitish gray, crystal-rich, 

rhyolitic ash- and lapilli-flow tuff (Cheilletz et al. 1992; Sandeman et al. 1997). Valencia 

and Arroyo (1985) described the formation as consisting of alternating tuff and ignimbrite. 

Juvenile pumice and shard fragments are more common than lithic fragments of pelite, 

andesite, granite, and quartzite (Cheilletz et al. 1992). Li (2016) identified quartz (7–15%), 

sanidine (15–20%), plagioclase (10–15%), biotite (2–4%), and muscovite (0–1%) as the 
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main minerals in the Macusani Formation. Pichavant et al. (1988) noted two crystallization 

stages: an early magmatic stage with plagioclase, biotite, tourmaline, spinel, cordierite, 

sillimanite, and other accessory minerals, followed by a main stage marked by quartz, 

sanidine, plagioclase, muscovite, and andalusite, along with some biotite, and accessory 

ilmenite, apatite, monazite, and zircon. Geochemically, the Macusani Formation consists 

of strongly peraluminous, felsic volcanic rocks associated with S-type reduced magmas 

(Pichavant et al. 1988) and is enriched in lithophile incompatible elements like Li, Rb, Cs, 

Be, B, Sn, F, P, and U (Noble et al. 1984; Pichavant et al. 1988; Ramirez-Briones et al. 

2025). 

40Ar/39Ar dating of biotite from the Macusani Formation revealed two eruptive cycles at 

10 ± 1 Ma and 7 ± 1 Ma (Cheilletz et al. 1992). Additionally, a 40Ar/39Ar biotite plateau 

date of 10.357 ± 0.080 Ma from the Corani mining area (Ullrich 2006) supports early 

eruptions in the southwestern portion of the field (Cheilletz et al. 1992). 

The Macusani Formation has been divided into the Chacacuniza, Sapanuta, and Yapamayo 

members (Fig. 6) by López (1996). According to this author, the Chacacuniza Member 

consists of poorly stratified rhyolitic tuff with lapilli fragments and crystal clasts of quartz, 

plagioclase, K-feldspar, and biotite, which appear alongside volcanic glass in a crypto-

crystalline matrix. It overlies angular unconformity rocks of the Mitu Group and underlies 

the Sapanuta Member. In the NE sector of the 29u sheet (Payacucho-Quisco Punco), it 

underlies the Yapamayo Member. The Sapanuta Member consists of a thick succession of 

rhyolitic tuff with distinctive columnar jointing. It comprises quartz, K-feldspar, 

plagioclase, and biotite crystal clasts and lithic fragments embedded in a cryptocrystalline 

matrix. Amygdales are filled with calcedony. It lies unconformably over the Mitu Group 

and the Ananea, Muni, Huancané, Viluyo, and Vilquechico formations and conformably 

over the Chacacuniza Member. Finally, the Yapamayo Member is a crystal-rich rhyolitic 
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tuff sequence with lapilli and lithoclasts. Crystals include quartz, albite, sanidine, and 

biotite, all ser within a cryptocrystalline matrix. It unconformably overlies the Sapanuta 

Member. 

3.4. The Falchani Lithium Project 

The Falchani Lithium Project comprises five units as described by Nupen (2019) and 

Loveday and Karstick (2023), which, from bottom to top, are the Coarse Felsic Intrusion 

(formerly named as Lower Rhyolite by Nupen 2019), the Lower Breccia, the Lithium-rich 

Tuff, the Upper Breccia, and the Upper Rhyolite. The Coarse Felsic Intrusion is a non-

mineralized unit characterized by the presence of rhyolitic rocks underlying the tuff and 

breccia levels (Nupen 2019). The Lower Breccia is up to 175 m thick and contains large 

blocks (~20 m) of tuff with high lithium contents (mean values of 2,134 ppm Li and 1,457 

ppm Cs; Loveday and Karstick 2023). Its characteristic pervasive alteration to smectite 

has obliterated most primary textures, resulting in distinctive low hardness and clayey, 

saccharoidal textures (Segovia-More 2024). Scarce, medium ash-sized dark mica crystal 

clasts are locally observed within the unit. The 50 to 140 m-thick Lithium-rich Tuff is a 

very fine-grained rock, light gray to white in color, with prominent bedding. This level is 

the main ore unit at the Falchani Lithium Project, with mean values of 3,093 ppm Li and 

517 ppm Cs (Loveday and Karstick 2023). It comprises finely laminated or, in some areas, 

massive volcanic mudstone with alternating white and gray laminae, containing fairly 

abundant Li-F micas in the matrix and as crystal clasts (Ramírez-Briones et al. 2025; Torró 

et al. 2025). The lamination is often strongly folded and contorted, although it is 

occasionally planar. Loveday and Karstick (2023) propose that the Lithium-rich Tuff was 

subaerially deposited in a lacustrine environment. The Upper Breccia, which is 

mineralized with a mean of 1,672 ppm Li and 684 ppm Cs contents, is approximately 10 

to 20 m thick and includes angular clasts in a fine-grained matrix (Loveday and Karstick 
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2023). This unit comprises brecciated volcaniclastic facies that are extensively altered to 

smectite (Segovia-More 2024). The rocks of the Upper Breccia are predominantly non-

cohesive, clay-rich, and exhibit white to grayish-white tones. The breccia is largely clast-

supported, with angular clasts ranging in size from 2 to 5 cm in size. Within the clasts, 

occasional medium- to coarse-sized fragments of mica, K-feldspar, and translucent quartz 

crystals are observed (Segovia-More 2024). Finally, the Upper Rhyolite, which is non-

mineralized, forms prominent outcrops on the surface with poorly defined stratification 

that slightly dips to the north-northeast (Nupen 2019). 

40Ar/39Ar dating on Li-F mica crystal clasts from the Lithium-rich Tuff yielded plateau 

dates ranging from 8,978 ± 73 ka to 8,717 ± 44 ka (Sanandres-Flores 2024, later published 

in Torró et al. 2025). The youngest of these dates constrains the time of deposition of the 

tuffaceous units containing the lithium mica crystal clasts, which coincided with the 

volcanic gap between the two previously documented eruptive events in the Macusani 

Formation at 10 ± 1 Ma and 7 ± 1 Ma (Cheilletz et al. 1992). 

The Li-ore units are primarily composed of quartz, plagioclase, K-feldspar, and variable 

proportions of Li-F mica, clay minerals (kaolinite-group and smectite), and zeolites 

(Segovia-More et al. 2023; Segovia-More 2024; Torró et al. 2025). Based on 

mineralogical composition of alteration assemblages, Segovia-More et al. (2023) and 

Segovia-More (2024) divided the ore-samples into three main groups: i) mica with 

kaolinite, ii) smectite ± mica, and iii) zeolite with mica. Micas from the Lithium-rich Tuff 

are classified within the zinnwaldite and lepidolite series (Torró et al. 2025). Smectite is 

Mg-poor and dioctahedral (Segovia-More et al. 2023), ruling out the presence of hectorite, 

a Li-bearing trioctahedral smectite commonly found in other volcanogenic lithium 

deposits (Bowell et al. 2020; Grew et al. 2020; Putzolu et al. 2025a). Cation exchange 
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analyses show that Li is adsorbed onto, or occupies interlayer positions within, smectite 

(Segovia-More 2024). 

The Li-ore units are primarily composed of SiO2 (60.4–73.9 wt.%), Al2O3 (14.0–20.1 

wt.%), K2O (1.3–6.8 wt.%), and Na2O (1.3–4.6 wt.%), with other minor oxides jointly 

contributing ~1.2 wt.% on average (Ramirez-Briones et al. 2025). Smectite-dominant 

samples show higher LOI values (8.2–13.5 wt.%) compared to kaolinite-dominant ones 

(1.7–4.4 wt.%). Geochemically, most samples are classified as rhyolite; however, some 

samples of Upper and Lower Breccia samples with high smectite contents exhibit coupled 

alkali and silica depletion with increasing LOI, which these authors have interpreted as 

post-depositional alteration under alkaline pH conditions (Ramirez-Briones et al. 2025). 

The contents of fluid-mobile, lithophile incompatible elements like Li (up to 4,160 ppm), 

F (up to ~2 wt. %), Cs (up to 8,993 ppm), Rb (up to 2,177 ppm), and Sn (up to 274 ppm) 

are notably high, which is interpreted by Ramirez-Briones et al. (2025) as due to high 

degrees of crystal fractionation and fluid-saturated magma conditions in a pre-eruptive 

stage. 

4. RESULTS 

4.1. Macroscopic description of the samples 

The studied rocks display a variety of textures and colors at the hand sample scale. Most 

of the samples exhibit a conspicuous white color in freshly cut surfaces and a 

homogeneous, very fine-grained granularity (Figs. A-G). Some of these exhibit widespread 

dark brown patinas (Figs. 7 B-C, E-G). While some appear as soft, clayey masses (Figs. 

7A-B), most are consolidated and hard (Figs. 7 C-G). Mineral identification is challenging 

both macroscopically and under loupe magnification (10x-20x) due to the very fine-

grained nature of the samples. Amorphous silica ± quartz (<0.4 mm) with gray, milky, or 

smoky colors is locally identifiable along with anhedral whitish plagioclase (<0.5 mm) and 
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sparse dark, brown to greenish brown micas (<1 mm). Soft clay minerals show smooth 

textures and typical adhesion when tested by tongue. 

Another set of samples exhibits more complex textures with well-preserved primary 

features (Figs. 7 G-L). These textures include laminar to irregular anastomosing patterns 

characterized by alternating brighter and darker bands (Figs. 7G-H), which grade into 

brecciated to blocky patterns (Figs. 7I-J). Possible directional solidification structures, 

defined by centimeter-scale domains of grayish material in sharp, rectilinear contact with 

the white host rock and displaying acute triangular terminations, have also been identified 

locally (Fig. 7K). In addition, a few samples contain consolidated breccias with subangular 

to rounded white clasts cemented in a dark gray matrix (Fig. 7K). 
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Figure 7. Aspect of representative hand samples. A) Fine-grained clayey material. B) Highly 

altered material with a light brown patina on the right surface edge; the sample is soft to the 

touch and easy to disintegrate. C) Whitish clayey material, a little rough to the touch, with a 

conspicuous dark brown patina all over its upper face. D) White, consolidated rock, with a 

smooth surface and containing small lithic fragments and dark mica randomly distributed within 

the clayey matrix. E) White, fine-grained sample with scattered dark brown subhedral dark mica 

crystal clasts (arrow). F-G) Massive, hard clay-rich material with a light brown coating over 
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most of its surface, which contrasts with the white color of the freshly-cut rock sample. H) 

Anastomosed light and dark banding. I) Laminar to anastomosed alternating white and 

brownish-grayish layers bands; the brownish-gray bands are discontinuous with internal 

brecciated texture. J) Banded rock with intercalation of levels rich in translucent to gray glass 

clasts defining a blocky texture. K) Very fine-grained gray material with a pinkish stain in sharp 

contact with a very fine-grained white host rock; acute triangle terminations of the gray material 

might indicate unidirectional solidification textures. L) Brecciated texture with rounded to 

angular and irregular clasts embedded in a very fine-grained dark gray matrix. The clast in the 

lower central area of the sample is split into three sub-clasts, depicting a local jigsaw-fit texture. 

4.2. Mineralogy 

According to the XRD results obtained in this thesis, most samples comprise quartz, 

feldspar, and mica, likely representing primary phases, along with secondary minerals, 

mainly clays and zeolites (Table 2; Fig. 9). Low-crystallinity silica phases such as “opal” 

[SiO2·nH₂O] and tridymite [SiO₂] were identified as possibly present. Petrographic 

observations (see below) indicate that the amount of quartz is very limited and that, 

instead, more amorphous varieties of silica are dominant. The relatively high diffraction 

peak at ~26.5 º (2q) from which quartz is often identified is also shared by other silicate 

minerals present in the samples, such as feldspar and mica, and therefore their intensity 

might reflect the addition of these minerals as well; as a result, the abundance of quartz 

can be overestimated. On the other hand, there are several overlapping diffraction peaks 

between opal/cristobalite and silicate minerals such as quartz and feldspars, which further 

complicates their identification and proper quantification. The assemblage of low 

crystallinity silica phases species at Falchani was defined as chalcedony—micro- and 

nano-scale intergrowths of polycrystalline quartz, cristobalite/opal-C, and amorphous 

silica/opal-A according to TEM results by Torró et al. (2025). Additionally, the diffraction 

patterns suggest the presence of virgilite [LiAlSi2O6] in two samples. Noteworthy, the 
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Macusani Volcanic Field is the type locality for virgilite, a mineral which has not been 

described in any other locality (French et al. 1978). The analyses also indicate that brown 

patinas show similar mineralogical compositions to their white counterparts (Appendix 

C). 

Identified clay minerals belong to the kaolinite subgroup and smectites of the 

montmorillonite [(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 · nH2O] – beidellite 

[(Na,Ca0.5)0.3Al2((Si,Al)4O10)(OH)2 · nH2O] series (see also Segovia-More et al. 2023). 

Mixed-layer clay minerals (cf. MacEwan and Ruiz-Amil 1975; Reynold 1980), such as 

illite-montmorillonite (including rectorite—a 1:1 regular interstratification of 

muscovite/illite and montmorillonite) were also noted. Smectite and mixed-layer clay 

minerals occur in most of the samples (n = 28), whereas kaolinite is present in identifiable 

proportions in a few samples (n = 10). 

Zeolite minerals are present in most, but not all, the studied samples. The most common 

identified zeolite is mordenite [(Na2,Ca,K2)4(Al8Si40)O96 · 28H2O], which has been 

identified in 23 of the 36 analyzed samples. Other identified zeolite minerals include 

mutinaite [Na3Ca4Si85Al11O192 · 60H2O], which has been detected in 12 samples, and 

clinoptilolite [(Na/Ca/K)3-6(Si30Al6)O72 · 20H2O] and heulandite [(Na/Ca/K)5-6(Al8-9Si27-

28O72) · nH2O], which have only been found in two samples each (Table 2). In most 

samples, more than one zeolite mineral is commonly identified. However, it should be 

noted that distinguishing between zeolite minerals through XRD may be challenging due 

to their similar framework structures, overlapping characteristic peaks, variable 

crystallinity, and the presence of mixed mineral phases in natural samples. Small 

variations in cation content and degree of hydration can also cause subtle shifts in peak 

positions, which hinder an unambiguous identification (Bish and Ming 2001). 
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According to the dominant secondary minerals, the samples can be classified into i) zeolite 

type (n = 7 samples); ii) zeolite + smectite/mixed-layer clay type (n = 16); iii) zeolite + 

smectite/mixed-layer clay + kaolinite subgroup type samples (n = 6); iv) smectite/mixed-

layer clay dominant type (n = 4); and v) kaolinite subgroup dominant type (n = 3; Fig. 8). 

Table 2. Minerals identified in samples from the Falchani Lithium Project using XRD including 

rock forming minerals (Pl: plagioclase, Mca: mica, Qz: quartz, and Kfs: K-feldspar), zeolite 

group minerals (Mor: mordenite, Mut: mutinaite, Cpt: clinoptilolite, and Hul: heulandite), clay 

minerals (Kln: kaolinite subgroup minerals, Sme: smectite, mixed-layer clay group minerals (Ilt-

Mnt: illite-montmorillonite, Rec: rectorite), and other minerals (Vir: virgilite, Opl: opal, and Trd: 

tridymite). 

Sample code UNIT 
Rock forming minerals Zeolite group minerals Clay group 

minerals 
Mixed-layer clay 
group minerals Other minerals 

Pl Mca Qz Kfs Mor Mut Cpt Hul Kln Sme Ilt-Mnt Rec Vir Opl Trd 

2021-MAC-026 LRT XX X XXX  XXX X   X       
2021-MAC-053 LRT XX XX XXX  XXX X          
2023-MAC-001 UBX XX XX XXX XX     XXX XX      
2023-MAC-002 LBX XX X XXX XX     XX  X  XXX   

2023-MAC-005A LBX  X    X   XX X      
2023-MAC-005B LBX      X   XX X      
2023-MAC-005C LBX  X    XX   XXX X      
2023-MAC-006A LBX            XX   XX 
2023-MAC-006B LBX            XXX   XX 
2023-MAC-007A LBX XX  XXX  X XX      X    
2023-MAC-007B LBX XXX X XXX        XX     
2023-MAC-008A LBX  X XX  XXX    X XX      
2023-MAC-008B LBX XXX  XXX  XX      XX     
2023-MAC-009 LBX  XX XXX XXX X           

2023-MAC-011A LBX  X XXX  XX   XX   XX     
2023-MAC-011B LBX   XXX  XX   XX   X     
2023-MAC-012 LBX  X X X X     X      

2023-MAC-013A LBX  X      X X XX      
2023-MAC-013B LBX  X X      XX   XX    
2023-MAC-014 LBX  X   XXX       XX XXX   

2023-MAC-015A LBX XXX    XXX     XX      
2023-MAC-015B LBX XX    XXX     XXX      
2023-MAC-016 LBX     XXX  XXX     XX    

2023-MAC-017A LBX   XXX XX XXX     XX      
2023-MAC-017B LBX  XX XXX XXX XX X  X        
2023-MAC-018 LBX   XXX  XXX X    XX      
2023-MAC-020 LRT XX XX  XXX     XX       

2023-MAC-021A LBX XX    XXX   X    XX    
2023-MAC-021B LBX  X   XXX   XX  XX    XX  
2023-MAC-022A LBX XX   XX   XXX   XX    XX  
2023-MAC-022B LBX XX   XXX   XXX   XXX    XX  
2023-MAC-023A LBX   XXX XXX XX     XX      
2023-MAC-023B LBX XX  XX  XXX     XX      
2023-MAC-024A LBX  XX XXX XXX XXX X          
2023-MAC-024B LBX  XX XXX XXX XXX X          
2023-MAC-025 LBX  XX XXX  XXX X          

Note: A value of X indicates a score less than or equal to 20%, XX indicates a score greater than 20% and less 
than or equal to 40%, and XXX indicates a score greater than 40%. 
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Figure 8. XRD patterns grouped by dominant alteration mineral paragenesis (see text for details). 

When available, the Li (ppm) and Cs (ppm) contents, as provided by Macusani Yellowcake for 

1.5-m-long segments of drill cores from which the samples were taken, are given. For sample 

2021-MAC-026, the Cs content is taken from Ramirez-Briones et al. (2025), while its Li content 

was not analyzed by these authors in this sample. Abbreviations: clinoptilolite (Cpt), heulandite 

(Hul), illite-montmorillonite (Ilt-Mnt), kaolinite (Kln), K-feldspar (Kfs), mica (Mca), mordenite 

(Mor), mutinaite (Mut), opal (Opl), plagioclase (Pl), quartz (Qz), rectorite (Rec), smectite (Sme), 

tridymite (Trd), and virgilite (Vir). 

4.3. Textures 

Under the microscope, most samples show a brecciated texture with glass clasts, zeolites, 

and other observable mineral elements such as mica crystal clasts embedded within a 

hypocrystalline matrix composed of volcanic glass, clays, silica, and zeolites (Fig. 9A). 

Some samples exhibit a perlitic texture within glass clasts, with concentric structures 

defined by fine-grained silica, clays, and zeolites as products of devitrification (Fig. 9B). 

At the microscopic scale, zeolites commonly appear as radial aggregates of acicular 

crystals with lengths comprised between 100 and 350 µm (Fig. 9C) and spherulites with 

sizes mostly comprised between 100 and 200 µm (Fig. 9D). Zeolite aggregates often occur 

in the rock matrix (Figs. 9A, D) as well as filling micro-veins (Figs. 9E-G), interstitial 

spaces, and cavities (Figs. 9H-J). Spherulitic zeolites typically show Brewster crosses (Fig. 

9D, I). In Figure 9J, an amygdala defined by multiple, intergrown radial zeolite aggregates 

is rimmed by a thin (<10 µm) coating of possible clay minerals, with the entire assemblage 

surrounded by glass. Finally, well-developed idiomorphic crystals with pseudo-rhombic 

dodecahedral and trapezohedral forms and sizes comprised in the range between 40 and 

100 µm are locally observed (Figs. 9K-L). 
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Figure 9. Microphotographs of zeolite-rich samples using plane-polarized (PPL) and crossed-

polarized (XPL) transmitted light. A) Brecciated texture with rounded to subangular clasts of 

volcanic glass and a 300 µm-long biotite lath in a fine-grained matrix of silica, clays, and zeolites 

(zeolite + smectite/mixed-layer clay type). B) Perlitic texture in devitrified glass clasts (zeolite + 

smectite/mixed-layer clay type). C) Zeolites as radial aggregates of acicular crystals with lengths 

of ~300 µm (zeolite type). D) Spherulitic aggregates of zeolite (~ 200 µm) in an altered matrix 
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(zeolite + smectite/mixed-layer clay type). E) Irregular micro-veins cutting the very fine-grained 

and altered matrix (zeolite type). F) Fine-grained matrix composed of clays, silica, and zeolites 

cementing small and irregular clasts of devitrified glass (zeolite type). G) Micro-veins filled with 

subhedral zeolite radial aggregates (zeolite type). H) Radial (fan-shaped) acicular zeolite crystals 

filling cavities and interstitial space (zeolite type). I) Detail of spherulitic zeolite showing 

Brewster crosses (zeolite + smectite/mixed-layer clay type). J) Vesicle filled with radial zeolite 

coated with possible clays in a glass matrix (zeolite + smectite/mixed-layer clay type). K) Detail 

of equant (pseudo rhombododecahedral and pseudo trapezohedral) zeolite crystals ~50 µm in size 

(zeolite type). L) Detail of idiomorphic pseudo rhombododecahedral zeolite crystals within 

cavities in the matrix (zeolite + smectite/mixed-layer clay type). 

5. DISCUSSION 

5.1. Genesis of zeolites in the Macusani Volcanic Field 

The mineralogical analysis of rock samples from the Falchani Lithium Project, as 

presented in this thesis, has confirmed the presence of zeolites. Potential zeolites identified 

through XRD analysis include mordenite, mutinaite, clinoptilolite, and heulandite. Of 

these, mordenite is the zeolite mineral most widely distributed among the studied samples, 

followed by mutinaite, while clinoptilolite and heulandite have only been identified in a 

few samples (Table 2). According to textural observations, zeolite minerals are authigenic 

in origin since they occur filling voids, amygdales, and veinlets (Fig. 10). In addition, clay 

minerals (kaolinite, smectite, and mixed-layer clays) were found to be also common in 

many of the analyzed samples. Of these, kaolinite and dioctahedral smectite (beidellite-

montmorillonite) had been previously reported by Segovia-More et al. (2023) and Segovia-

More (2024); in contrast, these authors did not report the presence of mixed-clays (illite-

montmorillonite, rectorite). Segovia-More et al. (2023) and Segovia-More (2024) also 

determined an authigenic origin for the clay minerals at Falchani, based on key textural 
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features, such as rose-shaped aggregates of smectite formed replacements of feldspar 

grains. 

Authigenic secondary minerals in volcanogenic sedimentary deposits can form through 

various processes including diagenesis, hydrolysis/hydrothermal alteration, and/or 

combinations thereof (e.g., Wohletz and Heiken 1992; Dill et al. 2000; Galán 2006; 

Reinoso-Carbonell et al. 2022; Fagel et al. 2024; Emproto et al. 2025). Zeolites represent 

some of the most commonly occurring authigenic silicates found in sedimentary rocks, 

particularly in altered vitric tuffs (Hay 1978; Weisenberger and Selbekk 2009; Suliman et 

al. 2025). Natural zeolites typically form through the alteration of volcanic glass and tuff 

by saline fluids (Jha and Singh 2016) and their crystallization is controlled by 

environmental temperature, pH, and chemical composition (Qinhua and Aizhen 1991). 

Mariner and Surdam (1970) found that zeolites such as mordenite and clinoptilolite 

developed from the alteration of volcanic glass in marine and lake environments with a pH 

between 7 and 9. The stability of zeolites is also strongly dependent on silica activity in the 

solution, such that most zeolites cannot form at low silica activities. Higher silica activity 

is related to a higher stability of these minerals (Fig. 10; Coombs et al. 1959). 

Different genetic models have been proposed for the formation of zeolite minerals in 

lacustrine environments and depositional sequences, primarily aimed at explaining the 

occurrence of alkaline pH fluids and their interaction with glass-rich volcanogenic 

material. One commonly invoked model is the so-called closed hydrologic system 

diagenesis (CHSD), which operates in two main environments based on their tectonic and 

hydrogeological context (Surdam 1977): i) basins in arid/semi-arid block-faulted regions, 

where evaporation concentrates saline-alkaline fluids in playa-lake systems, promoting 

volcanic glass hydrolysis and zeolite formation through cation-exchange reactions that 

increase pH (Langella et al. 2001); and ii) rift valleys, characterized by lakes fed by 



 

 

37 

subsurface springs with high salinity and minimal sediment load, where deep water-rock 

interactions generate alkaline brines (Eugster 1970; Hardie and Eugster 1970; Langella et 

al. 2001). In both cases, evaporation exceeding precipitation leads to solute saturation, 

while the destabilization of volcanic glass produces an aluminosilicate gel phase that 

evolves into zeolites (de’ Gennaro et al. 1988; Langella et al. 2001). 

In closed hydrologic systems, evaporative concentration creates concentric salinity and pH 

gradients from basin margins to center, reflected in mineral zonation (Langella et al. 2001). 

As water volume decreases, progressive alteration of tephra occurs. Unaltered ash persists 

in peripheral dry areas, while inward, glass reacts forming aluminosilicate gels and 

eventually zeolites (Mariner and Surdam 1970; Langella et al. 2001). If salinity and 

alkalinity continue to increase, zeolites may transition to potassium feldspar in the most 

central zones (Langella et al. 2001). 

In volcanogenic sedimentary Li deposits, the formation of zeolite through CHSD has been 

proposed as a key process in the development of secondary Li(B)-bearing minerals (Castor 

and Henry 2020; Putzolu et al. 2025a, b). Diagenetic alteration of intrabasinal volcanic 

glass under closed-hydrologic conditions led to the crystallization of Na zeolites and 

secondary K-feldspar in the McDermitt Caldera and Jadar volcanogenic sedimentary Li 

(Kadir et al. 2023; Putzolu et al. 2023a, 2025b). For instance, in the McDermitt Caldera, 

Li smectites are associated with nodular analcime, preserving relict volcanic glass textures 

(Benson et al. 2023). In contrast, the Jadar Deposit, jadarite formation follows hectorite 

alteration, accompanied by extensive zeolitization (Putzolu et al. 2025). These paragenetic 

sequences reflect the evolution of pore fluids from near-neutral to high-pH conditions, 

consistent with the CHSD model (Castor and Henry 2020). 

In this line, zeolites from the Falchani Lithium Project likely formed during diagenetic or 

hydrothermal alteration of rhyolitic glass, leading to the deposition of amorphous silica as 
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metastable gels. These gels crystallized into smectites and zeolites (de’ Gennaro et al. 1988; 

Langella et al. 2001; Castor and Henry 2020; Putzolu et al. 2025 a, b). The phases formed 

mostly in open spaces such as amygdales (Fig. 9J), veinlets (Figs. 9E, G), and more locally, 

in the form of replacement. The occurrence of zeolite as spherulites agrees with formation 

upon devitrification (“de-glassing”) or recrystallization of poorly-crystalline, metastable 

silica polymorphs (Cox et al. 1979; Putzolu et al. 2025b). 

The occurrence of different zeolite species and other authigenic minerals, in addition to 

zeolites, in the samples from the Falchani Lithium Project suggests varying post-deposition 

physicochemical conditions (Fig. 10A-C) along the volcanogenic sedimentary sequence 

and/or the time of formation. In this context, zeolites would have formed at higher pH and 

SiO2 activities relative to kaolinite, smectite, and mixed-layer clays involving 

muscovite/illite (Fig. 10B-C). However, no clear temporal relationship between the 

authigenic phases can be established at this stage. Therefore, a precise trajectory in the 

evolution of post-depositional physicochemical conditions is hard to determine. 

Regarding the various zeolite minerals, the stability and transformation of clinoptilolite to 

mordenite, or vice versa, are primarily controlled by alkalinity and temperature. According 

to Benning et al. (2000), clinoptilolite is more stable than mordenite when silica activity in 

the solution is low while mordenite predominates when there is more calcium in the 

solution and when silica is in an amorphous state (Fig. 10B). When clinoptilolite has more 

silicon compared to aluminum than mordenite, its stability fields shift; however, in most 

natural cases, mordenite tends to have more Si per formula unit than clinoptilolite 

(Tschernich 1992). Likewise, Figure 10C illustrates that the stability of mordenite is 

dictated by high SiO2 activity at variable Na+/Ca2+ ratios, in equilibrium with amorphous 

silica. In contrast, clinolptiloite, philipsite, heulandinte, and analcime are stable at 

progressively decreasing SiO2 activities partially coinciding with chalcedony and quartz 
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saturation. On the other hand, higher Na+/Ca2+ will favor the stability of philipsite and 

analcime over clinoptilolite and heulandite (Fig. 10C). The prevalence of mordenite over 

the other zeolite minerals such as clinoptilolite and heulandite in the studied samples from 

Falchani and its association with amorphous silica-saturated conditions indicate a very 

high SiO2 activity (log(aSiO2) > -3) during zeolitization. This high availability of silica is 

likely related to the extreme high-silica and evolved nature of the volcanic material in the 

Falchani Lithium Project (Ramírez-Briones et al. 2025). 

 
Figure 10. Stability diagrams including zeolites and other authigenic minerals found in the 

studied samples from the Falchani Lithium Project. A) Phase stability diagram for the Si-Al-K-O-

H₂O system at 25°C, illustrating the equilibrium conditions of potassium-bearing minerals 

(microcline, illite/smectite mixed-layer clay, montmorillonite, gibbsite, and kaolinite) as 

functions of dissolved silica concentration (log a SiO₂(aq)) and potassium-to-hydrogen ion 
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activity ratio (log (aK⁺/aH⁺)). Modified from Aagaard and Helgeson (1983). B) Stability diagram 

for the Si-Al-Ca-K-Na-H2O system at 125 °C showing the stability of Ca-zeolites (laumontite, 

clinoptilolite, and mordenite), as a function of silica activity and the Ca²⁺/H⁺ ratio in solution. 

Modified from Benning et al. (2000). C) Detail of mineral stability fields in the K₂O-Na₂O-CaO-

Al₂O₃-SiO₂-H₂O system at 25°C, showing equilibrium phase relations under fixed cation 

activities (K⁺ defined by K-feldspar, Ca²⁺ by tobermorite, and Al³⁺ by kaolinite solubility). 

Modified from Savage et al. (2007). 

5.2. Are zeolites from the Falchani Lithium Project potentially enriched in Li and Cs? 

The different secondary mineral associations identified in this thesis (Table 2; Fig. 8) are 

analyzed in relation to Li and Cs contents of the respective rock samples (Fig. 11). Across 

the sample set, Li contents (1,400-4,700 ppm) are in general less variable than Cs contents 

(300-9,600 ppm), which vary by nearly two orders of magnitude. Zeolite-smectite mixed-

layer clay type samples show the widest ranges for both Li (1,400-4,700 ppm) and Cs 

(1,800-4,600 ppm) contents, including outliers, followed by zeolite type samples (Li = 

1,400-3,600 ppm; Cs = 300-9,600 ppm). Zeolite + smectite/mixed layer + kaolinite 

subgroup type samples show wider dispersion for Cs (1,700-6,200 ppm) than for Li (1,800-

2,700 ppm), similar to smectite/mixed layer clay dominant type (Li = 1,800-2,500 ppm; 

Cs = 2,700-5,000 ppm). In contrast, kaolinite subgroup dominant type samples show 

similar dispersion for Li (1,700-3,200 ppm) than for Cs (600-2,100 ppm). 

Median Li values range from 2,100 ppm (kaolinite subgroup dominant type samples) to 

2,700 ppm (zeolite + smectite/mixed-layer clay + kaolinite subgroup type samples). 

Median Cs values show a more significant variation from 1,960 ppm (zeolite + 

smectite/mixed-layer clay + kaolinite subgroup type samples) to 6,600ppm (zeolite type 

samples). 
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Figure 11. Box-and-whisker plots showcasing Li (ppm) and Cs (ppm) contents for the different 

mineralogical types. 

The observed trends suggest that zeolite-rich samples have a stronger affinity for Cs than 

for Li, as expected (Flanigen 1991; Colella 1999; Munthali et al. 2015). The facts that 

zeolite-type samples have a distinctively high Cs contents regarding to the other 

mineralogical types strongly suggests that zeolites exerted a strong control on Cs 

enrichment at Falchani. This observation is also supported by the fact that Cs minerals 

have not been identified at Falchani neeither in this thesis nor in previous work (Segovia-

More et al. 2023; Segovia-More 2024; Torró et al. 2025). The data also demonstrate that 

zeolite-rich samples are attractive for Li, with values that are comparable to samples 

dominated by clay minerals. Importantly, however, this does not establish a clear 

paragenetic control on Li grades, since the studied samples may contain Li minerals, as 

discussed below. 
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5.3. Economic potential of zeolite minerals in the Falchani Lithium Project and future 

research 

In volcanogenic sedimentary Li deposits, the primary ore minerals are typically 

phyllosilicates (e.g., hectorite, tainiolite, cookeite) and, less frequently, borosilicates (e.g., 

jadarite) and phosphates (Putzolu et al. 2025a). However, at the Falchani Lithium Project, 

Li is mostly hosted in Li-F micas in samples in which this mineral is preserved, as well as 

associated to dioctahedral smectites (Segovia-More et al. 2023; Segovia-More 2024; Torró 

et al. 2025). The results in this thesis also usher in the possibility that Li could be associated 

to with zeolite minerals as well as mixed-layer clay minerals involving illite/muscovite and 

smectite interstratifications (Figs. 8, 11). Importantly, illitic, tainiolite-like clays are related 

with a twofold Li enrichment compared to precursor hectorite in the Thacker Pass deposit 

(Benson et al. 2023; Emproto et al. 2025). A more detailed study of the mixed-layer clays 

in the Falchani Lithium Project including XRD on oriented aggregates and TEM 

determinations is advised to constrain their exact nature and potential Li deportment. 

The fact that zeolite-rich samples are, in general, Li-rich, with values comparable to the 

rest of the secondary mineralogical types (Fig. 11), does not directly imply that zeolites are 

major carriers of this metal. As determined by Segovia-More et al. (2023) and Torró et al. 

(2025), in samples of the kaolinite type, Li-F micas are the main lithium-bearing phases, 

as demonstrated by the insignificant proportion of Li exchanged during cation exchange 

analyses. In contrast, in smectite-rich samples, in which Li-F micas are almost absent, a 

dominant proportion of the Li (up to ~90 %) is exchanged under the same conditions, 

supporting the conclusion that Li is adsorbed onto or within the interlayer spaces in 

smectites (Segovia-More 2024). Equivalent cation exchange analyses should be performed 

on zeolite-rich samples to determine the Li and Cs uptake by these minerals, evaluate their 
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selectivity for different alkali metals, and assess their suitability for efficient extraction 

during metallurgical processing. 

6. CONCLUSIONS 

Five mineralogical types based on alteration assemblages have been defined in the studied 

samples from the Falchani Lithium Project: i) zeolite type; ii) zeolite + smectite/mixed-

layer clay type; iii) zeolite + smectite/mixed-layer clay + kaolinite subgroup type samples; 

iv) smectite/mixed-layer clay dominant type; and v) kaolinite subgroup dominant type. 

Mordenite is the most abundant zeolite, followed by mutinaite, while clinoptilolite and 

heulandite have been identified only locally. Zeolites occur primarily as fillings of voids 

and fractures, and less commonly as spherulites and euhedral crystals. 

The samples dominated by zeolite alteration are significant hosts for Li and Cs. In 

particular, the Li contents are comparable to those of samples with an alteration mineralogy 

dominated by clay minerals. However, further studies, likely involving cation exchange 

analysis, are required to determine whether Li is related to zeolites and/or to other minerals 

in the same samples, namely Li-F micas. In contrast, zeolite-type samples are strongly 

enriched in Cs compared to samples from the other mineralogical types, which strongly 

suggests that zeolites exerted a strong control on Cs enrichment at Falchani. In any case, 

the significant grades of Li and Cs in zeolite-bearing rocks confirm their economic 

relevance and enhance the overall resource value. 

The crystallization of zeolite assemblages indicates that the original volcanic glass-rich 

tuffaceous sediments were altered by saline waters under alkaline pH conditions in a 

lacustrine environment. The prevalence of mordenite over other zeolite minerals, such as 

clinoptilolite and heulandite, in the studied samples indicates a very high SiO2 activity 

during zeolitization, likely reflecting equilibrium conditions with amorphous silica. More 
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detailed studies are needed to determine textural relationships between authigenic minerals 

at Falchani to constrain the evolution of the alteration conditions. 
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Appendix A: List of samples 

Sample Unit DDH Depth (m) 
Geographical coordinates* 

Field description 
Latitude - S Longitude - W 

2021-MAC-026 Lithium Rich Tuff - - 14º 00' 6.546" 82º 40' 47.260" White	'ine-grained	tuff	hosting	clasts. 

2021-MAC-053 Lithium Rich Tuff PCHAC-32-TNW Approx. 115.00 14º 00' 14.930" 82º 40' 58.285" Disaggregated	material,	rich	in	clay	minerals.	
Li-rich. 

2023-MAC-001 Upper Breccia PCHAC-14-TW 10.40 13º 59' 56.098" 82º 40' 33.521" Defined as “single mineral” by the company. 
2023-MAC-002 Lower Breccia PCHAC-14-TW 90.30 13º 59' 56.088" 82º 40' 35.048" Defined as “single mineral” by the company. 

2023-MAC-005 Lower Breccia 
PCHAC-14-TW 

96.90 13º 59' 56.087" 82º 40' 35.174" 
Oxidized sample, with brown tarnish and 

possible veins filled with well crystallized white 
and brown minerals. 

2023-MAC-006 Lower Breccia PCHAC-14-TW 104.70 13º 59' 56.086" 82º 40' 35.323" Fine grain, light weight. 

2023-MAC-007 Lower Breccia PCHAC-14-TW 222.10 13º 59' 56.070" 82º 40' 37.567" Fine-grained, disintegrable material with 
brownish tarnish. 

2023-MAC-008 Lower Breccia PCHAC-14-TW 225.50 13º 59' 56.070" 82º 40' 37.632" Fine-grained, disintegrable material with 
brownish tarnish. 

2023-MAC-009 Lower Breccia 
PCHAC-14-TW 

229.00 13º 59' 56.070" 82º 40' 37.699" 
Samples with irregular to anastomosing 

alternation of black and white levels but with 
apple-green levels. 

2023-MAC-011 Lower Breccia PCHAC-14-TW 237.30 13º 59' 56.068" 82º 40' 37.857" Surface oxidized, whitish. Very fine-grained. 
2023-MAC-012 Lower Breccia PCHAC-14-TW 323.30 13º 59' 56.057" 82º 40' 39.501" Defined as “single mineral” by the company. 

2023-MAC-013 Lower Breccia PCHAC-33-TV 172.80 14º 00' 0.587" 82º 40' 43.152" White fine-grained sample, apple green material 
fills the space between the white material. 

2023-MAC-014 Lower Breccia PCHAC-33-TV 249.00 14º 0' 0.587" 82º 40' 43.152" Sample of banded texture with millimetric 
quartz grains. 

2023-MAC-015 Lower Breccia 
PCHAC-33-TV 

250.50 14º 0' 0.587" 82º 40' 43.152" 
Banded texture? Possible unidirectional 

solidification texture (UST). Alternation with 
grey levels. 

2023-MAC-016 Lower Breccia PCHAC-33-TV 258.10 14º 0' 0.587" 82º 40' 43.152" Crackle breccia. 

2023-MAC-017 Lower Breccia PCHAC-33-TV 280.30 14º 0' 0.587" 82º 40' 43.152" Yellow material with black dots up to 2mm 
alternating with greenish gray material. 

2023-MAC-018 Lower Breccia PCHAC-33-TV 281.00 14º 0' 0.587" 82º 40' 43.152" >9,000 ppm-Cs, defined as “single mineral” by 
the company. 



 

 

Sample Unit DDH Depth (m) 
Geographical coordinates* 

Field description 
Latitude - S Longitude - W 

2023-MAC-020 Lithium Rich Tuff PCHAC-12-TW 46.70 14º 0' 10.866" 82º 40' 38.954" White “earthy” sample. 

2023-MAC-021 Lower Breccia PCHAC-33-TW 193.00 14º 0' 0.562" 82º 40' 46.84" 

Fine white with dark brown tarnish from 
alteration/weathering. Engineer Geologist 

(Henry) tells us that the brown tarnish forms 
within hours of cutting the samples. 

2023-MAC-022 Lower Breccia PCHAC-33-TW 201.50 14º 0' 0.561" 82º 40' 47.003" Fine white with dark brown tarnish. 
2023-MAC-023 Lower Breccia PCHAC-33-TW 212.90 14º 0' 0.559" 82º 40' 47.221" Fine white with dark brown. 
2023-MAC-024 Lower Breccia PCHAC-33-TW 221.70 14º 0' 0.558" 82º 40' 47.389" Fine white with dark brown tarnish. 
2023-MAC-025 Lower Breccia PCHAC-33-TW 232.50 14º 0' 0.556" 82º 40' 47.595" Banded texture with brownish tarnish. 

* Coordinates for DDH samples refer to the location of DDH collars.



 

 

Appendix B: Macroscopic description of the surface and drill core samples 

2021-MAC-026 

Hard, whitish rock with fine layers and grayish nodules. The layers are irregular, sometimes wavy, 

and the nodules are scattered or clustered in certain bands. It also contains small matrix-supported 

biotite crystal clasts. 

 

2021-MAC-053 

Disaggregated, soft, and clayey rock exhibits a white color. It contains small biotite and quartz 

fragments supported by the clayey matrix. Most original minerals in this rock have been 

obliterated. 

 



 

 

2023-MAC-001  

White rock, hard and consolidated, with a smooth surface, adheres easily to the tongue. It contains 

small lithic fragments, quartz, and biotite crystal clasts, which are randomly distributed within a 

clayey matrix. 

 

2023-MAC-002 

Hard, white rock with brown surface patinas. It contains small lithic fragments, quartz, and biotite 

supported in a very fine-grained matrix. 

 



 

 

2023-MAC-005 

Soft, lightweight, white rock with an altered surface forming brown-yellow patinas. It contains 

small lithic fragments, quartz, and biotite crystal clasts supported in a very fine-grained matrix. 

 

2023-MAC-006 

Soft, white rock with dark brown patina on surface. It contains small lithic fragments, quartz, and 

biotite crystal clasts supported in a very fine-grained matrix. 

 



 

 

2023-MAC-007 

Soft, lightweight, white rock with an altered surface forming brown patinas. It contains small 

quartz and biotite clasts supported in a very fine-grained matrix. 

 

2023-MAC-008 

Hard, slightly heavy, white rock with an altered surface forming brown patinas. It contains small 

lithic fragments, quartz, and biotite clasts supported in a very fine-grained matrix. 

 



 

 

2023-MAC-009 

The rock is hard and dense, exhibiting alternating white and black bands. The white bands show 

yellow patinas. The bands are planar to anastomosed. 

 

2023-MAC-011 

The rock is moderately lightweight, white, and displays an altered surface with dark brown patinas. 

It contains small lithic fragments, quartz, and biotite crystal clasts embedded in a soft, slightly 

rough whitish clayey matrix. 

 



 

 

2023-MAC-012 

The rock is soft, low-density, and medium-hard, with a white, fine-grained, and clayey matrix 

containing scattered dark brown, subhedral mica (biotite) crystal clasts and quartz. 

 

2023-MAC-013 

A soft, moderately dense, and white rock displaying surface alteration with brown patinas. The 

sample consists of small lithic fragments and biotite crystal clasts that are supported in a fine-

grained and clayey matrix. 

 



 

 

2023-MAC-014 

Hard, and dense white rock with brown weathering surfaces. Its composition consists of 

subrounded lithic fragments, rounded gray amorphous quartz grains, brown biotite flakes, and 

volcanic glass. The rock displays a banded texture, characterized by alternating layers of glass-

rich material that form a distinct blocky pattern. 

 

2023-MAC-015 

Fine-grained gray material with a pinkish tint in sharp contact with a very fine-grained whitish 

and hard host rock; the acute triangular ends of the gray material may suggest textures formed by 

unidirectional solidification. It also contains small matrix-supported biotite crystal clasts. 

 



 

 

2023-MAC-016 

Brecciated rock (white-grey) with yellow-brown weathering surfaces. Its composition includes 

lithic fragments, rounded white clasts, quartz, biotite, and dispersed iridescent black fine-grained 

material. 

 

2023-MAC-017A 

Soft to the touch, low density, white rock with an altered surface in the form of light-yellow 

patinas. It contains small lithic fragments, quartz, and biotite clasts, which are supported by a 

clayey matrix. 

 



 

 

2023-MAC-017B 

Hard, dense grey rock with brown surface patinas. Its brecciated texture comprises dark grey 

subrounded to rounded clasts embedded in a whitish matrix. 

 

2023-MAC-018 

A hard rock with high specific gravity and low hardness, containing rounded whitish clayey clasts 

(up to 1 cm) within a grayish matrix, along with brown biotite and chlorite. The sample displays 

a brecciated texture, with clasts ranging from rounded to angular in shape, embedded in a very 

fine-grained, dark gray matrix. 

 



 

 

2023-MAC-020 

Rough to the touch, medium-density, white rock with an altered surface showing brown patinas. 

The fresh surface contains small lithic fragments, quartz, and biotite supported in a very fine-

grained matrix. 

 

 

2023-MAC-021 

Rough to the touch, low-density white rock with an altered surface showing dark brown patinas. 

It contains small, matrix-supported lithic fragments, clays, quartz, and medium-sized biotite 

crystal clasts. 

 



 

 

2023-MAC-022 

Soft, low-density white rock with an altered surface in the form of dark brown patinas. It contains 

biotite crystal clasts. 

 

2023-MAC-023 

Soft to the touch, low-density white rock with an altered surface showing a brown tarnish. It 

contains small lithic fragments and brown biotite clasts embedded in a very fine-grained matrix. 

 

  



 

 

2023-MAC-024 

Soft, low-density, white rock with an altered surface showing brown and yellow tarnish. It contains 

small lithic fragments and biotite crystal clasts supported in a clayey matrix. 

 

2023-MAC-025 

Soft to the touch, it adheres easily to the tongue, with a low density and an altered surface in the 

form of brown patinas. It contains clay, quartz, and micaceous biotite.  

 



 

 

Appendix C: XRD results 
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Appendix D: Microscopic descriptions 

 
TEXTURAL DESCRIPTION: 
 
The sample exhibits a brecciated texture composed of subrounded to angular 
clasts of volcanic glass. These clasts have been partially replaced by a fine-
grained matrix of clays, silica, and zeolites, resulting in the appearance of volcanic 
glass "islands." The zeolites occur as radial acicular aggregates that infill cavities 
and interstitial spaces within the matrix. 
 



 

 

 

TEXTURAL DESCRIPTION: 
 
The sample exhibits a brecciated texture composed of rounded to subangular 
clasts of volcanic glass embedded in a fine-grained matrix. Spherules of radiating 
zeolite show Brewster crosses. 
 

 



 

 

 

TEXTURAL DESCRIPTION: 
 
The sample exhibits a brecciated texture. It presents irregular micro-veins 
regularly distributed throughout the altered matrix. These micro-veins are filled, in 
part, with subhedral zeolite radial aggregates. 
 

 



 

 

 

TEXTURAL DESCRIPTION: 
 
The sample exhibits a brecciated texture composed of rounded to subangular 
clasts of volcanic glass embedded in a fine-grained groundmass of silica, clays, 
and zeolites. Small cavities (amygdales) within the matrix are filled with radial 
aggregates of zeolite crystals, and some show a rim of smectites. A subhedral 
mica crystal with a cariated outline is observed. 
 

 



 

 

 

 

TEXTURAL DESCRIPTION: 
 
The sample has a brecciated texture composed of subangular clasts embedded 
in a fine-grained groundmass. The matrix shows a high abundance of zeolites in 
some areas. 
  

 



 

 

 

 

TEXTURAL DESCRIPTION: 
 
The volcanic rock exhibits a brecciated texture. It comprises euhedral zeolite 
crystals displaying pseudo rhombododecahedra and pseudo trapezohedral faces. 
Anhedral mica crystals are also present.  
 

 



 

 

 

 

TEXTURAL DESCRIPTION: 
 
The sample exhibits glass clasts with internal perlitic textures. The clasts are 
embedded in a fine-grained matrix composed of silica and clays. Possible 
idiomorphic pseudo rhombododecahedra zeolite crystals are observed occupying 
cavities in the matrix. Additionally, a subhedral mica crystal with a cariated outlines 
up to 0.5 mm in size are also present. 
 



 

 

 

TEXTURAL DESCRIPTION: 
 
The sample exhibits a conspicuous brecciated texture. The matrix is fine-grained 
and composed of silica, clays, and sparce brown micas. Spherules of radiating 
zeolite showing Brewster crosses are common. Isolated clasts of volcanic glass 
are preserved as relics, resulting from the progressive replacement of the original 
glass by zeolites. 
 

 



 

 

 

TEXTURAL DESCRIPTION: 
 
The sample exhibits a brecciated texture composed of rounded to subrounded 
clasts, with some angular fragments. In some instances, volcanic glass clasts 
display concentric internal structures (perlitic texture) that were replaced by silica, 
clays, and zeolites. Euhedral to subhedral mica crystals are also present within 
the matrix and are variably altered to an Fe-rich, very fine-grained material, 
probably zeolites and clays. 
 

 


