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Resumen

El andlisis morfolégico y geoquimico de minerales pesados en rocas sedimentarias
(incluyendo las volcanogénicas) es clave para delimitar procesos de procedencia y
petrogénesis. Ademas, los minerales pesados son fuentes potenciales de algunos de los
llamados metales criticos. Esta tesis se centra en la caracterizacién morfoldgica y quimica
de minerales pesados encontrados en muestras de Lithium-rich Tuff, la unidad principal de
mena del Proyecto de Litio Falchani, y otra toba texturalmente similar, caracterizada como
lutita tobacea blanca, todas ellas encontradas en el Campo Volcanico Neogeno de
Macusani. Los minerales pesados se concentraron usando hidroseparacion (HS11) y se
analizaron sistematicamente mediante microscopia electronica de barrido y espectroscopia
Raman. Ademas, granos de circon de una muestra de lutita tobacea blanca se dataron
mediante ICP-MS con ablacion laser. Los resultados revelan una diversidad de minerales
pesados como rutilo, circon, monacita-Ce, titanita y dumortierita. Asimismo, minerales
como corindon, jeremejevita, casiterita, topacio y xenotima-Y fueron encontrados
exclusivamente en la unidad Lithium-rich Tuff, mientras que anatasa, apatito, turmalina,
wickmanita, ilmenita y andradita fueron hallados exclusivamente en la lutita tobacea
blanca. Los 6xidos de titanio tipo rutilo en la Lithium-rich Tuff estan enriquecidos en Nb
(hasta 8.66 wt. %) y Ta (hasta 5.52 wt.%). La mineralogia y el enriquecimiento en
elementos litofilos incompatibles son consistentes con la naturaleza peraluminosa y
altamente evolucionada del Campo Volcanico de Macusani y, en particular, de la unidad
Lithium-rich Tuff. La diversidad morfoldgica de los granos de zircon sugiere origenes
diversos, lo que es coherente con edades U-Pb de 222 + 3 y 7.36 + 0.1 Ma. Algunas de
estas fases densas, como los rutilos ricos en Nb y Ta, y los fosfatos de REE, pueden

representar potenciales subproductos econdmicos.
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Abstract

Morphological and geochemical analysis of heavy minerals in (volcanogenic-) sedimentary
rocks are key to constraining provenance and petrogenesis. In addition, heavy minerals are
potential sources for some of the so-called critical metals. This thesis focuses on the
morphological and chemical characterization of heavy minerals in samples of Lithium-rich
Tuff, the main ore unit from the Falchani Lithium Project, and other texturally similar tuff,
here dubbed white tuffaceous mudstone, all of them found in the Neogene Macusani
Volcanic Field. Heavy minerals were concentrated using hydroseparation (HS11) and
systematically analyzed through scanning electron microscopy and Raman spectroscopy.
In addition, zircon grains from one sample of white tuffaceous mudstone were dated by
laser-ablation ICP-MS. The results reveal a diverse array of heavy minerals such as rutile,
zircon, monazite-Ce, titanite, and dumortierite. In addition, corundum, jeremejevite,
cassiterite, topaz, and xenotime-Y were found exclusively in the Lithium-rich Tuff, and
anatase, apatite, tourmaline, wickmanite, ilmenite, andradite, and hematite were found
exclusively in the white tuffaceous mudstone. Rutile-like minerals from the Lithium-rich
Tuff are enriched in Nb (up to 8.66 wt.%) and Ta (up to 5.52 wt.%). The mineralogy and
enrichment in incompatible lithophile elements are consistent with the peraluminous,
highly evolved nature of the Macusani Volcanic Field and, in particular, the Lithium-rich
Tuff. The observed high variety of zircon morphologies may indicate different origins,
which is consonant with obtained U-Pb zircon dates of 222 + 3 and 7.1 + 0.7 Ma. Some of
these heavy minerals, such as Nb- and Ta-rich rutiles, and REE phosphates, may represent

potential economic by-products.
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1. INTRODUCTION
1.1. Mineralogy, chemistry, and petrography of heavy minerals

Heavy minerals are defined as minerals that are denser than common rock forming minerals
such as quartz (density [p] = 2.65 g/cm?) and feldspars (p = 2.55 — 2.76 g/cm?) (Morton
1978; Elsner 2010; Subasinghe et al. 2022). The term “heavy” is used to describe minerals
with a density of over 2.85 g/cm®. In practice, only those minerals with densities greater
than the dense media most used in laboratories — i.e., bromoform (p = 2.84 — 2.89 g/cm?)
or tetrabromomethane (p = 2.94 g/cm?) — are considered heavy minerals (Elsner 2010). The
most common heavy minerals are presented in Table 1. Elsner (2010) subdivided heavy

minerals into:

- Heavy heavy minerals (p = 6.8 — 21 g/cm?) such as gold, platinum, and cassiterite;

- Light heavy minerals (p = 4.2 — 6.7 g/cm®) such as ilmenite, rutile, zircon, monazite,
magnetite, and chromite; and

- Gemstones (p =2.9 — 4.1 g/cm?), mainly diamonds.

Table 1. Most common heavy minerals, their chemical formula, and their density according to

data from MINDAT (2023).
Heavy minerals Formula Density (g/cm?)
IImenite Fe'TiOs 4.68 -4.76
Rutile TiO2 4.23
Zircon Z1(Si104) 4.6-4.7
Baddeleyite V4,0)} 54-6
Monazite-group (Ce,La,Nd,Th)(POs) 48-55
Xenotime-(Y) Y(POs) 44-5.1
Kyanite Aly(Si04)0O 3.53-3.67
Sillimanite Alx(Si04)0O 3.23-3.27
Andalusite Alx(Si04)0O 3.13-3.21
Staurolite Fe?"AlsSi4023(OH) 3.74-3.83
Garnet (Mg,Ca,Fe?* Mn?")3(ALFe** ,Cr*",V¥)x(Si04)3 3.5-43
Chromite Fe?'Cr’*,0, 45-438
Magnetite Fe*'Fe*H04 5.18
Cassiterite SnO; 6.98 - 7.01
Columbite-tantalite (Mn,Fe)(Ta,Nb)20s -
Wolframite (Fe,Mn,Mg)WO4 7.3
Scheelite Ca(WO4) 6.1




Heavy minerals may contain dozens of chemical elements, both structural (i.e., those that
are normally detailed in the structural formulae) and substitution (in minor amounts and
not detailed in the structural formulae). In the particular case of heavy minerals, structural
elements are typically characterized by having high atomic weights and atomic numbers
(Table 2).

Table 2. Most common elements in heavy minerals with their respective symbol, atomic weight,
density, and first ionization energy, according to data from MINDAT (2023).

Atomic  Density  Atomic
Element Symbol
weight  (g/cm®)  number

Titanium Ti 47.87 4.51 22
Vanadium \Y 50.94 6.11 23
Chromium Cr 52.00 7.14 24
Manganese Mn 54.94 7.47 25

Iron Fe 55.85 7.87 26

Yttrium Y 88.91 4.47 39
Zirconium Zr 91.22 6.51 40

Niobium Nb 92.91 8.57 41

Tin Sn 118.71 7.31 50
Lanthanum La 138.91 6.15 57
Cerium Ce 140.12 6.69 58
Neodymium Nd 144.24 7.01 60

Hafnium Hf 178.49 13.31 72
Tantalum Ta 180.95 16.65 73
Tungsten w 183.84 19.25 74

Thorium Th 232.04 11.72 90

Heavy minerals have some distinctive, often shared, petrographic characteristics (Gheith
etal. 2021). The features of some of the main heavy minerals are briefly described in Table

3.



Table 3. Heavy minerals with their respective petrographic characteristics (summarized data from
MINDAT 2023; Schouten 1962; Darby and Tsang 1987; Mange and Maurer 1992; Li et al. 2002;

Mange and Morton 2007; Elsner 2010; Badanina et al. 2015; Haldar 2020).

Mineral Crystal system Morphology Color Occurrence Comments
Ilmenite Trigonal Common: thick  Iron black or Common in intrusive and | - Can be altered to
tabular crystals | black extrusive rocks, including leucoxene
Rare: thin pegmatites and other vein
laminae, acute rocks, and metamorphic
rhombohedral, rocks (e.g., schists).
and compact Particularly important in
massive norites, gabbros, and
anorthosites
Rutile Tetragonal Common: Blood red, Predominantly in Al-rich | - Ultra-stable
prismatic, often | brownish metamorphic rocks mineral
slender to yellow, brown- | Typical accessory mineral | - Usually found
acicular. Prism | red, yellow, in high-pressure, high- with other Ti-
zone vertically greyish-black, | temperature igneous rocks bearing
striated or black, brown, and detrital sediments (leucoxene,
furrowed bluish, or violet anatase, and
Rare: pyramidal sphene) phases.
or granular - Can incorporate
massive other metals such
as Nb, Cr, and Zr
Zircon Tetragonal Tabular to Colorless, In a variety of igneous and | - Ultra-stable
square prismatic = yellow, grey, metamorphic rocks, mineral
crystals reddish-brown, @ although it is most | - Variable contents
Tetragonal- green, brown, abundant in silicic of rare earth
bipyramidal black igneous  rocks  (e.g., elements (REE)
crystals granitoids). and other elements
It reaches high such as Hf, Nb, U,
concentrations in detrital Th, and Ta
sediments
Baddeleyite Monoclinic Common: Colorless to Occurs as an accessory - Associated with
tabular crystals | yellow, green, | mineral in carbonatites pyrochlore and

elongated on
[010]

Short to long
prismatic
crystals along
[001]

Rarely equant
prism faces and
striated parallel
to [001]
Botryoidal
masses with
radially fibrous
structure and
concentric
banding

greenish,
reddish brown,
brown, iron-
black

and kimberlites

zircon




Mineral Crystal system Morphology Color Occurrence Comments
Monazite Monoclinic Common: small = Light yellow, In a variety of rocks (e.g., | - May incorporate
group (sometimes brown, orange = granites, granodiorites, U, Th, Sn, Ti, Zr,
coarse) crystals | brown, reddish = monzonites, granite and Ta
Frequently brown pegmatites, carbonatites,
flattened or hydrothermal veins,
elongated laterites rich in REE
prismatic phosphates)
crystals
Crystal faces
commonly
rough, striated,
or uneven
Xenotime Tetragonal Short to long Yellowish As an accessory mineral | - Can incorporate
group prismatic brown, reddish, | in granites, syenites, REE (chiefly Yb
crystals brown, light granite pegmatites, and and Y) and
Crude radial red, flesh-red, quartzose micaceous variable amounts
aggregates of light green, gneisses of U, Th, S, V,
coarse crystals gray, grayish- Zr, S, and Ca
white, yellow
Kyanite Triclinic Bladed crystals | Blue, white, Common metamorphic - Associated with
Tabular crystals = light gray, mineral in Al-bearing corundum, rutile,
green, rarely rocks topaz, tourmaline,
yellow, orange, and Al phosphates
pink - Can incorporate
chromium (up to
1.8 %)
Sillimanite = Ortho-rhombic Common: Colorless, Common metamorphic - Inclusions of
fibrous crystals | white, yellow, | mineral in Al-bearing corundum, rutile,
in wavy bundles | brown, green, rocks Fe oxides, topaz,
Rare: in well- blue, gray mica, clay
defined minerals, and
rectangular to silica
square cross- - Trace elements
sectioned prisms such as Fe, Mn,
Ti, and Cr
Andalusite  Ortho-rhombic Columnar Pink to red, Common metamorphic - Associated with
aggregates brown, mineral in Al-bearing staurolite and
having nearly occasionally rocks almandine
square cross yellow, green, - Inclusions of
sections, white, gray, graphite, ilmenite,
commonly and rarely muscovite, biotite,
elongated violet or chlorite
Fibrous,
compact,
massive
Staurolite Monoclinic Prismatic Dark brown, Occurs in mesozonal - Associated with
crystals brownish- contact zones in regional sillimanite,
Common: black, red- metamorphism kyanite,
typical brown andalusite, garnet,

cruciform twins

muscovite, or
biotite




Mineral Crystal system Morphology Color Occurrence Comments
Garnet Isometric Common: well- | All colors Typical in metamorphic Commonly mixed
group crystallized facies as porphyroblasts compositions
dodecahedron or in schists and gneisses. It between grossular,
trapezohedron can also occur in some andradite,
In rounded peraluminous granites almandine,
grains and and pegmatites pyrope, and
massive spessartine
May show
inclusions of rutile
and zircon
Can incorporate
trace elements
such as Fe, Mn,
Cr, V, Na, Ni, and
Sn
Chromite Isometric Common: Black It typically occurs as Commonly
massive, fine disseminated grains or as associated with
granular to vein fillings in ultramafic magnetite,
compact rocks hematite, and
Uncommon: ilmenite
octahedral Can incorporate
crystals trace elements
such as Ti, V, and
Mn
Magnetite Isometric Common Greyish black It usually occurs in Associated with
octahedral or iron black magmatic and hematite, ilmenite,
crystals metamorphic rocks pyrite, rutile, and
Sometimes Mn oxides
dodecahedral, Can incorporate
striated on trace elements
{011} such as Mg, Mn,
Massive, Zn, Ni, Cr, Ti, Al,
granular, coarse and V
to fine
Cassiterite Tetragonal Common: short | Black, yellow, | It commonly occurs in Frequently

prismatic
untwinned
crystals

Less commonly:
long prismatic
with acute
terminations,
pyramidal,
fibrous,
botryoidal
crusts, or
concretionary
masses

brown, red, or
white

granites, pegmatites, and
other felsic intrusive
rocks, as well as in
hydrothermal veins

associated with
rutile, lepidolite,
columbite, and
tantalite

Can incorporate
trace amounts of
Ti, Li, Sc, Zn, Fe,
W, Nb, Ta, and
Mn



Mineral Crystal system Morphology Color Occurrence Comments
Columbite- Ortho-rhombic Short prismatic ~ Black, dark Pegmatites, granites, Associated with

tantalite crystals brown, reddish = carbonatites, syenites, beryl, cassiterite,
Often brown and nepheline syenites pyrochlore, and
rectangular phosphates
prisms with Inclusions of
prominent zircon, cassiterite,
pinacoids and tapiolite
Thin or thick
tabular crystals
Less often
pyramidal
Massive

Wolframite Monoclinic Common: Dark grey, Occurs in granites, high- Usually associated

prismatic and brown black temperature hydrothermal with cassiterite,
striated crystals veins, granitic scheelite, and
on [001] pegmatites, and placer molybdenite
Radiating deposits Incorporations of
groups or in a columbite-
parallel tantalite (up to ~
configuration 25%) component
Crystals wedge- Can incorporate
shaped, trace elements
commonly such as In, Mo,
flattened Bi, Zr, Sc, and Y
Massive

Scheelite Tetragonal Common: Tan, golden- Commonly occurs in, One of the most
pseudo- yellow, pegmatites, skarns, and fluorescent
octahedral colorless, high-temperature veins. It minerals
crystals white, greenish, 1is also present in contact Associated with
Usually dark brown metamorphic rocks apatite, cassiterite,
granular, around granitic intrusions fluorite, and
massive, and tourmaline
columnar

1.2.  Heavy minerals as a source of critical raw materials for the global economy

In addition to traditional commodities such as gold, heavy minerals may host significant
contents of the so-called high-tech elements with a remarkable global economic
importance, largely due to their extensive use in industrial production. The European
Commission (2020) has identified 30 Critical Raw Materials (CRMs) including titanium
(Ti), tantalum (Ta), tungsten (W), niobium (Nb), hafnium (Hf), and rare earth elements
(REE), which are essential components in different heavy minerals (Table 1). In addition,
other elements of high economic importance found in heavy minerals include zirconium

(Zr) and tin (Sn).

Titanium is the ninth most abundant element in the Earth's crust (0.6 % of the total crustal
mass). It is lithophile and occurs mostly as a tetravalent cation in a wide range of oxides

and silicates (e.g., ilmenite, leucoxene, and rutile; Farges 1998). It is typically extracted



from ilmenite and rutile in magmatic and sedimentary deposits (Elsner 2010). The most
significant deposits of titanium include massif-type anorthosite (e.g., Lac Tio, Canada;
Tellnes, Norway), titanium-vanadium (e.g., Gusevogorsk, Russia), and fluvial placer
deposits of heavy mineral sands (rutile, leucoxene, e.g., Sierra Leone) (Elsner 2010;
Subasinghe et al. 2022). Titanium is a highly versatile metal with a variety of industrial
and consumer applications (Hanson 1986). Its high strength-to-weight ratio and corrosion
resistance make it valuable material in the aerospace and defense industries, where it is
used in the fabrication of aircraft components, missile casing, and armor plating (Henriques
2009). Moreover, titanium is biocompatible, which means it does not react with the human
body, making it useful for medical implants (Hanawa 2019). Additionally, titanium is used
in the automotive industry to make lightweight components that improve fuel efficiency
and performance (Kiernan 2020). In addition, titanium is used in compounds such as
titanium dioxide (Ti0Oz), which is employed as a pigment in paints, plastics, and paper,
titanium tetrachloride (TiCls), which is used in the production of titanium metal, and
titanium carbide (TiC), which is utilized in the fabrication of cutting tools (Elsner 2010).
The demand for titanium is expected to increase in the coming years driven by the growing
demand from the aerospace, automotive, and medical industries (Woodruff et al. 2017).
This is projected to result in a rise from USD 24.7 billion in 2021 to USD 33.5 billion by
2026 (MarketsandMarkets 2021).

Tungsten 1s a siderophile and metallic transition element with an average estimated
abundance of 1.25 — 1.50 ppm in the Earth’s crust (BGS 2011). Tungsten is exclusively
mined from scheelite and wolframites in skarns (e.g., Cantung, Canada) and Sn-W vein
stockwork deposits (e.g., Panasqueira, Portugal; Xihuashan, China) (Han et al. 2021). It is
characterized by its high thermal resistance, high tensile strength, very high hardness, and
good conductivity, rendering it an ideal material in industrial alloys for steelmaking,
aerospace, and defense (Elsner 2010). Additionally, its high density and ability to absorb
gamma rays makes it a valuable component in radiation shielding (BGS 2011). Tungsten
is commonly utilized in the compound form of tungsten carbide (WC or W>C) for cutting
tools, abrasives, and wear-resistant parts. Other compounds, such as tungsten oxide (WO3),
are used in the production of pigments and ceramics (BGS 2011). The current demand for
tungsten is primarily driven by the industrial alloy and tungsten carbide markets (Shedd

2022). According to Global Market Insights (2018), the global tungsten market size was



estimated to be worth over USD 3.5 billion in 2017 and is projected to reach USD 8.5
billion by 2025.

Tin is a metal siderophile and lithophile element with an average abundance of 2.3 ppm in
the Earth’s crust (Kamilli et al. 2017). The principal ore of tin is cassiterite, which is found
in placer deposits (residual-alluvial; e.g., Pitinga, Brazil; Bangka Island, Indonesia), in
primary hydrothermal tin + silver + polymetallic deposits (e.g., San Rafael, Peru; Huanuni,
Llallagua, and Cerro Rico de Potosi, Bolivia), in pegmatites and greisens (e.g., Bikita,
Zimbabwe; Phuket, Thailand), in skarn and carbonate-sulfide replacement deposits (e.g.,
Cuomolong, China), and in massive sulfide deposits (e.g., Nerves Corvo, Portugal) (Elsner
2010; Kamilli et al. 2017; Bowles 2021; Lehmann 2021). Tin is utilized in soldering
materials in the electronics manufacturing industry, as a coating for electronic components
to prevent corrosion, as a packaging material for cans and containers, and for transportation
and construction materials (Kamilli et al. 2017). Additionally, tin is used in technological
alloys such as indium-tin oxide (ITO), which is present in all flat-touch screens and
photovoltaic cells (Shanks et al. 2017). With regards to tin demand, it has been relatively
stable in recent years (Kamilli et al. 2017), at around 305,000 metric tons in 2021 and
310,000 metric tons in 2022 (USGS 2023). Mordor Intelligence (2022) predicts that the
future demand for tin will increase with the tin market size projected to register a compound
annual growth rate of over 2.5% during the 2023-2028 period with the electronic sector as

the primary driver of the market growth.

Niobium and tantalum are transition metals with average crustal abundances of 20 ppm and
2.0 ppm, respectively (Elsner 2010; Haynes 2014). These elements are found in nature
almost systematically together (Schulz et al. 2017). Niobium is usually mined from
pyrochlore and columbite, while tantalum is exclusively extracted from tantalite (Elsner
2010). Niobium and tantalum deposits include carbonatites and associated rocks (e.g.,
Catalao, Brazil; Niobec, Canada), alkaline to peralkaline granites and syenites (e.g.,
[limaussaq Complex and Motzfeldt, Greenland), and ‘rare-metal’ granites and granitic
pegmatites of the LCT (lithium, cesium, tantalum) (e.g., Greenbushes and Wodgina,
Australia) and NYF (niobium, yttrium, fluorine) families (Schulz et al. 2017; Bowell et al.
2020). The principal application of niobium is in the production of high-strength alloy
steels for a variety of applications, including construction, automotive, and aerospace

(Elsner 2010; Gasik 2013). Furthermore, niobium alloys are used in the manufacture of



superconducting materials (Schulz et al. 2017). Tantalum has the capacity to store and
release energy, which is harnessed in the production of capacitors for cellphones, hearing
aids, and hard drives (Schulz et al. 2017). According to Mordor Intelligence (2022), the
future demand for both elements is expected to increase, particularly in the electronics,
automotive, and aerospace industries. The niobium market size is projected to register a
compound annual growth rate of over 5.5% during the 2023-2028 period, while the
tantalum market size is projected to register a compound annual growth rate of over 5%

during the same period.

Zirconium is a lithophile element that is classified as incompatible with an average crustal
abundance of 165 ppm (Haynes 2014; Jones et al. 2017). Its most common form in nature
is in zircon (Elsner 2010). Zircon crystallizes mostly from magmas, but it can also form
from hydrothermal fluids or during metamorphism (Schaltegger 2007). Given its extreme
resistance to weathering and abrasion, this mineral is also common in sedimentary rocks
and in beach and alluvial placer deposits (Subasinghe et al. 2022). The recovery of
zirconium from primary deposits is not economically viable, with the exception of the
Kovdor deposit in Russia, which produces zirconium from baddeleyite as a byproduct of
apatite and magnetite (Jones et al. 2017). Zirconium deposits in modern coastal placer
systems include the Douglas and Jacinth-Ambrosia mines in Australia (Jones et al. 2017).
Zirconium is mostly used in the ceramic industry as zirconia (ZrO;), which is particularly
employed due to its high chemical purity, high melting point, high fracture resistance, and
good dielectric-piezoelectric properties for the fabrication of specialized electro ceramics
utilized in solar cells, biomedical implants, and casting alloys for turbine blades (Elsner
2010; Subasinghe et al. 2022). Between 2002 and 2022, global production of zirconium
mineral concentrates increased by 50 % (from 830 to 1,400 thousand Mt). This growth is
expected to continue, driven by the ceramics, chemicals, and metals industries (Jones et al.

2017).

Hafnium is an incompatible lithophile element (Jones et al. 2017) with an estimated average
crustal abundance of 3.0 ppm (Taylor and McLennan 1995). Hafnium and zirconium are
chemically similar, sharing nearly identical charge, ionic radius, and ionic potential, which
makes hafnium always incorporated into the crystal lattice of zircon, which is its main ore
followed by baddeleyite (Elsner 2010; Jones et al. 2017). The main ore deposits worldwide

are heavy mineral sands (e.g., coastal placer and paleo placer systems) in which hatnhium
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is mined as a byproduct (e.g., Trail Ridge, USA; Old Hickory, USA) (Elsner 2010). Due
to its high melting point, thermal stability, and resistance to corrosion, hafnium is used in
a range of applications (Jones et al. 2017). Its principal application is in zirconium alloys,
which are widely used in the nuclear industry due to their excellent corrosion resistance
(Sangine and Gambogi 2018). Hafnium is also employed in the manufacture of electrodes
for plasma cutting and as a component of high-temperature alloys used in jet engines (Jones
et al. 2017). In terms of hafnium compounds, hafnium oxide is employed as a dielectric
material in the fabrication of semiconductor devices within the microelectronics industry
(Rupich and Chabal 2018). Hafnium carbide is used as a refractory material in high-
temperature applications, including rocket nozzles and cutting tools (Sangine and Gambogi
2018). According to Strategic Metals Invest (2023), the demand for hafnium in super alloys
used in aerospace and gas turbine blades and vanes will double over the next 20 years and
their price is expected to keep rising over the next 10 to 20 years. It is important to
underscore the increasing demand of hafnium from the aerospace industry, which has been
the largest contributor to the massive price spike of 179% from $1,632.40/kg in 2022 to
$4,560.00/kg in 2023.

The Rare Earth Elements (REE) are a group of 17 elements, including the lanthanide series
elements (La to Lu), yttrium (Y), and scandium (Sc), which share a similar geochemical
behavior with a total abundance (XREE) of 169.1 ppm on Earth’s crust (Chakhmouradian
and Wall 2012; Dushyantha et al. 2020). REE are most commonly found in nature in the
form of phosphates, silicates, carbonates, oxides, and halides (e.g., monazite, bastnasite,
and xenotime; Table 1) (Dushyantha et al. 2020; Subasinghe et al. 2022). The economic
contents of REE are typically associated with carbonatites and alkaline-peralkaline igneous
rocks (e.g., Bayan Obo, China, which is the world’s largest REE deposit; Mountain Pass,
USA) and lateritic 1on adsorption clay and placers deposits (e.g., South China clays; Buena
Norte in Brazil) (Kynicky et al. 2012; Mariano and Mariano 2012). Karst bauxites are also
receiving attention as non-conventional REE sources (Reinhardt et al. 2018; Villanova-de-
Benavent et al. 2023). REE have a multitude of applications, predominantly in the form
compounds such as rare earth oxides (REO; Hatch 2012). The most common uses are as
catalysts in a variety of processes (e.g., petroleum refining, and automotive catalytic
converters), as colorants and polishing agents, in the production of glass and ceramics, in

the production of battery cells for energy storage, in energy-efficient lighting (e.g., compact
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fluorescent bulbs and LED lights), and in the fabrication of permanent magnets which are
used in electric motors, wind turbines, hard disk drives, and medical devices (Elsner 2010;
Hatch 2012; Dushyantha et al. 2020). The demand of REEs has been consistently rising
over the past few decades driven by their expanding utilization. This trend is expected to
persist, as the demand for electric vehicles, renewable energy technologies, and other high-
tech applications continues to grow (Golroudbary et al. 2022). According to Global
Markets Insights (2020), the REE market size was valued on USD 13.2 billion in 2019 and
is expected to reach around USD 19.8 billion in 2026. The demand for REE is expected to
keep increasing by several orders of magnitudes over the next decade, potentially leading

to a shortage if new sources are not developed (Haque et al. 2014).

1.3. Heavy minerals as tracers of orogenic processes

Heavy minerals serve as powerful tools for unraveling Earth's history. Morphological and
geochemical analysis of diverse heavy mineral assemblages provides valuable constraints
on petrogenetic processes and plays a crucial role in provenance studies (Morton and
Hallsworth 1999; Mange and Morton 2007; Garzanti et al. 2008; Shimizu et al. 2019).
Noteworthy, heavy minerals are commonly employed in geochronology and
thermochronology, thereby serving as a fundamental tool for dating geologic processes
(Stow 1946; Yim et al. 1985; Malusa and Garzanti 2019). Of particular interest as tracers
of igneous and orogenic processes are monazite, xenotime, titanite, rutile, cassiterite,

garnet, zircon, and baddeleyite.

Monaczite and xenotime are widely used for dating magmatic and metamorphic processes
due to the incorporation of U and Th in their structure. These minerals can retain their
primary geochemical compositions even through high-temperature and deformation events
(Montel et al. 1996; Parrish 2015; Barnes et al. 2018, 2021). Both monazite and xenotime
are common accessory minerals in a variety of rocks such as metapelites, peraluminous
granites, and siliciclastic sedimentary rocks (e.g., Braun et al. 2006; Liu et al. 2011; Zhang
et al. 2015). Furthermore, monazite and xenotime in hydrothermal assemblages are ideal

chronometers for hydrothermal processes (e.g., Zi et al. 2015).

Rutile is also a robust and common accessory mineral. It may provide information about
sedimentary provenance thanks to its ability to host considerable amounts of trace elements

in its crystalline structure. Element content ratios in rutile such as Nb/Ti02 and Ct/TiO; are
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key to trace source rocks (Mange and Morton 2007; Bracciali et al. 2013). In addition, the
content of Zr in rutile is extremely temperature-dependent and thus serves as a thermometer
(Rubatto 2015). Rutile often has low U content, which may preclude accurate U-Pb dating
(Rubatto 2015). In contrast, the great amounts of U and Pb in titanite—a highly stable and
common accessory mineral in a variety of rocks—makes it ideal for U-Pb dating. Titanite
is particularly suitable for the dating of metasediments and complex magmatic,
metamorphic, and hydrothermal processes (Sun et al. 2012; Rubatto 2015; Liu et al. 2022).
In addition, the content of trace elements in titanite can be employed as a petrogenetic

indicator and a provenance tracer (Stearns et al. 2015; Scibiorski et al. 2019).

Cassiterite is also an important tracer mineral due to its incorporation in minor and trace
amounts of a variety of elements in its crystal lattice structure, its chemical and physical
robustness, and its deposition in a wide range of geological conditions (Plimer et al. 1991;
Serranti et al. 2002; Cheng et al. 2019). Besides, the moderate U*" and low Pb** contents
in cassiterite render this mineral suitable for U-Pb dating (Romer 2015; Neymark et al.
2018; Carr et al. 2021). The application of cassiterite dating provides the most
straightforward information about the timing of tin mineralization events (e.g., Mao et al.
2020; Gemmrich et al. 2021; Benites et al. 2022; Harlaux et al. 2023). The morphology of
cassiterite grains, their mineral inclusions, chemical compositions, and radiometric dates

are employed in sediment provenance studies (e.g., Nwamba et al. 2023).

Garnet group minerals are other heavy phases that are commonly used in geochronology
and geochemical analysis due to their notable compositional diversity, including major and
trace element, and their widespread occurrence in a variety of rock types (Wood et al.
2013). Several isotope systems can be employed in garnet geochronology, including Lu-
Hf and Sm-Nd (Baxter et al. 2013). Garnet crystals usually exhibit concentric growth
patterns with element, isotope, textural, and inclusion records that are frequently used to
trace pressure-temperature-time trajectories in metamorphic and metasomatic rocks
(Pollington and Baxter 2010; Baxter et al. 2013; Caddick and Kohn 2013; Godet et al.
2021). Furthermore, garnet minerals are also important for the determination of sediment
provenance, as they are stable under weathering and burial diagenetic conditions (Mange

and Morton. 2007; Baxter et al. 2013).
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Zirconium minerals of interest for the reconstruction of tectonic events are zircon and
baddeleyite. Although zircon is the cornerstone of geochronology (Parrish 2015),
baddeleyite is also of significance in U-Pb geochronology. Baddeleyite is particularly
useful in ultramafic and mafic rocks in which it may crystallize as a minor or trace mineral.
Compared to zircon, baddeleyite is rarely inherited from country rocks and is more resistant
to Pb loss (Wall and Scoates 2016; Pohlner et al. 2020; Li et al. 2021). In contrast, the
crystallization of zircon is documented in a vast range of igneous, metamorphic, and
hydrothermal processes (Schaltegger 2007; Scherer et al. 2007). It excludes effectively Pb
during crystallization and its closure temperature is around 1,000 °C (i.e., higher than
typical magmatic and metamorphic temperatures). This makes zircon an accurate U-Pb
chronometer to determine the timing of magmatic, metamorphic, hydrothermal, and
sedimentary events (Harley et al. 2007; Schaltegger 2007; Romer 2015). In addition, U-
Th-He thermochronometry is utilized to determinate exhumation rates (Reiners 2005;
Harley et al. 2007; Maino et al. 2012). Titanium-in-zircon thermometry is applied to
determine temperatures of crystallization (Watson et al. 2006; Cherniak et al. 2007).
Moreover, the analysis of O and Hf isotopes in zircon is essential for elucidating crustal
residency, continental growth, crustal recycling, and fingerprinting the contribution of
sediments to magmas (Hawkesworth et al. 2006; Harley et al. 2007; Zhu et al. 2017). The
morphology of zircon grains itself can provide significant insights into the source and
evolution of the parental magma, its chemical composition, and the geological setting
(Belousova et al. 2006; Brites Martins et al. 2014). In the seminal work of Pupin (1980),
variations in the chemical composition of the crystallization medium (i.e., origin) were
correlated with the relative growth of zircon pyramids, while temperature of the source

magmas was identified as the leading factor related to the development of zircon prisms

(Fig. 1).
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Figure 1. Zircon typological classification proposed by Pupin (1980) adjusted to a
geothermometric scale. Index A correlates the Al/(Na+K) ratio with the development of
pyramidal faces, while Index T correlates the temperature of zircon crystallization with the
development of prismatic faces.

The importance of zircon in Earth science also lies in its extreme resistance to physical and
chemical changes. This quality enables zircon to survive to most igneous, metamorphic,
and sedimentary processes often serving as the sole remaining witness to ancient geologic
events (Hanchar et al. 2007). The evidence of the resistance and strength of zircon can be
observed in its ubiquitous inheritance. Inherited zircons are zircon crystals found in a given
igneous or metamorphic rock that did not crystallize in situ but were incorporated from the
source or host rocks (Harley et al. 2007; Olierook et al. 2020). An older-than-host zircon
could have originated either in the mantle or crust, meaning that it survived in magma

sources and rocks derived from them (Bea et al. 2018; Cambeses et al. 2023) and therefore
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is a potential source of information on the petrogenesis and provenance of magmas (Davis
2015). For example, recycled zircons in mantle-derived, island-arc rocks are important to
track crustal recycling (Rojas-Agramonte et al. 2016; Torr6 et al. 2018) and mechanisms
of transport of crustal material (Proenza et al. 2018) in subduction zones. Inherited zircons
are also valuable for tracing crustal magma sources and pathways. For example, inherited
zircons have been used in geodynamic reconstructions in the Central Andes to assess the
occurrence of Archean-Paleoproterozoic cratons assembled to the supercontinent Rodinia
in the Mesoproterozoic and the growth and reworking in an accretionary orogen (Damm et
al. 1994; Loewy et al. 2004; Chew et al. 2007; Ramos 2009; Romero et al. 2013; Jones et
al. 2015; Pepper et al. 2016; Sundell et al. 2019). Noteworthy, the absence of inherited
zircons is also meaningful. For example, the absence of Proterozoic inherited zircons has
been used to infer the lack of old, Amazonian-derived basement beneath segments of the
Western Cordillera between Chimbote and Pisco by Polliand et al. (2005) and Miskovic et
al. (2009).

1.4. Our study case: Economic importance and previous data of the Lithium-rich Tuff

In November 2017, a significant lithium resource was announced in the Falchani Lithium
Project, situated within the Macusani Volcanic Field in the Carabaya Province of the Puno
Department (Fig. 2). This project encompasses two exploration concessions that are owned
by Macusani Yellowcake S.A.C., the Peruvian subsidiary of American Lithium, formerly
Plateau Energy Metals (The Mineral Corporation 2019). At approximately the same time,
a different company, Fission Energy 3.0, also disclosed its involvement in lithium
exploration in the area (Redaccion EC 2018; F3 Uranium Corp 2023). Until 2018, Plateau
Energy Metals and Fission Energy 3.0 were the sole entities engaged in the exploration of
lithium and uranium in the Macusani Volcanic Field (Redaccion EC 2018). However, there
has been a growing interest among mining companies and individuals in lithium

exploration in the area.
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Figure 2. Location of Falchani Lithium Project, composed of the Falchani and Ocacasa 4
concessions, and other exploration concessions in the Macusani Volcanic Field as of 2023.
Delimitation of exploration concessions according to GEOCATMIN (2023).

Exploration activities in the Falchani Lithium Project were initiated upon identification of
a radiometric anomaly (The Mineral Corporation 2019). As of October 31, 2023, indicated
resources amounted to 0.19 Mt Li and inferred resources, to 0.75 Mt Li (Loveday and
Kartick 2023). Mining activities are planned to begin as soon as 2026 (Quinde 2023).
Lithium is associated with Tertiary acidic tuffs of the Quenamari Formation (The Mineral
Corporation 2019), also known as the Macusani Formation (Sandeman et al. 1997; see
descriptions below). The main lithium host is a newly defined unit known as the “Lithium-
rich Tuff”, which has been stratigraphically correlated by The Mineral Corporation (2019)
with the Sapanuta Member of the Macusani Formation (see Lopez 1996). The Lithium-rich
Tuff has a thickness of between 50 and 140 m and has been interpreted to have been
deposited sub-aerially in a lake environment (The Mineral Corporation 2019). Lithium
contents in this unit are mostly between 3,000 and 4,000 ppm. The Lithium-rich Tuff is
sandwiched between the so-called Upper Breccia and Lower Breccia, which are also
mineralized with average Li contents of ~1,400 and 1,900 ppm, respectively (The Mineral

Corporation 2019). The exploration efforts now encompass other concessions in the
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Macusani Volcanic Field, such as in the Quelcaya area located west of the Falchani Lithium

Project (American Lithium 2024).

The lithogeochemistry of the Lithium-rich Tuff has been examined by Ramirez-Briones et
al. (2025). According to these authors, the major and trace element composition of the
Lithium-rich Tuff is consistent with derivation from a strongly peraluminous rhyolitic
magma. Ramirez-Briones et al. (2025) also found that the composition of the Lithium-rich
Tuff is more analogous to the compositional profile of the so-called ‘macusanite’ glass than
to other tuffaceous units within the Macusani Volcanic Field. Macusanite is a rhyolitic
glass that extruded between ca. 8 and 4 Ma in the Macusani Volcanic Field (Pichavant et
al. 1987; Cheilletz et al. 1992; Poupeau et al. 1993) that is extremely enriched in
incompatible lithophile elements and interpreted as a rare case of extreme fractionation of
felsic peraluminous magmas (Pichavant et al. 1987, 2024). Segovia-More et al. (2023)
conducted a mineralogical analysis of the Lithium-rich Tuff using X-ray diffraction (XRD)
and transmission electron microscopy (TEM), which revealed that it is composed primarily
of quartz, plagioclase, K-feldspar, trioctahedral micas, kaolinite + halloysite, and
dioctahedral smectites, in addition to rare cristobalite and mordenite in a few samples.
Finally, Torro et al. (2025) classified the trioctahedral micas as zinnwaldite and lepidolite
through electron-probe microanalysis (EPMA), laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS), and Raman spectroscopy. These authors also found that
mica crystals in the Lithium-rich Tuff are consistently enriched in incompatible, fluid-
mobile lithophile elements compared to micas in other Neogene pyroclastic and intrusive
rocks from the Macusani Volcanic Field. The micas yielded plateau *“°Ar/*Ar dates

between 8,978 &+ 73 ka and 8,717 + 44 ka (Sanandrés-Flores 2024; Torr6 et al. 2025).
1.5. Conundrum

Neogene volcanogenic units from the Macusani Volcanic Field, Eastern Cordillera of SE
Peru, have significant economic potential due to their high lithium contents. In the Falchani
Lithium Project, the indicated plus inferred resources amount to 1.6 Mt Li (Loveday and
Kartick 2023). Most of these resources are hosted by a previously uncatalogued
volcanogenic unit, which has been designated as the Lithium-rich Tuff by the geologists
engaged in Li exploration in the area. Detailed studies of the Lithium-rich Tuff are
relatively recent and have focused on its lithogeochemistry and major mineralogy

(Segovia-More et al. 2023; Ramirez-Briones et al. 2025; Torr6 et al. 2025). However, a
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comprehensive characterization of heavy minerals in the Lithium-rich Tuff has not yet been

undertaken.

The mineralogical and geochemical characterization of heavy minerals may provide
significant insights into geological processes. On the one hand, provenance studies based
on heavy minerals may unveil details about orogenic cycles, volcanic activity, and
sedimentation. Geochronology and thermochronology on heavy minerals represent a
crucial tool for the temporal reconstruction of geologic events. Furthermore, morphological
and geochemical characteristics of certain heavy minerals allow for the identification of
petrogenetic controls that were responsible for their formation. In the specific study case
of the Lithium-rich Tuff, the analysis of heavy minerals can provide valuable insights into
the petrogenesis of volcanic rocks in the Macusani Volcanic Field in general and of the

Lithium-rich Tuff in particular.
1.6. Objectives
General objective:

To elucidate petrological and geodynamic features of the Lithium-rich Tuff in the Falchani
Lithium Project through the mineralogical and geochemical characterization of heavy

mineral concentrates and assess their potential economic impact.
Specific objectives:

e To obtain heavy mineral concentrates of the fine-fraction (< 100 um) through the novel
hydroseparation HS11 technique;

e To characterize the mineralogy of heavy mineral concentrates;

e To describe the morphology and major-element composition of the separated heavy
minerals;

e To discuss genetic constraints that controlled the occurrence, distribution, and
composition of heavy minerals in the study zone;

e To perform U-Pb zircon geochronology to trace basement rocks and magmatism in the

Macusani Volcanic Field; and

e To evaluate the economic potential for high-tech elements hosted in heavy minerals in

the Lithium-rich Tuff.
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1.7.  Hypothesis/hypotheses

Ramirez-Briones et al. (2025) concluded that the Lithium-rich Tuff derived from a strongly
peraluminous rhyolitic magma probably associated with partial melting of
(meta)sedimentary rocks in the lower and middle crust (Barbarin 1999; Fiannacca et al.
2008). This would anticipate the occurrence of inherited zircons in the samples studied,
with a higher proportion than magmatic zircons crystallized from the magma associated to
the Lithium-rich Tuff. Moreover, the highly specialized magmas from which the magmatic
component of the Lithium-rich Tuff crystallized (Ramirez-Briones et al. 2025) would be
consistent with the presence of exotic minerals that are typically only found in highly
differentiated igneous rocks. For example, Azevedo et al. (2021) identified the presence of
heavy minerals in macusanite (i.e., highly differentiated rhyolitic obsidian related to the
Macusani Formation, the same unit that hosts the Lithium-rich Tuff) boulders, such as
andalusite in addition to zircon. Furthermore, it is hypothesized that heavy mineral phases
in the Lithium-rich Tuff will exhibit enrichment in incompatible elements such as Nb, Ta,

U, Th, and REE.
1.8. Justification

The Falchani Lithium Project is estimated to contain total inferred resources of at least 1.6
Mt Li (Loveday and Kartick 2023). Lithium is considered a strategic raw material,
primarily due to its use in rechargeable batteries that are essential for the energy transition
(Bibienne et al. 2020; Jowitt and McNulty 2021; European Commission 2023). Most of the
lithium resources in the Falchani Lithium Project are hosted by the so-called Lithium-rich
Tuff. Despite recent studies have advanced our understanding of the Lithium-rich Tuff
through bulk mineralogy and geochemical analyses (Ramirez-Briones et al. 2025; Segovia-
More et al. 2023; Torr6 et al. 2025), the heavy mineral assemblages within this unit remain
uncharacterized. This represents a significant knowledge gap, as heavy minerals can
provide crucial insights into petrogenesis, provenance determination, and geochronological
constraints. In addition, volcanogenic Li deposits commonly host additional critical
elements such as REE, which are frequently concentrated in heavy minerals (Crespo et al.
2025). This thesis addresses this gap by characterizing heavy mineral concentrates from
the Lithium-rich Tuff to enhance our understanding of its genesis and explore the economic

potential of heavy minerals as a source of critical elements in this unit.
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2. METHODOLOGY
2.1.  Sampling

A field campaign developed in October 2021 in the Macusani Volcanic Field resulted in a
total of 67 samples of Lithium-rich Tuff and cospatial units. One sample of Lithium-rich
Tuff and two samples of white tuffaceous mudstone were selected for analysis in this thesis.
Since the term Lithium-rich Tuff is specific to the principal lithium-ore unit within the
Falchani Lithium Project, the other tuffaceous mudstones collected outside the Falchani
Lithium Project and studied in this thesis will be referred to as “white tuffaceous mudstone”
to avoid confusion. The selection was intended to encompass different sampling locations

(Fig. 2) and textural varieties (Fig. 3).

The sample 2021-MAC-08 (Lithium-rich Tuff) was collected from the Imagina zone of the
Falchani concession (14°00°01°” S — 70°41°10°°W, 4,899 m.a.s.l.). It is a finely bedded,
folded and slumped, cohesive, tuffaceous mudstone showing cavities and concretions with
long axes aligned parallel to bedding (Fig. 3A). The sample 2021-MAC-21 was collected
from the Quelcaya zone of the Huaritufia 4 concession (14°00°21°" S — 70°46°19”° W,
4,849 m.a.s.l.). It is a massive, cohesive, white, tuffaceous mudstone (Fig. 3B). The sample
2021-MAC-67 was collected from the Atlas prospect zone of the San Vicente White
concession (14°07°32°* S — 70°40°24°> W, 5,031 m.a.s.l.). It is a massive, cohesive, pale
pink, matrix-supported, crystal-rich, tuffaceous mudstone (Fig. 3C). In this sample, crystals
and crystal fragments are unevenly distributed and correspond mostly to medium- to
coarse-grained (up to 5 mm), roundish quartz. Lesser amounts of medium-grained
fragments of feldspars, dark micas, and tourmaline are also observed in sample 2021-

MAC-67.

Figure 3. Aspect of the rock samples analyzed in this thesis. (A) Lithium-rich Tuff from the
Falchani Lithium Project. (B) White tuffaceous mudstone from the Quelcaya zone. (C) White
tuffaceous mudstone from the San Vicente White concession.
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2.2.  Analytical methods

2.2.1. Heavy mineral concentration and separation
In order to reduce the size of the rock pieces, large samples were initially cut using a
GEOFORM 102 — Metkon diamond saw available in the QEMSCAN laboratory at PUCP.
After the rock slabs were dried at 50°C overnight, they were crushed using a jaw crusher
BBS51 (stainless steel — Retsch) in the same laboratory (Fig. 4). The crushing process was
repeated until all the material passed a 500-um sieve (Fig. 5).

Figure 4. Retsch Jaw Crusher (model BB51) in the QEMSCAN laboratory, PUCP.

Figure 5. Dry sieving using a 500 um sieve screen.
Subsequently, the < 500 um particulate material was manually wet-sieved on a 355 um

round sieve (Fig. 6). The retained fraction was then dried and stored. The fine fraction was

further wet-sieved using Nylon disposable sieves to avoid cross-contamination. Sieves with
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apertures of 200 um, 100 pm, 75 um, and 50 um were used (Fig. 7A-B). Very fine waste
(dust) was eliminated from each granulometric fraction by decantation (Fig. 7C). After
decantation, the respective sample fractions were dried overnight at 50°C (Fig. 7D). The
dried particulate material was then weighed and stored (Fig. 7E). The procedure followed
is graphically presented in Figure 8. The particle size distributions obtained are provided

in Tables 2-4.

Figure 6. Wet sieving using wet sieving through a 355 um aperture laboratory sieve.
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Figure 7. A: Sequential wet sieving of <355 um particulate material through disposable Nylon
sieves (200 um, 100 um, 75 pm, and 50 um apertures). B: Cleaning of the retained fraction on
disposable sieves. C: Two bowls with coarse and fine (relative to the aperture of the used sieve)
particulate material. D: Decantation for the elimination of very fine material (dust). E: Drying of
the obtained granulometry fractions in a laboratory dryer at 50 °C overnight. F: Dried sample
ready for hydroseparation.



Table 4. Granulometric analysis after sieving sample 2021-MAC-08.

Table 5. Granulometric analysis after sieving sample 2021-MAC-21.

2021-MAC-08
Total mass (g) 1,502.70
Sieve (um) Retained o . % retained
mass (g) 7 retained accumulated
355 527.70 35.12 35.12
200 289.30 19.25 54.37
100 204.00 13.58 67.94
75 35.40 2.36 70.30
50 73.90 4.92 75.22
<50 335.90 22.35 97.57
Total retained 1,466.20 97.57
Loss 36.50 2.43
Total 1,502.70 100.00

Table 6. Granulometric analysis after sieving sample 2021-MAC-67.

2021-MAC-21
Total mass (g) 1,306.80
Sieve (um) | Retained mass o . % retained
(2) b retgimed accumulated
355 504.20 38.58 38.58
200 200.40 15.34 53.92
100 117.40 8.98 62.90
75 20.00 1.53 64.43
50 54.80 4.19 68.63
<50 391.20 29.94 98.56
Total retained 1,288.00 98.56
Loss 18.80 1.44
Total 1,306.80 100.00

2021-MAC-67
Total mass (g) 1,439.40
Sieve (um) Retalréc)l mass 9% retained a‘:{z lrlitlelllllr:tzsd
355 510.20 35.45 35.45
200 270.30 18.78 54.22
100 195.10 13.55 67.78
75 26.40 1.83 69.61
50 66.60 4.63 74.24
<50 331.70 23.04 97.28
Total retained 1400.30 97.28
Loss 39.10 2.72
Total 1,439.40 100.00
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Figure 8. Flow sheet showing the procedure followed for the dry and wet sieving of the powdered
Lithium-rich Tuff samples before hydroseparation.

Dense minerals from each granulometric fraction were concentrated using the
hydroseparation technique (Rudashevsky et al. 2001) with HS11 equipment available in
the Laboratory of Geology at PUCP (Fig. 9). The hydroseparation technique simulates
concentration processes during the formation of natural placers (Rudashevsky et al. 2002).
It involves the use of two separate components: a water flow regulator (WFR), which helps
to create and moderate the flow pattern, and a glass separation tube (GST), which collects
the heavy mineral concentrate at the base of the lower end of the vertical part of the tube.
Hydroseparation is particularly indicated for heavy mineral processing due to its efficiency
for a wide range of concentrations at fine-size fractions (< 100 pm) and the

environmentally friendly water-based equipment (Cabri et al. 2006).
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Figure 9. A: Hydroseparation HS11 equipment in the QEMSCAN laboratory, PUCP. B: Heavy
mineral pre-concentrate of sample introduced in the second glass separation tube to be processed
to obtain a final concentrate (sample 2021-MAC-21, 50 um fraction). C: Final concentrate at the

base of the glass separation tube; note the concentration of dark colored minerals in the
concentrate, which contrasts with the more homogeneous white color of the tailing in the bowl.
Abbreviations: WFR = water flow regulator; GST = glass separation tube.

Individual grains of interest were handpicked from the dried heavy mineral concentrates
with the help of a binocular loupe (Figs. 10A-B). The selected mineral grains were first
disposed in a circular container (Fig. 10A) and then transferred into double-faced adhesive

carbon tape for scanning electron microscopy imaging and chemical analysis.
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Figure 10. A: Sample holder with handpicked mineral grains. B: Handpicking under a binocular
loupe in the Laboratory of Geology, PUCP. C: Example of heavy mineral concentrate obtained by
hydroseparation under the binocular loupe (100 pm fraction of the sample 2021-MAC-67).

2.2.2.  Scanning electron microscopy (SEM-EDS)

Heavy mineral separates were examined using a Quanta 650 FEI scanning electron
microscope (SEM) equipped with an EDAX-Octane Pro EDS microanalysis system at
Centro de Caracterizacion de Materiales (CAM-PUCP). The images were obtained in
secondary electron (SE) mode and the composition of the imaged mineral phases was
obtained using the EDS detector. The operating conditions were an accelerating voltage of
25 keV, a current of 5 nA, and a beam diameter of 3 pm. SE images of heavy minerals are
presented in Appendix A, and major element contents obtained by SEM-EDS are presented
in Appendix B.

2.2.3.  Raman spectroscopy

Raman spectra on mineral phases were collected at CAM-PUCP using a Renishaw
spectrometer with an inVia confocal microscope equipped with 5x, 20x, and 50x
objectives. For this investigation, the Raman spectra were excited by an Ar-ion laser
producing light at 514 nm and collected with a spectral resolution (FWHM) around 0.3 cm”
!, The spectra were collected within the 100 to 1,200 cm™' range, as this interval is the one

that contains the most relevant spectral information for mineral identification. Raman
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spectra were identified using the WiRE (Windows-based Raman Environment) software

and the RRUFF database.

2.2.4. U-Pb dating

Zircon grains from sample 2021-MAC-21 were dated. Due to time and budgetary
constraints, the analysis of zircon grains from the remaining two samples were not feasible
within the scope of this thesis. Zircon grains mounted in polished monolayer sections were
imaged using cathodoluminescence (CL) on a Tescan Vega 4 SEM at Géosciences
Environnement Toulouse (GET), France. CL images helped to visualize the internal
structures of the zircon grains prior to isotopic analysis. U-Pb analyses of zircon were
performed by laser ablation—inductively coupled plasma— mass spectrometry (LA-ICP-
MS) at GET (Toulouse, France) using a ESI (New Wave Research) NWR Femto, dual-
volume, 213-nm laser ablation system attached to an Element XR (Thermo Scientific)
sector-field ICP-MS. Concordia and weighted mean plots were produced using Iolite v2.5
(Hellstrom et al. 2008) with VisualAge data reduction scheme (Petrus and Kamber 2012).
Age concordance was calculated using the ratio of 2°°Pb/?*3U and 2°’Pb/**°U ages. Details
about the instrumentation and analytical conditions can be found in Table 7, and data from
unknowns and reference materials are presented in Appendix C.

Table 7. Detailed procedures and analytical parameters during LA-ICP-MS U-Pb isotopic and
trace element analyses on zircon.

Laser ablation system

Make, Model and type

ESI (New Wave Research) NWR Femto

Ablation cell and volume

Dual-volume, effective cup volume <1 cm?®

Laser wavelength (nm) 213 nm
Pulse width (ns) ca. 235fs
Fluence (J cm) ca. 2.5Jcm?
Repetition rate (Hz) 8 Hz
Spot diameter (mm) 30 um
Ablation duration 25s

Ablation pit depth / ablation rate

ca. 6 um pit depth, equivalent to average 0.03 um/pulse

Sampling mode / pattern

Static spot ablation

Carrier gas

100% He in the cell, Ar make-up gas admixed downstream

Cell carrier gas flow (I min')

ca. 0.65 I mint
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Table 7. Continued.

ICP-MS Instrument

Make, Model and type

Thermo Element XR, Sector-field single collector ICP-MS

Sample introduction

Direct

Interface parameters

Normal interface equipped with Ni sampler and H-skimmer cones

RF power (W)

1,200 W (tuned daily)

Make-up gas flow (I min-)

ca. 0.85 I min't Ar (tuned daily)

Detection system

Triple (pulse counting, analog, Faraday), except at amu 29, 91, 238
(analog only)

Integration time per peak/dwell times
(ms)

10 ms except at amu 49 (20 ms), 238 (50 ms); 206 and 207 (150 ms)

Total integration time per output data

point (s) 0.834s
Dead time (ns) 20
Typical oxide rate (>**UO*/238U*) 0.04%
Typical doubly charged rate (Ba**/Ba*) 3.50%
Data Processing

Gas blank 20s

Calibration strategy

GJ-1 used as primary reference material for U-Pb dating; 91500, AUSZ5
and AUSZ7 as secondary (validation) reference materials.

Reference Material info

GJ-1 206pp/238Y = 0.097877 + 0.000068 ; 2°7Ph/?%5Ph = 0.060171 + 0.00005
(Horstwood et al. 2016)

91500 (Widenbeck et al. 1995)

AUSZ5 (Kennedy et al. 2014)

AUSZ7 (Kennedy et al. 2014)

Data processing package used /
Correction for LIEF

lolite v2.5 (Hellstrom et al. 2008) with VisualAge data reduction scheme
(Petrus and Kamber 2012); laser induced elemental fractionation (LIEF)
corrected based on primary reference material and extrapolated to all
unknowns (Paton et al. 2010)

Mass discrimination / drift correction

Normalization to primary reference material by conventional standard-
sample bracketing

Common-Pb correction, composition
and uncertainty

No common Pb correction applied

Uncertainty level and propagation

Uncertainty on ratios and ages are at 2¢ absolute, including propagated
uncertainty based on the scatter of the primary reference material (Paton et

al. 2010).
AUSZ5 - weighted mean 2%Pb/?38U date = 2.85 = 0.09 Ma (20, n = 8/8;
. L MSWD = 1.5)
g‘;\i‘;ﬁ’aﬁ?{i‘;"' S c‘)’ti'(;dvflti'tﬁgu ¢ svstematic | AUSZT - weighted mean Z5Pb/7°U date = 38.3 + 0.5 Ma (2, n = 8/8;
q Y MSWD = 0.91)

uncertainty propagation)

91500 - weighted mean 2%Ph/2%8U date = 1069 + 17 Ma (20, n = 4/4;
MSWD = 0.3)
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3. GEOLOGICAL SETTING

3.1. The Eastern Cordillera of the Andes in southern Peru: Regional basement and

summary of its tectonomagmatic evolution

The Andes have a complex history ruled by the subduction of oceanic plates under a
continental margin, producing domains with diverse tectonic architecture and geodynamic
history (Gansser 1973; Ramos 1999; Kay and Mpodozis 2021). The Andes are typically
subdivided into the Northern, Central, and Southern segments (Kay and Mpodozis 2021).
The study area is located in the Central Andes, which extend from the Guayaquil Gulf in
Ecuador (3°S) to the Pissis Mountain in Argentina (28°S) across part of Chile and the entire
Peruvian territory (Kay and Mpodozis 2021). This segment represents the archetypical
Andean-type orogen and formed by the subduction of the Nazca oceanic crust beneath the

South American margin (Ramos 2009).

At the latitudes of southern Peru, the Central Andes comprise, west to east, 1) the Western
Cordillera, 2) the Altiplano, 3) the Eastern Cordillera, and 4) the Subandean Belt
morphotectonic zones (Kay and Mpodozis 2021). The study area is located in the Eastern
Cordillera. The Eastern Cordillera has an approximate length of 1,200 km, a width around
100 km, and reaches modern elevations up to 6,000 m. It is defined as an east-directed
retroarc fold-thrust belt exposing one of the longest Paleozoic metamorphic and magmatic
belts in South America (Dorbath et al. 1991; Chew et al. 2005; Horton 2018; Sundell et al.
2019; Gérard et al. 2021). The Eastern Cordillera has been subjected to significant
contractional deformation during the middle Eocene to Late Miocene (Kley et al. 1997;
Kay and Mpodozis 2021). It is made up mainly of deformed Paleozoic meta-sedimentary
rocks of marine origin unconformably overlain by marine and non-marine Jurassic and
younger sedimentary rocks (Sempere et al. 1995, 1997). Igneous rocks exposed in the
Eastern Cordillera register 1.1 G.y of intermittent magmatism developed during different

orogenic and post-orogenic episodes (Miskovic et al. 2009; Chew et al. 2016).

A regional synthesis about the Proto-Andean evolution of the Eastern Cordillera of Peru
by Chew et al. (2016) documents a series of polycyclic orogenies that shaped the initial
framework for the subsequent Andean orogeny. In this model, the Eastern Cordillera
stretches between the tectonic boundaries of Western Amazonia and allochthonous to
parautochthonous terranes (Fig. 11; see also Miskovi¢ et al. 2009). The early stages of the

proto-Andean evolution are recorded in basement rocks of the Proterozoic-Paleozoic
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Arequipa Massif. The Arequipa Massif is interpreted as part of a terrane (i.e., an isolated
crustal fragment with a geology history distinct from its surroundings and typically
delineated by faults; Ramos 2008, 2018). The Arequipa block is preserved as a
Mesoproterozoic granulitic basement exposed in the coastal region of southern Peru and
northern Chile for 800 km and with a 100 km extent inland. Just north of the Arequipa
terrane is located the Paracas terrane, which is interpreted either as a para-autochthonous
or a completely exotic terrane underlying the Western Cordillera and offshore intervale
(Ramos 2008). However, the presence of the Paracas terrane underneath the present-day
Western Cordillera and contiguous domains in Peru has been called into question by
different authors due to the extremely primitive isotopic signatures of rocks of the Coastal
Batholith and Cordillera Blanca in Peru and the lack of inherited zircons thereof.
Nevertheless, Ramos (2008) interpreted this as a consequence of crust attenuation during
intra-arc extension in the Cretaceous (see discussion in Chew et al. 2016 and Ramos 2018).
Further north, other smaller terranes accreted to the Andean continental margin at the
latitudes of present-day Peruvian territory. These include the Late Paleozoic Tahuin
terrane, which might represent a detached part of Laurentia accreted to Gondwana during
the Alleghenide orogeny in the Permian or a once detached autochthonous part of
Gondwana re-accreted as a result of subduction dynamics and eventual collision between
Laurentia and Western Gondwana in the Late Carboniferous (see discussion in Ramos

2018).

Both, the Arequipa and Paracas terranes are considered to represent part of a dismembered,
Grenville-age orogenic belt first accreted to the Amazonian craton during the
amalgamation of Rodinia in the Mesoproterozoic. During the extensional phase in the Late
Neoproterozoic that followed the first accretion of the Arequipa and Paracas terranes, a
passive margin developed along the western proto-Gondwanan margin with little evidence
of magmatism restricted to some outcrops in the Eastern Cordillera of A-type granites
(Miskovi¢ et al. 2009; Chew et al. 2016). Unlike the Arequipa terrane, the Paracas terrane
probably detached during the opening of the lapetus Ocean by westward drift of Laurentia,
associated to the breakup of Rodinia, and re-accreted to the Amazonian craton during the
Famatinian Orogeny in the Early Paleozoic leading the formation of the Marafion Complex

(Fig. 11; Miskovi¢ et al. 2009; Romero et al. 2013; Chew et al. 2016; Ramos 2018).



32

The study area is located very close to the north-eastern suture of the Arequipa-Antofalla
terrane as delineated by Ramos (2018; Fig. 11). In contrast, it is located approximately 100
km to the north of the northeastern tip of the Arequipa basement terrane as outlined by
other modern authors (e.g., Miskovic¢ et al. 2009; Chew et al. 2016; Spikings et al. 2016;
Worner et al. 2018). These later authors base the delimitation of the Arequipa terrane
mostly on an unusually nonradiogenic domain in Neogene volcanics noted by Mamani et
al. (2005) in southernmost Peru extending to Bolivia and Chile (Fig. 11). Consequently, in
the general geologic framework of presently known tectonic domains of Miskovi¢ et al.
(2009; their Fig. 2), the study area would completely fall within the Western Amazonia
tectonic domain. If so, the study area rests on or close to the westernmost Amazonia
basement terrane, particularly its San Ignacio (1.57—1.24 Ga) and Sunsas (1.19-0.92 Ga)

tectonic provinces (Tassinari and Macambira 1999; Cordani and Sato 2000).
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Figure 11. Accreted blocks to the western margin of Gondwana and morphotectonic units in the
present-day Central Andes. Paleozoic metamorphic and igneous rocks and Late Permian-Triassic
granites exposed in the Central Andes are also shown. Morphotectonic zones boundaries based on

Oncken et al. (2006) and Carlotto et al. (2009). Outlines of terranes are based on Ramos (2008,
2009, 2018) and Worner et al. (2018). Triassic granitoids and plutons after Miskovi¢ et al. (2009),

Chew et al. (2016), and Spikings et al. (2016).

Around the Early Cambrian, global plate reorganization and the final amalgamation of
Gondwana resulted in the return of the compressional tectonics, as evidenced in the
diachronous rift-drift transition in the north of the Arequipa terrane (Miskovi¢ et al. 2009).

An Ordovician, subduction-related magmatic belt runs along the western coastal margin of
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the Arequipa-Antofalla basement and is also identified in the north and central portion of
the Eastern Cordillera of Peru (Fig. 11). The formation of this magmatic belt was broadly
contemporaneous with the Famatinian Orogeny and the formation of associated
metamorphic complexes, including those found along ophiolitic sutures in the western
margin of the Maranén Massif (Fig. 11; Miskovic¢ et al. 2009; Castroviejo et al. 2010;
Romero et al. 2013; Chew et al. 2016).

There is no evidence of magmatic activity associated with subduction in the Central Andes
during the Late Silurian and Devonian, which has been correlated with a period of a passive
margin development in the western Gondwana region (Miskovi¢ et al. 2009). Following
this phase, the magmatic arc activity resumed during the Early Carboniferous in the context
of the Gondwanide orogeny, a pan-Pacific orogenic event heralding the final assembly of
Pangea, and which in Peruvian territory is documented in the Eastern Cordillera in Pataz
(Fig. 11; Miskovi¢ et al. 2009). During the Late Permian and Triassic, crustal extension
and thinning, and the ensued magmatic activity accelerated along the western margin of
Gondwana as the initial stages of the dismemberment of Pangea unfolded. This resulted in
the development of a back-arc rift system along the paleo-suture of the western Amazonia
craton and the Arequipa and Paracas and the deposition of the volcano-sedimentary Mitu
Group at the latitudes of present-day Peru and northern Bolivia (Miskovi¢ et al. 2009;
Sempere et al. 2002). Permo-Triassic intrusive activity in the Eastern Cordillera in
southeastern Peru developed slightly inboard of the Carboniferous arc (Fig. 11) and
included the emplacement of mostly peraluminous granitic batholiths along the Cordillera
de Carabaya in Peru extending into the Cordillera Real of Bolivia. The Triassic rifting was
followed by a hiatus in sedimentation in the Late Triassic-Jurassic, which was associated
with uplift and erosion before the Early Cretaceous suggesting partial rift inversion

(Sempere et al. 2002).

The axis of this rift system coincides with the axis of the Eastern Cordillera in Bolivia and
southern Peru (Sempere et al. 2002; Ramos 2018). The Eastern Cordillera is thought to
have originated from a transition from stretching-dominated to shortening-dominated
conditions that facilitated the thickening of a pre-orogenic, thin crust. The compressional
to transpressional reactivation of faults resulted in the inversion and shortening of the rift

system during the Oligocene-Miocene, which involved additional tectonic processes, such
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as rapid plateau uplift and dynamic interactions among climate, erosion, and fold-thrust

activity (Sempere et al. 1995, 2002, 2008; Roperch et al. 2006; Horton 2018; Ramos 2018).
3.2.  Regional geology of Macusani Structural Zone

The term Macusani Structural Zone was coined by Perez et al. (2016) to refer to the
morphostructural domain intervening between two important NW-trending features of the
Eastern Cordillera of southern Peru: the Central Andean Backthrust Belt and the Cordillera
de Carabaya (Fig. 12). The latter serves as a high-altitude geomorphologic boundary
between the Altiplano and the Subandean morphotectonic zones (Kontak et al. 1990;
Miskovi¢ et al. 2009; Perez et al. 2016). The Central Andean Backthrust Belt is primarily
characterized by fold-thrust structures that predominantly tilt southwestward. These
structures involve Cretaceous marine sandstone, shale, and limestone (Perez et al. 2016).
In contrast, the Cordillera de Carabaya is defined by the presence of Triassic plutonic rocks
(e.g., Aricoma, Ayapata, Coasa, Limbani, and San Gabén plutons) that intruded

Ordovician-Devonian metasedimentary rocks.

Most faults and folds in the Macusani Structural Zone preserve N-S, NE-SW, and NNW-
SSE orientations and hence do not follow the typical NW trends in southern Peru (Perez et
al. 2016). These oblique orientations have been interpreted as the reactivation of pre-
Andean structures attributed to Late Paleozoic deformation and Triassic extension (Perez
et al. 2016). Pre-Andean basement rocks exposed along the Macusani Structural Zone are
predominantly of Paleozoic and Triassic ages. The oldest unit in the Macusani Structural
Zone is the Lower to Upper Ordovician Sandia Formation, which comprises a strongly
folded, 1,500-m-thick sequence of quarzitic sandstone, silt, and shale (Laubacher 1978;
Chavez et al. 1997). This formation is overlain by the Ananea Formation, a thick Silurian-
Devonian pelitic sequence intercalated with sandstone that is exposed in the homonymous
locality and extends to the Cordillera Real in Bolivia (Lopez 1996). The Ananea Formation
which is distinguished by its soft morphology with hills and low mountains, is overlain by
the Upper Paleozoic Ambo, Tarma, and Copacabana groups and the Triassic Mitu Group.
Lopez (1996) indicates that the contact between the Ananea Formation and the Upper
Paelozoic units is concordant, while in a more regional study Laubacher (1978) documents

a strong angular discordance between the Lower and Upper Paleozoic units.
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Figure 12. Simplified geological map of Eastern Cordillera of southern Peru including morpho-
structural domains as defined by Perez et al. (2016). Geological map extracted from 1:50,000
sheets in GEOCATMIN (2023).

The Ambo Group is a Lower Carboniferous pelitic-psammite continental sequence (Lopez
1996). It forms a variety of landscapes, including high hills with steep slopes and deeply
incised valleys with subvertical walls. The Ambo Group is concordantly overlain by the
Tarma Group, which is an Upper Carboniferous pelitic-calcareous sandstone sequence
(Lopez 1996). The relative hardness of the sedimentary suite results in steep morphologies.
The Copacabana Group is a Permian pelitic-calcareous sequence with a morphology that
is commonly abrupt, generating vertical scarps that are notably evidenced in the
stratification planes (Lopez 1996). The Tarma group underlie conformably the carbonate

rocks of the Copacabana Group (Valdivia et al. 2021).

The Paleozoic units are discordantly overlain by the Triassic Mitu Group (Lopez 1996).

The Mitu Group is defined as a 2-km-thick sequence of red siliciclastic rocks intercalated
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with lava flows that were deposited in subaerial basins along the SW front of the Eastern
Cordillera (Lopez 1996; Spikings et al. 2016). The Mitu Group has been divided into a
clastic sequence and a dominantly volcanic sequence. The clastic deposits are mainly
arkosic, spanning from mudstone to coarse sandstone and conglomerate. The clasts within
conglomerate are primarily the result from the reworking of Mitu Group lavas (Spikings et
al. 2016). The volcanic rocks of the Mitu Group display a prominent basaltic to andesitic
composition and alkaline, intraplate signatures and are dominant in the Macusani Structural
Zone (Kontak et al. 1990; Spikings et al. 2016). The group is characterized by a diagnostic
violet or reddish violet color and characteristic abrupt geomorphology with peaks and high

slopes (Lopez 1996).

Following the Mitu Group, sequences of Upper Jurassic and Cretaceous sedimentary rocks
are extensively exposed in southern Peru, particularly along the Mesozoic belt of the
Central Andean Backthrust Belt, and less extensively along the Macusani Structural Zone.
The Huancané Formation discordantly overlies the Ambo and Mitu groups and comprises
a Lower Cretaceous sequence of quartzose sandstone that generates abrupt morphologies
of steep flanks (Lopez 1996). Also Cretaceous in age is the Moho Group, a psammite-
pelitic-calcareous sequence comprising the Viluyo, Ayavacas, and Hanchipapa formations

(Lopez 1996).

Overlying the Paleozoic to Cretaceous basement, a series of Tertiary intermontane
depressions—namely Macusani, Crucero, and Ananea—occur in the Macusani Structural
Zone (Fig. 12). The volcanic and sedimentary units of Oligocene and Miocene ages
exposed in these intermontane depressions were grouped by Sandeman et al. (1997) under
the Crucero Supergroup, whereas the cogenetic subvolcanic stocks and plugs were grouped
under the Crucero Intrusive Supersuite. The same authors further subdivided the Crucero
Supergroup—and cogenetic hypabyssal units—into two major volcanic associations with
contrasting compositions. The first of these is the Upper Oligocene-Lower Miocene
Picotani Group, which comprises lava flows and pyroclastic rocks of diverse compositions
including lamprophyres (minette), calc-alkaline basalts, shoshonites, S-type rhyodacites
and rhyolites, as well as commingled and mixed associations of these. Based on the
predominant peraluminous compositions of the rhyodacitic rocks, Sandeman et al. (1997)
proposed that the silicic magmas of the Picotani Group originated from the melting of

pelitic rocks resulting from the incursion of a diversity of mantle-derived melts and heat
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(Sandeman et al. 1997). The Picotani Group comprises the following formations: Cerro
Sumpiruni, Pucalacaya, Lago Perhuacarca, Cerro Cancahuine, Jama Jama, Pachachaca,
Cerro Huancahuancane, and Cerro Queuta (Sandeman et al. 1997). On the other hand, the
Picotani Suite comprises elliptical to rounded stocks and concentric arrays of dikes mainly
composed of cordierite-biotite monzogranites (Sandeman et al. 1997). The Picotani Suite
is comprised of the stocks of Cerro Esquinani, Quebrada Centilla, and Ninahuisa, as well
as the Revancha dike. It is worthnoting that the San Rafael granite, host of the largest high-
grade tin deposit in the world is related to the Picotani Group (Harlaux et al. 2021 and

rerefenreces therein).

The second volcanic association is the Lower to Upper Miocene Quenamari Group, which
encompasses an extensive sequence of rhyolitic, strongly peraluminous ash-flow tuff
(Sandeman et al. 1997). The Quenamari Group is comprised of the Quebrada Escalera,
Huacchane, and Macusani formations. The Quenamari Suite is comprised of the
Chacaconiza, Cerro Surini, and Cerro Viscachani stocks, the Cerro Cajo Orjo and Nevado

Ollo Quenamari plugs, and the Cerro Lintere Intrusive Complex.
3.3.  Geology of the Macusani Volcanic Field

The Macusani Volcanic Field represents the northernmost volcanic field and with the
youngest eruptive system of the Macusani Structural Zone (Fig. 12; Cheilletz et al. 1992).
The Macusani Volcanic Field lies over a pre-eruption basement, which is mainly
constituted by a Paleozoic-Mesozoic sequence comprising shale, quartzite, and carbonate
rocks of the Ananea, Tarma, and Copacabana groups that are discordantly overlain by
alkaline basalts and red-beds of the Mitu Group (Fig. 13; Kontak et al. 1985; Pichavant et
al. 1988; Cheilletz et al. 1992).

As outlined by Sandeman et al. (1997), the Late Oligocene to Early Miocene Cerro
Sumpiruni, Pucalacaya, and Lago Perhuacarca formations of the Picotani Group are
exposed in the southern margin of the Macusani Volcanic Field. However, the
GEOTCATMIN (2023) database does not map these units nor disclose any information
about them. Consequently, these units have not been represented in the geological map

shown in Figure 13.

Most Tertiary volcanic and sedimentary rocks exposed in the volcanic field belong to the
Macusani Formation, the youngest unit of the Quenamari Group of Sandeman et al. (1997).

The Macusani Formation has not been described in any other Neogene volcanic field within
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the Macusani Structural Zone. The Macusani Formation is a 250- to 500-m-thick, poorly
sorted, and almost unstratified sequence of crystal-rich, rhyolitic ash-flow tuff with ash-to-
lapilli-size pyroclastic fragments that include occasional lithic debris and pumice shards
and rare occurrences of bombs and lithic blocks (Cheilletz et al. 1992). The mineralogical
assemblage at the Macusani Formation is characterized by quartz, sanidine, plagioclase,
and biotite, with some unusual phases such as sillimanite, andalusite, muscovite, and

tourmaline (Pichavant et al. 1988).

Figure 13. Geological map of the Macusani Volcanic Field with. Geological mapping at
1:100,000 scale extracted from GEOCATMIN (2023).

Lopez (1996) further subdivided the Macusani (a.k.a. Quenamari) Formation into the
Chacacuniza, Sapanuta, and Yapamayo members based on lithomorphostructural
characteristics of the tuff (Fig. 13). The Chacacuniza Member is a stratified tuff sequence
with a thickness between 170 and 350 m. It is considered the first volcanic episode recorded
in the Macusani Formation, equivalent to the first eruptive event identified by Cheilletz et

al. (1992). In terms of geomorphology, the Chacacuniza Member typically forms hills of
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moderate relief that are deeply bisected by rivers and streams. The Sapanuta Member is a
240-m-thick tuffaceous sequence chiefly exposed at the western side of the Quenamari
River (Fig. 13). The distinctive columnar jointing structures that gave rise to "rock forests"
are unique to this member. Finally, the Yapamayo Member is a poorly stratified tuff

sequence that encompasses the flat areas that conform the Quenamari meseta (Lopez 1996).

The Macusani Volcanic Field is the locality of the so-called macusanite, an intriguing,
strongly peraluminous obsidian glass largely found as pebbles in stream gravels (Pichavant
et al. 1987; Cheilletz et al. 1992). The macusanite exhibits moderate to low SiOz, high to
very high AlbOs, high contents of alkalis, F, B, P, and low contents of CaO, FeO, MgO,
and TiOz (Pichavant et al. 1987). The lithium contents in macusanite are very high, with
an average 3,440 ppm (London et al. 1988). The peraluminous character and conspicuous
enrichment in incompatible lithophile elements in macusanite have been catalogued by
London et al. (1988) as a “good compositional analogue to highly differentiated Li-rich
pegmatites”. The macusanite rhyolitic glasses host virgilite (a lithium aluminum silicate
mineral for which it is the type locality), quartz, sanidine, plagioclase, andalusite, and
biotite as mineral inclusions. Other minerals (e.g., sillimanite, ilmenite, zircon, and
monazite) are found as inclusions in andalusite (Pichavant et al. 1987). The mineral phases
in macusanite are nearly identical to those of the Pliocene Macusani tuff according to
Pichavant et al. (1987, 1988). The age of the Macusani glasses has been constrained
between 7.9 and 4.3 Ma (Naeser et al. 1980; Pichavant et al. 1987; Poupeau et al. 1993),

overlapping with the deposition of the Macusani Formation.

In the Macusani Volcanic Field, four Neogene sub-volcanic units have been documented
(Lopez 1996; Sandeman et al. 1997). One of these units, the Ninahuisa Stock, belongs to
the Picotani Suite of Sandeman et al. (1997). The remaining three units, namely the La
Huana (or Chaccaconiza) stock, the Cayo Orjo plug, and the Anta (or Nevado Ollo
Quenamari) plug, belong to the Quenamari Suite. The Ninahuisa Stock is a large body,
exceeding 20 km?, of peraluminous monzogranite exposed in the south-central area of the
Macusani Volcanic Field (Fig. 13). It is distinguished by its large sanidine crystals (~ 9
cm) and bimodal mica association (Sandeman et al. 1997). The Chaccaconiza Stock is a
highly peraluminous syenogranite with tourmaline, muscovite, and biotite exposed in the
southern Macusani Volcanic Field (Fig. 13). This subvolcanic intrusion is near the Cerro

Cayo Orjo Plug, which is a syenogranite primarily composed of phenocrysts of sanidine,
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plagioclase, quartz, and biotite (Sandeman et al. 1997). The Cerro Cayo Orjo plug is coeval
with the Yapamayo Member of the Macusani Formation and shares a similar age with the
Nevado Ollo Quenamari plug, a sanidine-quartz-biotite flow-banded syenogranite (Clark

et al. 1990; Cheilletz et al. 1992).
4. RESULTS

4.1. Stereoscopic microscope

4.1.1. 2021-MAC-08

The heavy mineral concentrates from this sample were found to comprise seven main
groups of minerals, as determined by their morphology, exfoliation, color, and luster under
the binocular loupe. The first group comprises grains that are opaque and dark brown to
black in color, exhibiting shiny surfaces with metallic luster. Some of the grains are
relatively easy to break with a simple needle scratch, while others are much harder. Most
grains show well-developed faces, cubic or orthorhombic habits, and complete
terminations. In general, these crystals might represent different mineral species that share
similar color and luster properties. Together, these minerals account for ~58 % of the heavy
mineral grains extracted from this sample and are more abundant in the 50 and 75 pm

fractions than in the 100 um fraction (Fig. 14A).

The second group is composed of transparent and translucent grains with a shining
adamantine luster. When euhedral and subhedral, they form medium to long prismatic
crystals. Most of the grains present double terminations. Some crystals show rounded
edges, while most retain their typical sharp edges. These crystals represent ~20 % of the
heavy mineral grains separated from this sample and are equally abundant in the three

fractions.

The third group is composed of dark green to brown translucent crystals with a vitreous or
resinous luster. Some of these crystals exhibit clear tabular habits, while in some anhedral
grains it is impossible to distinguish any particular habit. Terminations in these grains are
not discerned. Minerals of this group represent ~17 % of the heavy mineral grains separated
in the sample. Dark green crystals were found in the 50 um fraction while brown crystals

were found in the three granulometric fractions (Fig. 14B).

The fourth group consists of yellow to greenish yellow crystals with a resinous luster and

a gentle greasy sheen in some crystals. These grains occur as subhedral to anhedral crystals
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that exhibit a poorly defined tetragonal morphology with commonly rough faces and
rounded edges. Most grains are doubly terminated. These crystals represent ~2 % of the
heavy mineral grains separated from this sample and were exclusively picked from the 50

pum fraction.

The fifth group comprises five colorless grains with a vitreous luster, some of which exhibit
only a light green tint. The grains have a clear prismatic habit, which is typically capped
by bipyramids. Four of the grains are slender and display well-defined faces, while one
grain is roundish. The crystals of this group, which are probably of zircon, represent ~1.5
% of the heavy mineral grains separated from this sample and were found in the 50 and 75

um fractions.

The sixth group comprises minerals that exhibit pale brass yellow color and metallic luster.
The few identified grains within this group form crystal clusters with no discernible habits.
These crystals represent ~1 % of the heavy mineral grains separated from this sample and

were found in the 75 pm fraction.

Finally, a seventh group which includes few individual grains, representing < 1 % of the
heavy mineral grains separated from the sample globally, are colorless and host orange to

brown inclusions with no distinguishable habit.

Figure 14. Grains separated from sample 2021-MAC-08 and classified according to their color
and luster under the binocular loupe. A: Dark brown to black opaque crystals with metallic luster
and equant to short prismatic habits. B: Green translucent crystals with diverse morphologies.
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4.1.2. 2021-MAC-21

Six main groups of minerals were identified in the heavy mineral concentrates from this
sample under the binocular loupe. The first group includes translucent, colorless crystal
grains with a vitreous luster. Some of them have a light orange tint, while others have a
light green tint. One grain has a distinctive white color and greasy luster. These crystals
can be divided into two subgroups according to their habits. The first subgroup comprises
euhedral to subhedral, short to long tetragonal prisms capped by bipyramids. The second
subgroup comprises grains that exhibit well-defined bipyramids without intervening
prisms. Additionally, two crystal grains stand out for presenting twinning. The grains
belonging to this group represent ~27 % of the separated mineral grains in the sample, with

many of them being found in the 50 and 75 pm fractions (Fig. 15A).

The second group comprises crystals with a light orange tint and a resinous luster. These
grains are mostly anhedral and have sub-rounded edges with smooth mamillated crusts.
These grains represent ~22 % of the total mineral grains recovered and are distributed

between the 50, 75, and 100 um fractions (Fig. 15B).

The third group is composed of opaque crystals with tones ranging from light to dark gray
and dark brown and exhibiting a metallic luster. They present very rough surfaces and most
of them lack discernible habits and exhibit rounded to subrounded edges. These crystals
represent ~22 % of the mineral grains separated and were found in the 75 um fraction (Fig.

15C).

The fourth group comprises crystals displaying yellowish green and light orange hues and
resinous luster. Most of them are roundish and lack distinguishable habits. However, some
of the grains show a wedge shape with loose terminations. These crystals represent 17 %
of the heavy mineral grains separated in the sample and most of them were found in the 50

and 75 pm fractions.

The fifth group is composed of grains with a characteristic sky-blue color with a lilac tint
and resinous luster. The grains are mostly anhedral and show rounded edges. These grains
represent ~8 % of the heavy mineral grains separated in the sample and were equally

distributed in the three granulometric fractions (Fig. 15D).

The sixth group embraces minerals of pale brass yellow color and metallic luster, most

probably corresponding to pyrite. They form crystal clusters with no discernible habits.
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They represent ~4 % of the heavy mineral grains separated in the sample and were found

in the 50 and 75 um fractions.

Figure 15. Grains separated from sample 2021-MAC-21 and classified according to their color,
luster, and morphologies under the binocular loupe. A: Translucent crystals with vitreous luster
and equant to prismatic habits. B: Translucent crystals with orange hues and smooth, curved
surfaces. C: Dark gray grains with metallic luster and diverse morphologies. D: Pale blue grains
with glassy luster and subhedral to anhedral morphologies.

4.1.3. 2021-MAC-67
In heavy mineral concentrates form this sample, six main groups of minerals were
identified under the binocular loupe. The first group contains light to dark gray and black
crystals with a common metallic luster. Morphologies can be classified into two subgroups.
The first subgroup includes well-defined black tabular crystals, while the second subgroup

comprises subhedral to anhedral equant to short prismatic crystals with mostly subrounded
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edges. These crystals represent ~32 % of the heavy mineral grains picked in this sample

and were found in the three granulometric fractions (Fig. 16A).

The second group includes orange-tinged crystals with resinous luster. These grains exhibit
a variety of habits, ranging from subhedral to euhedral shapes. Two distinct morphologies
can be discerned. The first one comprises prismatic crystals with subrounded edges, and
the second one includes equant grains with rounded edges. Collectively, they represent ~26

% of the total mineral grains separated in this sample and were found in the 50 pm fraction.

The third group is constituted of pale brown to deep green crystals with vitreous luster. The
majority of grains form slender prisms with parallel striation on the crystal surface and
sharp edges. They represent ~20 % of the separated grains from the sample and were found

in the three granulometric fractions (Fig. 16B).

The fourth group includes brownish white crystals with a glassy luster. These grains exhibit
tabular habits and well-defined sharp edges. Grains from this group represent ~11 % of the
separated mineral grains in this sample, with the majority of them found in the 50 and 75

um fractions (Fig. 16C).

The fifth group consists of reddish-brown grains with an adamantine luster. The selected
crystals lack recognizable habits and exhibit sharp edges. They represent ~5 % of the
extracted mineral grains and were predominantly found in the 50 and 75 pm fractions (Fig.

16D).

The sixth group is characterized by vitreous luster with predominantly colorless crystals
and less abundant orange-tinted crystals. Their morphologies are diverse, ranging from
euhedral tetragonal prisms to subhedral complex habits. These grains represent ~5 % of the

heavy mineral grains separated from this sample and were found in the 50 um fraction.
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Figure 16. Grains separated from sample 2021-MAC-67 and classified according to their color,
luster, and morphologies under the binocular loupe. A: Dark gray and black crystals with a
metallic luster and subhedral to anhedral equant to short prismatic habits. B: Brownish white
crystals with glassy luster and tabular habits. C: Pale brown to deep green crystals with prismatic
habits. D: Reddish-brown grains with adamantine luster.

4.2. SEM-EDS

42.1. 2021-MAC-08
In this sample, 323 grains were analyzed by SEM-EDS. Representative SEM-SE images
of mineral species and groups identified in this sample are shown in Figures 17-18. Zircon
grains (n = 5) exhibit lengths of 75-250 pm along the c-axis, thicknesses of 30-75 pm, and
aspect ratios (length/width) between 1 and 5. Two distinct morphological types of zircons
were observed. The first type consists of crystals with highly elongated prisms capped by

dipyramids with irregular faces. The second type embraces short-prismatic to equant
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dipyramid crystals with irregularly developed faces. EDS analyses indicate stoichiometric

zircon compositions (Fig. 19A).

Cassiterite crystals (n = 5) vary from 50 to 100 um in size. In some grains, cassiterite
crystals measuring ~50 pm form clusters up to 250 pm in size. Individual crystals exhibit
a tetragonal trapezohedron habit, though some also form concretionary masses or have

uneven faces. EDS analyses indicate stoichiometric cassiterite compositions (Fig. 19B).

The opaque crystals described in the previous section present a distinguishing high Ti
content and hence are grouped herein as Ti-rich oxides (n = 175). This group includes
crystals with sizes between 25 to 75 um that may form 100 pm-sized crystal clusters. Most
crystals are euhedral and subhedral and show sharp edges, though some other crystals
exhibit rough and not well-defined faces and roundish edges. This group of minerals
comprises a marked variety of habits including cuboctahedrons and rhombohedrons. Some
are intergrown with smaller elongated zircon crystals (Figs. 18A-B). The EDS analyses
yielded relatively wide compositional ranges with mean and standard deviation (o) values
of 42+ 7wt% T1, 45+ 7wt % O,4 +2 wt % Fe, 5+ 2 wt % Nb, and 3 + 1 wt % Ta (Fig.

19C). The mineralogical classification of Ti-rich oxides is addressed in Chapter 4.3.

Monazite-Ce grains (n = 2) are 50 to 75 pum in length. The grains exhibit subhedral,
rounded, or irregular shapes, and rough and striated faces. Intimate intergrowths between
monazite and zircon grains are a common occurrence (Fig. 18C). Compositional ranges
include 28 to 39 wt % O, 17 to 20 wt % P, 19 to 25 wt % Ce, 2 to 10 wt % La, and 5 to 10
wt % Nd (Fig. 19D).

Xenotime-Y crystals (n =4) range in size from 50 to 75 pm and show euhedral to subhedral
bipyramidal habits, and in some cases, faces cut by small zircon crystals (Fig. 18D). The

compositional ranges are 50 £ 3 wt % O, 34+ 3 wt % P,and 16 £ 1 wt % Y (Fig. 19E).
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Figure 17. SEM-SE images of representative minerals found in heavy concentrates from sample
2021-MAC-08. See the main text for descriptions.
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Figure 18. SEM-SE images of heavy minerals from sample 2021-MAC-08 showcasing mineral
intergrowths. A: Euhedral, octahedra modified Ti-rich oxide crystal intergrown with smaller,
prismatic zircon grains. B: Euhedral Ti-rich oxide crystal intergrown with a small, elongated and
prismatic zircon. C: Subhedral monazite-Ce crystal intergrown with smaller, prismatic zircon
grains. D: Euhedral, equant pyramidal xenotime-Y crystal intergrown with smaller, prismatic
zircon grains.

Other minerals present in heavy mineral concentrates in this sample include high-Al
unidentified minerals, actinolite, Fe-oxide, epidote, and pyrite. The high-Al unidentified
mineral grains (n = 55) exhibit a variety of sizes, from 75 to 250 um along the c-axis, well-
developed faces, and slightly barrel-shaped prismatic and rhombohedral prisms capped by
poorly faceted hexagonal dipyramids. EDS analyses indicate high contents of O (45 + 5 wt
%), Al (39 £ 6 wt %), and F (13 £ 5 wt %; Fig. 19F).

The Fe-oxide crystals (n = 2) range in size from 50 to 100 pum and show euhedral to
subhedral octahedral morphology. EDS results provide information about the contents of

O (33 £4 wt %), and Fe (67 £ 4 wt %; Fig. 19G).
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Actinolite grains (n = 6) have lengths that are in the range between 50 and 300 pm and
display a typical fibrous habit. Their EDS spectra include O (44 + 4 wt %), Si (24 + 3 wt
%), Al (4 £ 4 wt %), Fe (8 £ 2 wt %), Mg (10 + 5 wt %), and Ca (10 £ 4 wt %; Fig. 19H).

Epidote grains (n = 8) vary in size between 50 and 75 pm and show massive aggregates
and, in a few cases, fibrous habits. The compositional range according to EDS analyses is
O (44 £ 5 wt %), Fe (12 £ 6 wt %), Al (10 =5 wt %), Si (19 + 3 wt %), and Ca (13 £ 6 wt
%; Fig. 191).

The grains of pyrite (n = 3) have a size range between 50 and 100 um and exhibit the typical
cubic habit, with some uneven faces with rounded edges. EDS analyses indicate

stoichiometric compositions (Fig. 19J).
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Figure 19. Selected EDS analyses (spectra and quantified results) on minerals from sample 2021-
MAC-08 including zircon (A), cassiterite (B), Ti-rich oxide (C), monazite-Ce (D), xenotime-Y
(E), high-Al unidentified mineral (F), actinolite (G), Fe-oxide (H), epidote (1), and pyrite (J).



52

4.22. 2021-MAC-21

In this sample, a total of 237 grains have been analyzed. Representative SEM-SE images

of the mineral species and groups identified in this sample are shown in Figures 20-23.

Figure 20. Representative SEM-SE images of crystals in heavy concentrates from sample 2021-
MAC-21. See the main text for descriptions.



53

Zircon grains (n = 54) exhibit a length along the c-axis that ranges from 75 to 300 um, with
thicknesses that vary between 100 to 25 um and aspect ratios of 1 to 7. Four broad zircon
morphologies were identified. The first is composed of crystals with prismatic habits that
are capped by dipyramids with sharp terminations and regular faces. One of the zircon
crystals within this first group matches the morphology of Gl type zircons in the
classification scheme of Pupin (1980) (Fig. 21). The second comprises twinned crystals
with smooth to rough faces. The third exhibits subhedral to anhedral crystals with a set of
irregularly developed faces. The fourth comprises zircon crystals with more complex and

irregular morphologies. EDS analyses indicate stoichiometric compositions (Fig. 24A).

Figure 21. Zircon crystal (2021-MAC-67 ML001_005; SEM-SE image) matching the
morphology of G1 zircon type in the classification of Pupin (1980).

Monazite-Ce grains (n = 35) range in size from 50 to 100 um. Monazite crystals display a
variety of morphologies including subhedral to anhedral, rounded or irregularly shaped
grains as well as grains that show prismatic habits. The faces are commonly rough and
striated and occasionally cut by elongated zircon grains (Fig. 22). EDS analysis indicates
that the monazite composition is typically dominated by Ce (23 +3 wt %) over La (12 +2
wt %) and Nd (10 = 3 wt %) and have high O (29 =7 wt %) and P (16 = 1 wt %; Fig. 24B).
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Figure 22. SEM-SE images of monazite-Ce grains from sample 2021-MAC-21 intergrown with
elongated zircon crystals.

The crystals of apatite (n = 50) are between 75 and 300 um in size. These grains are
completely anhedral, highly porous, and cariated, with rough-developed faces. EDS
analysis yielded O (40 + 5 wt %), P (17 =2 wt %), Ca (38 £ 6 wt %), and F (5 = 2 wt %;
Fig. 24C).

Pyrite grains (n = 10) exhibit sizes that range from 100 to 150 pm. Although the grains are
anhedral and display cariated textures, some pseudo-cubic habits are found in some of the

crystal phases. The EDS analyses indicate stoichiometric compositions (Fig. 24D).

Ti-rich oxide crystals (n = 24) range in size from 50 to 200 pm and most have anhedral
habits with rounded edges and rough faces. In addition, a few grains exhibit a complex
cluster of cross-hatched thin platy crystals with reticulated, snowflake-like textures (Fig.
23). EDS analyses revealed elevated contents of O (42 =9 wt %) and Ti (51 =9 wt %) and
lower, though highly variable, contents of Fe (3 £2 wt %), Nb (2 £ 1 wt %), and Ta (5 + 4
wt %; Fig. 24E).
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Figure 23. SEM-SE images for a single reticulated Ti-oxide crystal.

The Fe-oxide group (n = 26) comprises crystals with a variety of morphologies and sizes
in the range from 50 to 300 um. The grains are predominantly anhedral, yet some have
subhedral habits with edges that vary from sharp to rounded. Additionally, a few grains
form euhedral crystals with octahedral morphologies. EDS results indicate significant
contents of Fe (65 + 3 wt %) and O (32 + 9 wt %), with lower proportions of other elements

such as Si (7 £4 wt %) and Al (6 + 4 wt %; Fig. 24F).

Dumortierite (n = 19) crystals range in width and length from 50 to 300 um and exhibit
two different habits. The first habit is fibrous and is characterized by slender and elongated
crystals that are parallel arranged. The second habit is massive and appears as densely
packed aggregates. EDS results indicate the presence of Al (13 + 12 wt %), Si (34 = 13 wt
%), and O (53 + 4 wt %; Fig. 24G).
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Figure 24. Selected EDS analyses (spectra and quantified results) on minerals from sample 2021-
MAC-21 including zircon (A), monazite-Ce (B), apatite (C), pyrite (D), Ti-rich oxide (E), Fe-
oxide (F), and dumortierite (G).
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In addition to the aforementioned minerals, other heavy minerals present in the sample in
much lesser proportions are actinolite (n = 4), tourmaline (n = 2), hematite (n = 1), titanite

(n=1), and epidote (n = 1; Fig. 25).

Figure 25. SEM-SE images of crystals in less proportion in heavy concentrates from sample
2021-MAC-21.

4.2.3. 2021-MAC-67
In this sample, 278 grains were selected for SEM-EDS analyses (Figs. 26-29). The first
group comprises zircon grains (n = §) ranging from 50 to 200 pm in length, 50 to 125 pm
in width, and 1 to 4 in aspect ratio. Two morphological types of zircon grains are
distinguished. The first includes elongated prisms capped by dipyramids with
distinguishable faces. The second groups crystals with more complex symmetry as clearly
evidenced in Figure 27—crystal made of a prism (110) and a dipyramid (101) with short
elongation—and in Figure 28—crystal composed of two prisms capped by two dipyramids.

EDS results indicate stoichiometric zircon compositions (Fig. 29A).
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Figure 26. Representative SEM-SE images of minerals found in heavy concentrates from sample
2021-MAC-08. See the main text for descriptions.
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Figure 27. Zircon crystal (2021-MAC-67_ML001_005; SEM-SE image) morphologically similar
to the G2 type in the classification of Pupin (1980).

Figure 28. Zircon crystal (2021-MAC-67 ML001 _048; SEM-SE image) with a morphology
similar to the S17 type in the classification of Pupin (1980).

Monazite-Ce crystals (n = 5) have sizes comprised between 50 and 150 um. The grains
exhibit equant tabular habits with subrounded edges. Some of them are intergrown with
smaller zircon grains. EDS results indicate high contents of O (31 £2 wt %), P (17 £ 1 wt
%), and REE, with systematically higher Ce (23 = 3 wt %) than La (11 = 1 wt %) and Nd
(10 = 1 wt %; Fig. 29B).

Apatite grains (n = 44) range from 50 to 200 pm in size and can be subdivided into three
subtypes according to their morphology. The first subtype groups equant crystals with
subrounded edges and smooth faces. The second subtype includes long-prismatic crystals
with elongation ratios ranging from 2:1 to 4:1 with rounded to subrounded edges. The third
subtype comprises a few minute grains (~10 um) forming a crystal aggregate. EDS results
indicate the presence of Ca (40 =9 wt %), P (17 3 wt %), F (5 £2 wt %), and O (37 £ 7
wt %; Fig. 29C).
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Ti-rich oxide crystals (n = 87) range from 50 to 250 um in size and can be subdivided into
two morphological subgroups. The first subgroup is composed of small crystals (50-100
um) with euhedral, tetragonal shapes (e.g. dipyramids and prisms) with sharp edges. The
second subgroup includes prismatic crystals with subrounded edges and rough faces
grading to anhedral shapes with unrecognizable faces that vary from 50 to 250 um in size.
EDS results indicate high contents of Ti (50 £ 11 wt %) and O (44 + 9 wt %) and lesser
contents of Fe (2 +£2 wt %), Nb (1 £ 1 wt %), and Sn (4 £ 3 wt %; Fig. 29D).

Fe-oxide grains (n = 9) vary from 50 to 125 um in width and length. These crystals exhibit
anhedral shapes with no recognizable habits and conchoidal fracture. A few grains show
an earthy habit with no visible crystalline affinities. EDS results yield high contents of O
(29 £ 11 wt %) and Fe (57 = 15 wt %; Fig. 29E).

Sn-oxide crystals (n = 7) vary from 50 to 200 um and are grouped into two morphological
subtypes. The first includes grains with elongated habits, rough faces, and sharp edges,
while the second comprises anhedral crystals with sharp edges. EDS analyses indicate high
contents of O (26 = 6 wt %), Sn (47 £ 4 wt %), and Mn (26 = 2 wt %; Fig. 29F).

Tourmaline grains (n = 56) present lengths typically between 50 to 100 um and elongation
ratios from 2 to 4. Euhedral and long-prismatic crystals represent the typical morphological
type in this sample, with recognizable faces, a rough surface, and common striation. EDS
results indicate high contents of O (46 =4 wt %), Si (18 £ 1 wt %), Al (21 = 1 wt %), and
Fe (11 + 4 wt %) and smaller though highly variable contents of Mg (1 =1 wt %) and Na
(2 £ 1 wt %; Fig. 29G).

Mica crystals (n=31) vary from 50 to 150 um in size and show the typical two-dimensional
platy morphology. EDS analyses provide information about high contents of O (45 + 3 wt
%), S1 (23 £2 wt %), A1 (19 +2 wt %), K (9 = 1 wt %), and Fe (3 £ 1 wt %; Fig. 29H).
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Figure 29. Selected EDS analyses (spectra and quantified results) on minerals from sample 2021-
MAC-67 including zircon (A), monazite-Ce (B), apatite (C), Ti-rich oxide (D), Fe-oxide (E), Sn-
hydroxide (F), tourmaline (G), and mica (H).
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Other heavy minerals found in the sample in much lesser proportions include tremolite-

actinolite (n = 5), ilmenite (n = 1), andradite (n = 1), and pyrite (n = 1; Fig. 30).

Figure 30. SEM-SE images of crystals found in minor proportion in heavy concentrates from
sample 2021-MAC-67.

4.3. Raman spectroscopy

43.1. Silicate minerals

Actinolite-Tremolite series

Raman spectra of tremolite and actinolite are characterized by typical features between 100
to 1,200 cm™ with characteristic high peaks at 671 cm™ and smaller peaks at 1,064 cm'.
Raman spectra are similar to actinolite-tremolite reference data in the WiRE database (Fig.

31).
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Figure 31. Raman results for actinolite-tremolite.

Andradite

Raman results indicate the presence of an andradite grain with all the band positions
remaining similar to the spectrum from the WiRE database (Fig. 32). Important peaks were

registered at 361, 374, 532, 819, and 878 cm™'.

Figure 32. Raman results for andradite.

Dumortierite

The Raman spectra of dumortierite comprise two reference types in the sample. The first
one includes three notable bands (207, 355, and 464 cm™). The second one comprises six
prominent bands (207, 287, 509, 563, 946, and 999 cm™). The positions of the bands are
in good agreement with those in the dumortierite spectra from the WiRE database (Fig.

33).
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Figure 33. Raman results for dumortierite.

Epidote

Raman spectra for epidote are characterized by sharp bands at 455, 565, 599, and 915 cm”
!, and other weak bands at 350 and 980 cm™'. The Raman spectra obtained from these

samples are very similar to those of epidote from the WiRE database (Fig. 34).
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Figure 34. Raman results for epidote.
Muscovite
The spectra of the studied muscovite grains are characterized by the existence of two main

peaks at 701 and 1,111 cm™, which are common spectral patterns in phyllosilicates (Wang

et al. 2015). Other important peaks are registered at 263 and 414 cm™ (Fig. 35).

Figure 35. Raman results for muscovite.
Titanite

Titanite Raman spectra show broad bands at 255, 316, 422, 544, and 611 cm™'. These bands
strongly agree with the titanite spectrum from the WiRE database (Fig. 36).
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Figure 36. Raman results for titanite.
Topaz

The spectra obtained for topaz are comparable to those found in the WiRE database (Fig.
37). The main intense bands observed were located at 236, 264, and 284 cm™'. Other

important bands were registered at 453 and 923 cm™'.

Figure 37. Raman results for topaz.
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Tourmaline

Tourmaline spectra are characterized by one intense peak at 368 cm™ and two other
significant peaks at 775 and 1,054 cm™ (Fig. 38). These Raman spectral features match the

tourmaline spectrum from the WiRE database.

Figure 38. Raman results for tourmaline.

Zircon

Zircon grains from the 3 samples were analyzed, which agreed with the ideal Raman
spectra for zircon and showed similar band values compared to the spectrum from WiRE
database. Dominant peaks were located at 202, 225, 356, 439, 972, and 1,007 cm™ (Fig.
39). The results also confirmed the presence of smaller zircon grains (less than 20 um) in
titanium oxides, apatite, and xenotime-Y (Fig. 40). On the other hand, the presence of

apatite inclusions in zircons was also confirmed (Fig. 41).



Figure 39. Raman results for zircon crystals.
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Figure 40. Prismatic zircon (bright) in apatite crystal (dark).
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Figure 41. Apatite inclusion (dark) in a zircon crystal (bright).

4.3.2. Ti-rich oxides

Anatase

Anatase grains were only found in sample 2021-MAC-67. This mineral species is well
characterized by Raman spectroscopy since the four peaks at 149, 392, 516, and 639 cm’!

are distinctive and match the anatase spectrum on the WiRE database (Fig. 42).
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Figure 42. Raman results for anatase.

Rutile

Raman spectra of Ti-oxide grains likely corresponding to rutile separated from the three
samples can be separated into three different spectrum types. The first is characterized by
two broad peaks at 446 and 609 cm™!, which agree with two of the four Raman vibration
characteristic peaks of rutile (Fig. 43; Guo et al. 2006). The second type is only observed
in grains from sample 2021-MAC-08 and is characterized by three peaks at 426, 627, and
836 cm’!, which vaguely match Raman vibration characteristic peaks (Fig. 44) and

probably evidence an atypical rutile phase. Likewise, the third type exhibits four different
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peaks at 304, 485, 625, and 841 cm™!, which does not accurately match the rutile spectrum
from the WiRE database and also probably evidence an atypical rutile phase (Fig. 45).

Figure 43. Raman results for type-1 rutile.



Figure 44. Raman results for type-2 rutile.
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Figure 45. Raman results for type-3 rutile.

Unidentified Ti-rich oxide

Raman spectra for some Ti-rich oxides exclusively found in sample 2021-MAC-08 have
no accurate coincidences with any available Raman spectra in the WiRE database nor the
RRUFF database. However, it could tentatively be associated with rutile spectra with
slightly displaced (inaccurate) position of peaks or missing peaks. Three different groups
sharing some similar peaks around 432, 650, and 836 cm™ were differentiated. The first
type exhibits three distinctive broad and rod-shaped peaks at 427, 651, and 837 cm™ (Fig.
46). The second type shows four important asymmetric broad peaks at 438, 620, 650, and
837 ecm! (Fig. 47). The third type consists of five important and broad peaks located at
254,432, 614, 686, and 836 cm™! (Fig. 48).



Figure 46. Raman results for type-1 unidentified Ti-rich oxide.

Figure 47. Raman results for type-2 unidentified Ti-rich oxide.
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Figure 48. Raman results for type-3 unidentified Ti-rich oxide.

4.3.3. Sn-minerals

Cassiterite

The main cassiterite bands are consistent with reference data in the WiRE database. Raman

spectra show important peaks at 633, 474, and 775 cm™ (Fig. 49).

Figure 49. Raman results for cassiterite.
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Wickmanite

Crystals from sample 2021-MAC-67 with high contents of Sn and Mn according to EDS
analysis matched the typical Raman spectrum for wickmanite, a rare Sn-Mn hydroxide
species [Mn™2Sn**(OH)g], obtained from the RRUFF database (Fig. 50). Three bands were
noticed at 293, 375, and 596 cm™.

Figure 50. Raman results for wickmanite.

43.4. Fe-oxides
Goethite

Significant features in Raman spectra are three important peaks at 215, 278, and 392 cm™.
The goethite spectrum matches the information from the WiRE database for this mineral

(Fig. 51).
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Figure 51. Raman results for goethite.
Hematite
A single hematite grain was found in sample 2021-MAC-21, with typical rod-shaped peaks

located at 228, 294, 415, and 501 cm™. The obtained Raman spectrum is consistent with
reference data on the WiRE database (Fig. 52).

Figure 52. Raman results for hematite.
IImenite
Raman spectrum of ilmenite exhibits three indicative bands at 253, 334, and 681 cm™'.

Some extra weak bands occur at 454 and 592 cm™'. Raman patterns of these samples agree

with the ilmenite spectrum from the WiRE database (Fig. 53).
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Figure 53. Raman results for ilmenite.
Magnetite

Presence of magnetite in sample 2021-MAC-21 is confirmed by matching the spectral data
reported on the WiRE database (Fig. 54). Important peaks were registered at 545 and 665

cm™.

Figure 54. Raman results for magnetite.

4.3.5. Borates
Jeremejevite

Raman results consistent with jeremejevite [Als(BO3)s(F,OH)3] were detected only in
grains from the sample 2021-MAC-08 (Fig. 55). Intense high peaks were detected at 176,
231, 326, 371, 960, and 1,066 cm’!, which coincide with jeremejevite data available in
RRUFF.
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Figure 55. Raman results for jeremejevite.
4.3.6. Phosphates
Apatite

Raman spectroscopy results for apatite revealed a well-defined band at 964 cm™ which

coincides with the one observed in apatite from the WiRE database (Fig. 56).
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Figure 56. Raman results for apatite.

Monazite-Ce

Monazite grains were analyzed and agreed with the respective ideal Raman spectra (Fig.
57). Important bands were registered at 225, 465, and 974 cm™!, which are consistent with
monazite-Ce reference data in the WiRE database. Moreover, the existence of mineral

apatite inclusions (around 10 pm in length) could be verified (Fig. 58).



Figure 57. Raman results for monazite-Ce.
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Figure 58. Apatite inclusion (dark) in a monazite-Ce crystal (bright).

Xenotime-Y

Raman spectra of xenotime-Y were dominated by three intense bands located at 997, 1,116,

and 1,162 cm™!, which matches the standard spectrum of xenotime-Y on the WiRE database

(Fig. 59).

Figure 59. Raman results for xenotime-Y.
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4.3.7. Sulfides
Pyrite
Pyrite spectra matched the reference data from the WiRE database (Fig. 60). Three
distinctive peaks could be resolved in the spectra, located at 347, 384, and 436 cm’!.

Figure 60. Raman results for pyrite.
4.4.  Geochronology

Zircons from sample 21-MAC-21 were subjected to cathodoluminescence analyses (Fig.
61). Figure 61 A exhibits a subhedral zircon with a distinct high CL intensity core showing
parallel zoning surrounded by a low-CL intensity rim. The core yielded a date of 219 + 26
Ma while the rim yielded a date of 7.6 £ 0.3 Ma. The zircon grain shown in Figure 61B is
euhedral and shows complex zoning including an ovoid resorbed core, which yielded a
date of 615 + 52 Ma, overgrown by and oscillatory-zoned mantle with relatively high CL
intensity yielding a date of 215 + 9 Ma. Finally, a low-CL intensity rim yielded a date of
8.5+ 0.4 Ma. Figure 61C illustrates a subhedral zircon with a resorbed core with poor CL
intensity and subtle zoning yielding a date of 7.6 £ 0.6 Ma, overgrown by an irregular
polygonal, high-CL intensity mantle yielding a date of 7.5 + 0.3 Ma, and a thin and

irregular, low-CL intensity rim.
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Figure 61. Cathodoluminescence (CL) images of zircon grains from sample 21-MAC-21. A:
Subhedral zircon with high-CL intensity core surrounded by a low-CL intensity rim. B: Euhedral
zircon with a reabsorbed core, oscillatory-zoning mantle, and low-CL intensity rim. C: Zircon
with euhedral habit with a resorbed and zoned core truncated by a high-CL convolute mantle and
a low-CL intensity rim. Yellow circles show the location of the point analyses with the
corresponding U-Pb dates.

Figure 62 shows a Tera-Wasserburg U-Pb concordia diagram for analyzed zircon grains
from sample 21-MAC-21 (n = 48). A set of zircon datapoints are concordant and yield an
average 2%°Pb/>*®U date of 7.36 £ 0.1 Ma. The rest of the analyses are discordant. A set of
these discordant analyses yield a lower intercept discordia date of 222 + 3 Ma. The rest of
the analyses define a mixing trend between ca. 222 Ma (i.e., cores) and ca. 7 Ma (i.e., rims;
Fig. 61). Noteworthy, the zircon shown in Figure 61B has a core of apparent 615 + 52 Ma
age surrounded by a mantle of 215 = 9 Ma and a rim of 8.5 £ 0.4 Ma ages; however, the
older date is discordant and is included in the discordia line yielding the lower intercept

date at 222 + 3 Ma.
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Figure 62. Results of in situ U-Pb isotope analyses of zircon grains from sample 21-MAC-21 in a
Tera-Wasserburg concordia diagram. A weighted mean 2°°Pb/>**U date is provided for the
youngest zircon population.
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5. DISCUSSION

5.1.  Heavy minerals in tuffaceous rocks of the Macusani Volcanic Field: Inventory

and comparative abundances

In this chapter, heavy mineral populations are compared among the studied tuffaceous units
from the Macusani Volcanic Field, i.e., the Lithium-rich Tuff sample (2021-MAC-08) and
the white tuffaceous mudstone samples (2021-MAC-21 and 2021-MAC-67). In the sample
of Lithium-rich Tuff (2021-MAC-08), a total of nineteen mineral species were identified,
of which fourteen are considered heavy minerals, namely unidentified Ti-oxides (n = 145
grains), rutile (n = 30), jeremejevite (n = 26), corundum (n = 22), epidote (n = 8), cassiterite
(n=15), topaz (n =5), zircon (n = 5), xenotime-Y (n = 4), magnetite (n = 4), pyrite (n = 3),
dumortierite (n =2), monazite-Ce (n = 2), and titanite (n = 1). The samples of white
tuffaceous mudstones are characterized by a broadly equivalent variety of minerals. In
sample 2021-MAC-21, a total of sixteen mineral species were identified, of which twelve
are considered heavy minerals, namely zircon (n = 54), apatite (n = 50), monazite-Ce (n
=35), magnetite (n = 21), dumortierite (n = 19), rutile (n = 18), pyrite (n = 10), unidentified
Ti-oxides (n = 6), tourmaline (n = 2), titanite (n =1), hematite (n = 1), and epidote (n = 1).
In sample 2021-MAC-67, a total of sixteen mineral species were identified, of which
eleven are considered heavy minerals, namely tourmaline (n = 56), apatite (n = 44), rutile
(n = 44), anatase (n = 25), unidentified Ti-oxides (n = 18), goethite (n = 9), zircon (n =8),
wickmanite (n = 7), monazite-Ce (n = 5), ilmenite (n = 1), andradite (n = 1), and pyrite (n
=1).

Titanium oxide minerals have been identified in heavy mineral concentrates from the three
samples. The Lithium-rich Tuff (2021-MAC-08) is characterized by the occurrence of
rutile-like minerals including rutile s.s. and unidentified Ti-oxide grains that could
probably represent distorted rutile-like structures—according to some shared Raman
spectra features. The unidentified Ti-oxide grains are significantly more abundant (n = 145)
and show enrichment in Ta (3 £ 1 wt.%) and Nb (6 £ 2 wt.%) in the Lithium-rich Tuff
relative to samples of white tuffaceous mudstone, which contain only minor amounts of
unidentified Ti-oxide grains (n = 24 for both samples) without enrichment in Ta and Nb.
As for rutile s.s., it is less common in the sample of Lithium-rich Tuff (n = 30) than in the
samples of white tuffaceous mudstone (n = 62 for both samples). Chemically, rutile in the

Lithium-rich Tuff exhibit enrichment in Ta (2 = 2 wt.%), Nb (4 + 3 wt.%), and Fe (3 =2
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wt.%), similar to rutile from the sample 2021-MAC-21 (white tuffaceous mudstone; Nb =
1+1wt.%,Fe=1+2wt.%, Ta=3 +4 wt.%), whereas rutile from the sample 2021-MAC-

67 (white tuffaceous mudstone) shows no evidence of enrichment in Ta, Nb, or Fe.

Anatase is limited to sample 2021-MAC-67 (white tuffaceous mudstone) and shows
stoichiometric compositions with no enrichment in elements such as Nb and Ta according
to EDS data. Likewise, titanite is very scarce and only one grain was recorded in the sample
of Lithium-rich Tuff, and another grain in sample 2021-MAC-21 (white tuffaceous
mudstone), both showing stoichiometric compositions (Fig. 63). Finally, only one grain of
ilmenite was registered in sample 2021-MAC-67 (white tuffaceous mudstone) and yielded

a stoichiometric composition.
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Figure 63. Ternary diagram for Ti-oxides (rutile, ‘rutile-like’ unidentified Ti-oxides, and anatase)
found in the Lithium-rich Tuff (2021-MAC-08) and white tuffaceous mudstone (2021-MAC-21,
2021-MAC-67) samples. EDS data. In addition, EMPA data on rutile from ash-flow tuff of the
Macusani Formation reported by Pichavant et al. (1988) is given for comparison purposes.
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Zircon shows a remarkable contrast in abundance among the samples. Sample 2021-MAC-
21 (white tuffaceous mudstone) yielded by far the largest number of zircon crystals (n =
54), while samples 2021-MAC-08 (Lithium-rich Tuff) and 2021-MAC-67 (white
tuffaceous mudstone) contained only 5 and 8 grains, respectively. Despite these differences
in abundance, the most common zircon morphology across the three samples corresponds
to elongated prismatic faces {100}, {110} capped by dipyramids {101}, which are

common crystalline habits of zircon (Brites Martins et al. 2014).

Borosilicate minerals have been identified in the three samples. Tourmaline, which was
absent in the Lithium-rich Tuff sample, is present in the white tuffaceous mudstone,
particularly in sample 2021-MAC-67, with 54 euhedral crystals, while only two anhedral
grains were found in sample 2021-MAC-21. As for dumortierite, only two grains were
found in the Lithium-rich Tuff sample; in contrast, in sample 2021-MAC-21 (white
tuffaceous mudstone), dumortierite was more abundant than tourmaline, with 19 grains
identified. In both samples, dumortierite showed anhedral habits. Finally, jeremejevite, a
rare borate, occurs exclusively in the sample of Lithium-rich Tuff (n = 26), where it forms

well-developed crystals with characteristic light blue color.

Tin-bearing minerals are present in low proportions in both lithologies. Cassiterite was
recorded only in the sample of Lithium-rich Tuff (n = 5), while wickmanite was detected

exclusively in sample 2021-MAC-67 (white tuffaceous mudstone; n = 7).

Phosphate minerals are present in each assemblage, with fluorapatite being the most
abundant one. This mineral was registered only in two samples of white tuffaceous
mudstone (2021-MAC-21 and 2021-MAC-67; n = 94). In both cases, the apatite grains
display similar morphologies and chemical composition. The second phosphate identified
is monazite-Ce, which is significantly more abundant in the samples of white tuffaceous
mudstone (n = 40) than in the sample of Lithium-rich Tuff (n = 2). Chemical analyses
reveal no important variations between the samples in terms of REE such as Ce, La, and
Nd. The third phosphate identified is xenotime-Y, which is restricted to the sample of
Lithium-rich Tuff with only four crystals.

Magnetite was found in samples of Lithium-rich Tuff and white tuffaceous mudstone
(2021-MAC-21). In sample 2021-MAC-08 the existence of magnetite grains is scarce,
represented by only four grains, while in sample 2021-MAC-21 it is more abundant, with

21 grains registered, making it slightly more common than Ti-oxides in that sample. On
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the other hand, pyrite occurs in all three samples but at varying proportions. The sample
2021-MAC-21 contains the highest abundance with 10 crystals, while samples 2021-MAC-
08 and 2021-MAC-67 yielded only 3 and 1 crystals, respectively. In all cases, the grains
show anhedral morphologies, with no well-defined habits. Regarding Al-rich phases, both
corundum (n = 22) and topaz (n = 5) were recorded exclusively in the sample of Lithium-
rich Tuff. A single crystal of garnet (andradite) was recorded in the sample of 2021-MAC-

67 (white tuffaceous mudstone).

The presence of different dense minerals in the different studied samples of Lithium-rich
Tuff and white tuffaceous mudstone, as well as their different proportions in dense mineral
concentrates, indicate that these rocks could have experienced contrasting petrogenetic,
pyroclastic/sedimentary, and/or hydrothermal processes. Notably, part of the dense mineral
phases identified in the studied samples (i.e., rutile, zircon, and monazite) had been
described by previous authors in ash-flow tuff from the Macusani Formation (Noble et al.
1984; Poupeau et al. 1993; Pichavant et al. 1997, 1988, 2024). In addition, rutile from the
Macusani ash-flow tuff were identified as niobian rutile by Pichavant et al. (1988) and have
compositions that partly overlap in terms of Ti, Nb, Ta, and Fe with those of rule-like
minerals in the studied samples. However, the contents of Nb (0.31 - 0.35 wt.%; n = 2), Fe
(1.09-1.53 wt.%), and Ta (no reported) in the niobian rutile from Macusani Formation ash-
flow tuff are in general lower than those obtained in the samples of Lithium-rich Tuff and
white tuffaceous mudstone (Fig. 63). In addition, other heavy minerals found in the white
tuffaceous mudstone such as tourmaline and apatite had been described in ash-flow tuff
from the Macusani Formation, which reflects a closer mineralogical composition between

these two lithologies than with the Lithium-rich Tuff.

Dense mineral phases described in macusanite by London et al. (1988) include andalusite,
apatite, zircon, and topaz, which evidence similarities with the heavy mineral assemblage
of the Lithium-rich Tuff (zircon and topaz) and the white tuffaceous mudstone (zircon and

apatite.

In contrast, several minerals identified in the Lithium-rich Tuff are documented hereby for
the first time in volcanic material from the Macusani Volcanic Field, including the notable
presence of Al- and B- associated minerals, represented by rare and uncommon species,
such as jeremejevite and dumortierite. Other new Al-rich minerals reported include

corundum. In addition, xenotime-(Y), magnetite, cassiterite, pyrite, and titanite were also
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documented in this thesis for the first time for volcanic rocks of the Macusani Formation.
In the case of the white tuffaceous mudstone, dense mineral phases not previously reported
in the Macusani Volcanic Field include dumortierite, anatase, titanite, wickmanite,

magnetite, and andradite.
5.2.  Petrogenetic constraints from the identified heavy minerals

As discussed in the foregoing section, the heavy minerals assemblage found in the sample
of Lithium-rich Tuff (2021-MAC-08) and the samples of white tuffaceous mudstone
(2021-MAC-21 and 2021-MAC-67), exhibit a rich mineral variety. In this section, heavy

mineral phases and compositions will be used to discuss some petrogenetic constraints.

Magmatism in the Macusani Volcanic Field, particularly in the Macusani Formation and
macusanite, is strongly peraluminous (Noble et al. 1984; Pichavant et al. 1988). The strong
peraluminous character of the Lithium-rich Tuff was also noted by Ramirez-Briones et al.
(2025). Hence, the occurrence of Al-rich phases is expected. A clear contrast emerges when
comparing the Lithium Rich Tuff and the white tuffaceous mudstone, by the fact that
corundum and topaz were only found in the Lithium-rich Tuff. This suggests a stronger
peraluminous signature of the magmas related to the former. Besides, rocks from the
Macusani Volcanic Field record high contents of fluxing elements such as F and B (Barnes
et al. 1970, Noble et al. 1984, London et al. 1988, Pichavant et al. 1988). For ash-flow tuff,
Barnes et al. (1970) determined F contents of 2.1 wt.% and B contents of 0.03 wt.% while
Noble et al. (1984) obtained F contents of 0.21 + 0.05 wt.% whereas they did not detected
B. For macusanite, London et al. (1988) documented high contents of F (1.30 wt.%) and B
(0.19 wt.%). For the Lithium-rich Tuff, Ramirez-Briones et al. (2025) reported F contents
in the range between 1.54 and 1.98 wt.%, and B contents in the range between 0.02 and
0.18 wt.%. This high activity of F and B is consonant with the finding of borosilicates such
as tourmaline and dumortierite, and borates, such as jeremejevite, in the concentrates. In
the Lithium-rich tuff, B-bearing minerals are present as dumortierite and a very rare species
such as jeremejevite, whereas in the white tuffaceous mudstone, B-bearing minerals
correspond to more typical phases associated such as tourmaline, fluorapatite, and

dumortierite.

Since boron is typically a mobile element in many geochemical environments, any
introduction of B into the system will potentially enhance the crystallization of tourmaline

and dumortierite (Choo and Kim 2001). Tourmaline is a common mineral found in granitic
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rocks and associated with magmatic-hydrothermal deposits such as pegmatites and
greisens (Harlaux et al. 2020). Notably, after tourmaline, dumortierite is the most stable
and common borosilicate (Meshram and Ingle 2012). Dumortierite is typically found in
granitic rocks as a product of hydrothermal or late stage pneumatolitic processes (Choo
and Kim 2001; Khalegui and Karimzadeh 2019), often as a replacement of tourmaline
(Galliski et al. 2012; Torr¢ et al. 2024). Jeremejevite, one of the rarest minerals found, has
been reported in a few deposits associated with volcanic slags and granitic pegmatites (e.g.,

Kutzschbach et al. 2017).

Regarding titanium oxides, rutile and “rutile-like” grains yielded variable contents of Fe,
Ta, and Nb (Fig. 63), which in some of the analyses are very high according to EDS data
(up to 19 wt % Fe, 9 wt % Nb, and 6 wt % Ta). Pichavant et al. (1988) reported EPMA
data for two niobian rutile in ash-flow tuff of the Macusani Formation with Nb contents of
0.35 wt % and 0.31 wt %, Fe contents of 1.09 wt % and 1.53 wt%, and no detectable
contents of Ta (Fig. 64). Pichavant et al. (1988) associated the niobian rutile to a late stage
of biotite alteration during the emplacement of ignimbrite layers. The occurrence of
variable amounts of Fe, Nb, and Ta is common in columbite-group minerals and Ti-bearing
phases (including rutile), which are well recognized as dominant reservoirs of HFSE
(Breiter et al. 2007; Wang et al. 2023). Usually, enrichment of Nb and Ta is associated with
peraluminous granitoids, pegmatites of the Nb-Y-F (NYF) and Li-Cs-Ta (LCT) families,
and carbonatites (e.g., Cerny et al. 1999; Gammons et al. 2025; Wang et al. 2023) and/or
hydrothermal alteration (Wang et al. 2023). Extremely low partition coefficients for Nb
and Ta between fluid and melt pose that these elements preferentially concentrate in
granitic and carbonatitic residual melts. Furthermore, the Nb and Ta enrichment is strongly
influenced by the magma volatile contents, as volatile, fluxing elements such as F enhance
the solubility of Nb and Ta in the residual melt and fluid (Wang et al. 2023). Nb*> and Ta*?
are easily incorporated into rutile due to their ionic radii (Nb-0.64 A, Ta-0.64 A) being
similar to that of Ti"* (0.61 A) in the octahedral sites of the rutile structure (Chen et al.
2018). The high contents of Nb and Ta in rutile-like minerals in the Macusani Formation,
particularly in the Lithium-rich Tuff, is compatible with the fluxing-element-rich, highly
evolved character of the magmatic component of the lithium-ore unit, as constrained by

Ramirez-Briones et al. (2025).
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The occurrence of REE phosphates such as monazite-Ce and xenotime-Y is commonly a
reported as accessory phases in granitoids, from dioritic to evolved granites and pegmatites
(Demartin et al. 1991, Wark and Miller 1993). It is documented to occur frequently in rocks
derived from carbonatite-related magmatism as well (Williams et al. 2007). These phases
frequently occur together and are typically associated with rutile and zircon, as observed
in the obtained dense separates (Fig. 18), a mineralogical assemblage typical of

predominantly granitic sources (Rosa et al. 2010).

Of the tin minerals, cassiterite is the main ore for this metal and may form through
magmatic and hydrothermal processes (Bowles 2021). Magmatic cassiterite is found in
pegmatites and highly evolved peraluminous granites, often incorporated into minerals
crystallizing from Sn-rich melts, such as biotite, titanite, and ilmenite (Linnen et al. 1992;
Liu et al. 2025; Zhang et al. 2025). Hydrothermal cassiterite forms in environments like
hydrothermal-dominated greisen, skarn, and lode-vein systems (Lehmann 2021; Mathur et
al. 2025). The rare wickmanite belongs to the schoenfliesite subgroup, a group of
uncommon tin hydroxides, and has been described in pegmatites and skarns. Its occurrence
has been associated with two main genetic mechanisms (Haase et al. 2021). The first is
crystallization as primary minerals during the late stages of high-temperature hydrothermal
activity or within a magmatic environment (Nefedov et al. 1977; Haase et al. 2021). The
second is as secondary phases derived from the weathering of primary tin-bearing minerals

(Moore and Smith 1966; Haase et al. 2021).

To sum up, the heavy mineral assemblages identified from the Lithium-rich Tuff and the
white tuffaceous mudstone are consistent with the felsic and strongly peraluminous affinity
of the Macusani volcanics. The presence of Al- and B- bearing phases, Nb- and Ta-enriched
Ti-oxides, and other accessory phosphates reflect a mineralogical signature commonly
shared with evolved peraluminous pegmatites and LCT pegmatites (Ballouard et al. 2016;
Kaeter and Menuge 2025). In addition, some of the dense phases could be related to high-
temperature (deuteric) hydrothermal processes. The similar geochemical signatures of the
Lithium-rich Tuff with rare-metal peraluminous granites and LCT pegmatites had been

noted by Ramirez-Briones et al. (2025) based on lithogeochemical analysis.
5.3.  Zircon as a tracer of basement and magmatism in the Macusani Volcanic Field

Zircon U-PDb results from a sample of white tuffaceous mudstone (2021-MAC-21) reveal
two geologically meaningful dates at 222 + 3 and 7.36 + 0.10 Ma (Fig. 62). The 222 + 3
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Ma date aligns with Triassic peraluminous granitic plutonism that occurred at ~220 Ma in
a transpressive setting within the southern Cordillera de Carabaya in Peru (Clark et al.,
1983, 1990; Kontak et al., 1985, 1990; Miskovi¢ et al. 2009) and its extension in the
Cordillera Real in Bolivia (Kontak et al. 1990, Iriarte et al. 2021). Noteworthy, Triassic
ages are also registered in zircons from the San Rafael Miocene-Oligocene granitoids with

a major peak at 225 Ma (Harlaux et al. 2021).

Finally, a second distinctive date of 7.36 + 0.10 Ma is interpreted as the emplacement age
of the white tuffaceous mudstone in the Quelcaya zone (Fig. 2). The emplacement age is
coeval with the deposition of the Macusani Formation, which is constrained between ca.
10 and 6.5 Ma (Sandeman et al. 1997). In particular, it would be coeval with a second
volcanic episode documented at 7 = 1 Ma (Cheilletz et al. 1992; Sandeman et al. 1997).
Furthermore, new “’Ar/*’Ar dates on Li-F mica crystals in the Lithium-rich Tuff of ca 8.9
— 8.7 Ma (Sanandres et al. 2024; Torro et al. 2025) are older than the 7.36 + 0.10 Ma
emplacement age obtained in this study. This time span confirms the presence of distinct
depositional levels within the volcanic sequence and reinforces the notion that the Lithium-
rich Tuff represented a small-volume eruptive event (Torr6 et al. 2025). Moreover, it is
consonant with compositional and mineralogical changes between general tuffaceous
material within the Macusani Formation and the Lithium-rich Tuff as derived from
temporally separated, punctuated magmatic events in the Macusani Volcanic Field (this

thesis; Ramirez-Briones et al. 2025; Torr¢ et al. 2025).

Out of five zircon grains separated from the Lithium Rich Tuff, three of them correspond
to the G1 morphology type of Pupin (1980), which is associated with a high index A and
magma temperatures of 650 = 50 °C (Figs. 1, 17). The high A index is in good agreement
with the general highly peraluminous character of the magmas associated with the Lithium-
rich Tuff. On the other hand, Ramirez-Briones et al. (2025) calculated monazite and zircon
saturation temperatures of ~650-720 °C from the chemical composition of Lithium-rich
Tuff samples. Besides, Pichavant et al. (1988) constrained the main crystallization stage in
Macusani magmas (Macusani Formation ash-flow tuff) at ~650 °C. As for zircon grains
separated from the white tuffaceous mudstone, the majority of grains fall within the G1
and S8 types, which indicates an intermediate to high index A, but there is a wide variety
of morphologies including S10, S11, S12, S14, S17, S18, S19, and S20 suggesting very
diverse origins (Figs. 1, 17).
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5.4.  Economic potential of heavy minerals in the Macusani tuffs

Based on the inventory of heavy minerals found in the ore sample corresponding to the
Lithium Rich Tuff, two main potential heavy mineral types stand as potential sources of
valuable by-products. On one hand, titanium oxides, mostly rutile and similar mineral
structures, host up to 9 wt.% Nb and 6 wt.% Ta according to EDS data. Both Nb and Ta
are considered as critical raw materials (European Commission 2023), which highlights
the importance of properly characterizing these elements in lithium deposits like Macusani

to better assess the resource and recovery potential.

On the other hand, in this study, it was possible to identify the presence of monazite-Ce
and xenotime-Y as principal rare earth minerals. In contrast to our study case, rare earth
minerals reported in the Thacker Pass volcano-sedimentary lithium deposit in the
McDermitt caldera, USA, include bastnésite and synchsite in addition to monazite (Crespo
et al. 2025). Although the proportion of these minerals are not significant, the authors
concluded that a detailed analysis should be done to understand the mode of occurrence

and distribution of REE to further assess their extractability.

Heavy minerals found in this study could be potential by-products as monazite and
xenotime are considered viable ores for REE extraction (Kumari et al. 2015). However, it
is important to consider that these REE phosphates present in the sample exhibit high
thermal stability, making them difficult to decompose even at elevated temperatures (Panda
et al. 2014). Moreover, during the metallurgical process, chemical reactions between REE
and phosphorus may lead to the formation of phosphides, which will promote the
pulverization of REE complexes (Panda et al. 2014). Therefore, it is essential to eliminate
the phosphates in order to enhance the dissolution of these rare earth minerals. Although a
wide range of methods have been developed for the extraction of REE from monazite, the
most common industrial approach to extracting rare earths from xenotime is by leaching
with sulfuric acid or by alkali leaching (Alex et al. 1998; Xu et al. 2012; Panda et al. 2014;
Demol et al. 2018). Given that in this study, REE are considered possible by-products
rather than the main target of extraction, leaching represents a practical and widely applied
method that could be developed as an option for recovery after separation of REE

phosphates through gravimetric methods from the dominantly silicate host rock.
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6. CONCLUSIONS

The heavy mineral assemblages separated from Lithium-rich Tuff and white tuffaceous
mudstone of the Macusani Volcanic Field show a wide variety of phases. In the Lithium-
rich Tuff, identified dense minerals include rutile-like minerals, zircon, monazite-Ce,
pyrite, magnetite, corundum, jeremejevite, topaz, dumortierite, cassiterite, xenotime-Y,
epidote, and titanite. In the white tuffaceous mudstone, identified dense minerals include
rutile-like minerals, zircon, monazite-Ce, apatite, wickmanite, tourmaline, dumortierite,
titanite, magnetite, pyrite, ilmenite, andradite, hematite, and goethite. Therefore, there are
some shared minerals in both facies (e.g., rutile, zircon, monazite-Ce, titanite, dumortierite,
epidote, magnetite, and pyrite), while there are some minerals (e.g., cassiterite, corundum,
topaz, jeremejevite, and xenotime-Y) that are only found in the Lithium-rich Tuff and some
others (e.g., anatase, apatite, wickmanite, andradite, goethite, and ilmenite) that are
exclusively found in the white tuffaceous mudstone. Other observed differences include
changes in the composition of given minerals. This is particularly notable for rutile-like
minerals from the Lithium-rich Tuff, which are enriched in Ta and Nb regarding the white
tuffaceous mudstone. These observations suggest that the volcanogenic material associated
with both facies derived from magmatic pulses with contrasting petrogenetic processes.
Overall, in both studied facies, the heavy mineral assemblages agree with the
peraluminous, volatile (e.g., F, B)-rich, and highly evolved character of Macusani
volcanics. In the case of the Lithium-rich Tuff, the presence of REE phosphates (i.e.
monazite-Ce and xenotime-Y), the predominance of B- and Al- bearing minerals, and the
enrichment in Nb and Ta of Ti-oxides highlight the highly evolved character of the igneous
material in this unit, which had been previously identified as close in composition to
macusanite, rare metal peraluminous granites, an LCT pegmatites. It is also compatible
with the general notion that the Lithium-rich Tuff derived from more evolved magmas
relative to other tuffaceous units in the Macusani Formation.

The zircon U-Pb results from one sample of white tuffaceous mudstone reveal two age
populations, one Triassic (222 = 3 Ma), consistent with regional peraluminous granitic
plutonism, and one Miocene age (7.36 = 0.10 Ma) that aligns with volcanic activity in the
Macusani Formation. The latter is older than **Ar/*° Ar mica dates for the Lithium-rich Tuff
(ca. 8.9 Ma), which reinforces the idea of derivation from different magmatic pulses in the

volcanic field. The wide range of zircon morphologies probably reflects a variety of
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populations related to different origins, being G1 and S8 morphologies of Pupin 1980,
which are often associated with peraluminous granitic rocks, the dominant morphologies.

Heavy minerals, particularly in ore units such as the Lithium-rich Tuff, host potential to
become valuable by-products. In particular, Ti-oxides were found to be enriched in Nb and
Ta, and phosphates such as apatite, monazite-Ce, and xenotime-Y can become a source of
REE. Further investigation on these potential subproducts is needed to further evaluate the
occurrence, distribution, and extractability of by-products from heavy mineral concentrates

in Falchani and other volcanogenic lithium deposits worldwide.
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CODIGO MINERAL ) Si Na Al Ti Fe Ta Nb Sn Mg Ca Zr cl Mn As Th La Ce Nd | Sm
2021-MAC-08_ML001_001 Ti-oxide 47.71 - - - 39.27| 3.42 | 2.81 | 6.79 0 - - - - - - - - - - -
2021-MAC-08_ML001_002 Ti-oxide 34.48 - - - 52.14| 4.22 | 2.62 | 6.53 0 - - - - - - - - - - -
2021-MAC-08_ML001_003 Ti-oxide 28.47 - - - 59.28 | 4.97 | 1.83 | 5.45 0 - - - - - - - - - - -
2021-MAC-08_ML001_004 Ti-oxide 47.01 - - 0.78 38.39| 3.13 | 4.04 | 6.64 0 - - - - - - - - - - -
2021-MAC-08_ML001_005 Ti-oxide 44.28 - - 0.62 41.32| 295|393 | 6.9 0 - - - - - - - - - - -
2021-MAC-08_ML001_006 Ti-oxide 47.12 - - 0.72 38.61| 3.17 | 3.78 | 6.6 0 - - - - - - - - - - -
2021-MAC-08_ML001_007 Ti-oxide 36.36 | 0.84 - 0.36 46.96| 4.14 | 4.21 | 7.14 0 : - - - - - - - - - -
2021-MAC-08_ML001_008 Ti-oxide 56.43 - - 1.13 30.08| 2.46 | 4.01 | 5.89 0 ; . - - - - - - - - -
2021-MAC-08_ML001_009 Ti-oxide 34.26 - - 0.21 50.59| 491 | 2.69 | 7.34 0 = 3 - - - - - - - - -
2021-MAC-08_ML001_010 Ti-oxide 43.47 - - 0.89 41.57| 3.46 | 3.88 | 6.74 0 = = - - - - - - - - -
2021-MAC-08_ML001_011 Ti-oxide 36.21 - - 0.12 48.78| 4.95 | 2.86 | 7.07 0 = = - - - - - - - - -
2021-MAC-08_ML001_012 Ti-oxide 34.06 - - 0.36 51.87| 4.24 | 2.91 | 6.57 0 - = - - - - - - - - -
2021-MAC-08_ML001_013 Ti-oxide 44.27 - - 0.64 40.81| 3.34 | 3.9 | 7.04 0 - = - - - - - - - - -
2021-MAC-08_ML001_014 Ti-oxide 40.71 - - 0.71 43.93| 3.54 | 3.78 | 7.33 0 5 = - - - - - - - - -
2021-MAC-08_ML001_015 Ti-oxide 47.94 - - 1.17 36.99| 2.91 | 4.19 | 6.79 0 - 5 - - - - - - - - -
2021-MAC-08_ML001_016 Ti-oxide 39.59 - - 0.4 45.21| 3.86 | 3.63 | 7.3 0 5 5 - - - - - - - - -
2021-MAC-08_ML001_017 Ti-oxide 47.3 - - 1.13 37.92| 2.76 | 4.2 | 6.69 0 - - - - - - - - - - -
2021-MAC-08_ML001_018 Ti-oxide 33.26 - - 0.2 41.77| 4.92 | 2.12 | 7.87 | 9.87 = = - - - - - - - - -
2021-MAC-08_ML001_019 Magnetite 30.45 - - - - |69.55] - : = : : - - - - - - - - -
2021-MAC-08_ML001_020 Ti-oxide 44.04 - - 1.63 40.38| 3.5 | 4.44 | 6.01 0 = = - - - - - - - - -
2021-MAC-08_ML001_021 Ti-oxide 48.03 - - 0.77 36.95| 3.37 | 417 | 6.7 0 E = - - - - - - - - -
2021-MAC-08_ML001_022 Ti-oxide 41.03 - - 0.76 44.17| 3.62 | 3.53 | 6.89 0 - - - - - - - - - - -
2021-MAC-08_ML001_023 Ti-oxide 49.58 - - 0.88 34.59| 3.19 | 3.61 | 6.38 | 1.78 = 3 - - - - - - - - -
2021-MAC-08_ML001_024 Ti-oxide 44.6 - - 0.64 37.17| 3.45 | 3.64 | 6.81 | 3.69 = - - - - - - - - - -
2021-MAC-08_ML001_025 Ti-oxide 40.31 - - 0.59 46.38| 4.11 | 3.52 | 5.09 0 - - - - - - - - - - -
2021-MAC-08_ML001_026 Ti-oxide 51.34 - - 0.95 34.59| 3.05 | 3.78 | 6.29 0 - - - - - - - - - - -
2021-MAC-08_ML001_027 Ti-oxide 321 - - 0.36 53.4 | 468 | 2.93 | 6.53 0 - - - - - - - - - - -
2021-MAC-08_ML001_028 Ti-oxide 39.35 - - 0.56 46.99| 3.58 | 3.03 | 6.5 0 - - - - - - - - - - -
2021-MAC-08_ML001_029 Magnetite 21.57 - - - - 17843 - - - - - - - - - - - - - -
2021-MAC-08_ML001_030 Ti-oxide 46.68 - - 0.56 38.98| 3.36 | 3.95 | 6.47 0 - - - - - - - - - - -
2021-MAC-08_ML001_031 Ti-oxide 40.37 - - 0.69 4496| 4.1 | 3.04 | 6.84 0 - - - - - - - - - - -
2021-MAC-08_ML001_032 Ti-oxide 44.68 - - 1.07 38.92| 3.48 | 4.23 | 7.62 0 - - - - - - - - - - -
2021-MAC-08_ML001_033 Magnetite 13.4 - - - - 86.6 - - - - - - - - - - - - - -
2021-MAC-08_ML001_034 Ti-oxide 38.45 - - 0.58 46.34| 5.19 | 2.35 | 6.26 | 0.83 - - - - - - - - - - -
2021-MAC-08_ML001_035 Ti-oxide 35.53 - - 0.78 47.06| 4.16 | 3.75 | 7.52 | 1.21 - - - - - - - - - - -
2021-MAC-08_ML001_036 Ti-oxide 42.9 - - 0.07 45.71| 2.87 | 1.94 | 6.51 0 - - - - - - - - - - -
2021-MAC-08_ML001_037 Ti-oxide 38.05 - - 0.81 46.35| 3.89 | 3.41 | 6.92 | 0.57 - - - - - - - - - - -
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cODIGO MINERAL o Si | Na| Al | K | Ti | Fe | Ta | Nb | Sn | Mg | Ca | W | S Zr | ¢ | Mn | As | Th la | Ce | Nd | Sm
2021-MAC-08_MLOO1_038 Ti-oxide 50.05 | - - |o035| - |4285|142| 16 |373| 0 - - - - - - - - - - - - -
2021-MAC-08_MLOO1_039 Ti-oxide 36.32 | - - |038| - |535|143| 22 |465|153| - - - - - - - - - - - - -
2021-MAC-08_ML0O01_040 Ti-oxide 4033 | - - - - 5375/ 592 | o 0 0 - - - - - - - - - - - - -
2021-MAC-08_ML001_041 Ti-oxide 4043 | - - |077| - |43.58|3.08(3.76 | 7.27 | 1.09 | - - - - - - - - - - - - -
2021-MAC-08_MLO01_042 Ti-oxide 4858 | - - | 088| - |36.59|368 365|661 0 - - - - - - - - - - - - -
2021-MAC-08_MLO01_043 Ti-oxide 36.76 | - - - - |46559| 4.13 | 3.45 | 6.71 | 237 | - - - - - - - - - - - - -
2021-MAC-08_MLOO1_044 Ti-oxide 4073 | - - |003| - |50.31]235|161|498| 0 - - - - - - - - - - - - -
2021-MAC-08_MLOO1_045 Ti-oxide 36.11 | - - | 043 | - |4825| 43 287|677 |126]| - - - - - - - - - - - - -
2021-MAC-08_MLOO1_046 Ti-oxide 4088 | - - |o061| - |43.32]4.17 (359 |6.69 074 | - - - - - - - - - - - - -
2021-MAC-08_MLO01_047 Ti-oxide 4654 | - - |076| - |3853|354 (385|677 0 - - - - - - - - - - - - -
2021-MAC-08_MLOO1_048 Ti-oxide 4422 | - - |o042| - |44.82]277 (292 |412|072]| - - - - - - - - - - - - -
2021-MAC-08_MLOO1 049 | Actinolite | 4511 |24.63| - | 298| - - a7 - : - |12.83]9.72| - - - - - - - - - - -
2021-MAC-08_ML0OO1_050 Ti-oxide 53.48 | - - | o044| - |3863]157 (233|354 0 : / - - - - - - - - - - -
2021-MAC-08_ML001_051 Ti-oxide 35.29 | - - |o072| - |4779] 5 |[3.34 699|087 | - | e - - - - - - - - - -
2021-MAC-08_ML001_052 Ti-oxide 4171 | - - |039| - |4486|394 (275|635 0 - - - - - - - - - - - - -
2021-MAC-08_MLOO1_053 Ti-oxide 54.61 | - - | 098| - [30.87|294 (392|668 0 - - - - - - - - - - - - -
2021-MAC-08_MLOO1_054 Ti-oxide 4162 | - - | 115 | - |46.29|3.44 | 2.14 | 447 | 089 | - g - - - - - - - - - - -
2021-MAC-08_ML0OO1_055 Ti-oxide 4894 | - - |o078| - | 35 | 308|433 |642|145]| - - - . - - - - - - - - -
2021-MAC-08_MLOO1_056 Ti-oxide 4954 | - - |078| - [35.05|359 (431|672 0 s - - - - - - - - - - - -
2021-MAC-08_MLO01_057 Ti-oxide 35.26 | - - |036| - |47.29] 465 |3.29 | 866 | 048 | - . - : - - - - - - - - -
2021-MAC-08_MLOO1 058 | Cassiterite | 16.7 | - - - - | 35 |202] - - |7235] - - | 543 - - - - - - - - - -
2021-MAC-08_MLO01_059 Pyrite - - - - - - |4517| - ’ - s > - |54.83 - - - - - - - - -
2021-MAC-08_MLOO1_060 Pyrite - - - - - - |45.34| - - - - - - |54.66 - - - - - - - - -
2021-MAC-08_ML001_061 Pyrite - - - - - - |as65| - . - . - - |54.35 - - - - - - - - -
2021-MAC-08_MLOO1_062 Ti-oxide 4943 | - - | 069| - [36.78]3.24 (349|637 0 - - : . - - - - - - - - -
2021-MAC-08_MLOO1_063 Ti-oxide 4324 | - - | 1.08| - [39.63] 36 [4.07|713|125]| - - - - - - - - - - - - -
2021-MAC-08_MLOO1_064 Ti-oxide 4401 | - - - - 4791|253 | 047 | 408 | 1 - : - - - - - - - - - - -
2021-MAC-08_MLOO1_065 Ti-oxide 44.08 | - - |037| - |4838|185|161| 37 | O - } - - - - - - - - - - -
2021-MAC-08_MLOO1_066 Ti-oxide 4545 | - - - - 4783|174 131|367 O - - - - - - - - - - - - -
2021-MAC-08_MLOO1_067 Ti-oxide 4898 | - - | 069| - [3532]361(415|725| 0 - - - - - - - - - - - - -
2021-MAC-08_MLOO1_068 Ti-oxide 44.06 | - - | 073| - |41.43]3.09 (327|743 0 - - - - - - - - - - - - -
2021-MAC-08_ML002_001 ? 4821 | 17.7 | - |13.53| - - | 645 - - - - 141 - - - - - - - - - - -
2021-MAC-08_ML002_002 | Actinolite | 37.98 |27.12| - |0.74 | - - | 883 - - - |11.94|13.39| - - - - - - - - - - -
2021-MAC-08_ML002_003 Epidote 44.51 |15.63 | 1.87 |11.05| - - |14.82] - - - |11.09| 1.02 | - - - - - - - - - - -
2021-MAC-08_ML002_004 ? 49.07 |23.32| - |16.74| 826 | - |261| - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_005 ? 4394 |14.53| - |1094| - - | 767 - - - - 1871 - | 421 - - - - - - - - -
2021-MAC-08_ML002_006 | Actinolite | 48.61 [20.92| - |4.08| - - 727 - - - |1535(3.77 | - - - - - - - - - - -
2021-MAC-08_ML002_007 Epidote 35.04 |23.25| - 0 - - |2411] - - - | 6.08 |11.51| - - - - - - - - - - -
2021-MAC-08_ML002_008 Chlorite 51.06 |24.02| - - - - | 403]| - - - |13.41| 748 | - - - - - - - - - - -
2021-MAC-08_ML002_009 | Actinolite | 40.27 |26.33| - - - - 923 - - - | 123 |11.88| - - - - - - - - - - -
2021-MAC-08_ML002_010 Epidote 46.14 |17.42| - | 122 - - | 899 - - - 0 |15.25| - - - - - - - - - - -
2021-MAC-08_ML002_011 ? 4549 |28.66| - |1573(6.83 | - |3.29| - - - - - - - - - - - - - - - -
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cODIGO MINERAL (0] Si Na Al K Ti Fe Ta Nb Sn Mg Ca F Y P Zr Cl Mn As Th U La Ce Nd Sm
2021-MAC-08_ML002_012 ? 43.17 |20.15| - 15.14| 6.29 - 1.96 - - - - - 13.28| - - - - - - - - - - - -
2021-MAC-08_ML002_013 ? 48.66 |25.28 | - 19.13| 4.4 - 2.54 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_014 Quartz 42.41 |19.45| - 16.47| 6.33 - 2.18 - - - - - 13.16| - - - - - - - - - - - -
2021-MAC-08_ML002_015 ? 43.77 |18.99| - 15.1 | 6.09 - 3.08 - - - - - 1297| - - - - - - - - - - - -
2021-MAC-08_ML002_016 ? 49.13 |27.31| - |23.56| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_017 ? 40.8 |21.25| - 14.27| 6.91 - 4.34 - - - - - 12.44| - - - - - - - - - - - -
2021-MAC-08_ML002_018 Epidote 46.82 |23.56| - 1.8 - - 12.41| - - - 7.39 | 8.02 - - - - - - - - - - - - -
2021-MAC-08_ML002_019 Actinolite 48.24 |19.44| - 11.2 - - 7.79 - - - 1.08 |12.26 - - - - - - - - - - - - -
2021-MAC-08_ML002_020 Epidote 45.03 |17.98| - 13.34| - - 8 - - - 0 |15.66 - - - - - - - - - - - - -
2021-MAC-08_ML002_021 Epidote 43.64 |18.28 | - 12.83| - - 8.93 - - - 0 |16.32 - - - - - - - - - - - - -
2021-MAC-08_ML002_022 ? 47.78 |24.78 | - 1.06 - - 6.45 - - - 12.93| 7.01 - - - - - - - - - - - - -
2021-MAC-08_ML002_023 Epidote 40.35 |17.47| - 1297| - - 9.64 - - - 0 |[19.57 - - - - - - - - - - - - -
2021-MAC-08_ML002_024 Quartz 59.18 [26.18| - 12.64| 2 - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_025 Monazite 38.57 | 0.67 - - - - - - - - - 3.14 - - 19.6 - - - - 8.5 3.9 24 | 18.7 | 451 0
2021-MAC-08_ML002_026 Titanite 49.88 |12.49| - 0.92 - 19.26| 1.56 - - - - 15.9 - - - - - - - - - - - - -
2021-MAC-08_ML002_027 ? 46.02 | 27 - 15.61| 7.16 - 4.21 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_028 Feldspar 55.02 [22.14| - 13.85| 5.95 - 3.04 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_029 Xenotime 46.84 - - - - - - - - - - - - 134.73|18.43| - - - - - - - - - -
2021-MAC-08_ML002_030 Feldspar 43.89 |29.43| - 14.09| 6.13 - 6.47 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML002_031 Feldspar 40.27 |30.41| - 12.56| 8.21 - 8.54 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML0O03_001 | Jeremejevite | 45.52 |13.19| 1.96 |19.72| - - - - - - - 3.12 - - - - - 16.48| - - - - - - -
2021-MAC-08_ML0O03_002 | Jeremejevite | 40.81 - - |50.93| - - - - - - - - 8.26 - - - - - - - - - - - -
2021-MAC-08_ML0O03_003 | Jeremejevite | 43.22 - - 14941 - - - - - - - - 7.37 - - - - - - - - - - - -
2021-MAC-08_ML003_004 Corundum 45 1.66 - |45.18| - - - - - - - - 8.16 - - - - - - - - - - - -
2021-MAC-08_MLO03_005 | Jeremejevite | 40.78 - - |50.74| - - - - - - - - 8.47 - - - - - - - - - - - -
2021-MAC-08_ML003_006 Zircon 24.62 |19.76| - - - - - - - - - - - - - |55.62| - - - - - - - - -
2021-MAC-08_ML0O03_007 | Jeremejevite 43.4 - - 47.3 - - - - - - - - 9.29 - - - - - - - - - - - -
2021-MAC-08_ML003_008 Cassiterite 13.6 - - - - - - - - 86.4 - - - - - - - - - - - - - - -
2021-MAC-08_ML003_009 Corundum 31.51 |13.55| - |[3591| - - - - - - - - 19.04| - - - - - - - - - - - -
2021-MAC-08_MLO03_010 | Jeremejevite | 47.34 - - |37.28| - - - - - - - - 15.38| - - - - - - - - - - - -
2021-MAC-08_MLO03_011 | Jeremejevite | 49.06 - - |3445| - - - - - - - - 16.49| - - - - - - - - - - - -
2021-MAC-08_ML003_012 Quartz 4494 |22.15| - 16.27| 3.59 - 2.58 - - - - - 1047| - - - - - - - - - - - -
2021-MAC-08_MLO003_013 Corundum 47.10 - - 140.76| - - - - - - - - 12.15| - - - - - - - - - - - -
2021-MAC-08_ML0O03_014 | Jeremejevite | 48.14 - - |41.30| - - - - - - - - 10.55| - - - - - - - - - - - -
2021-MAC-08_ML003_015 Feldspar 41.45 |35.63| 5.02 |12.89| 5.02 - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML003_016 Corundum 43.01 - - 41.85 - - - - - - - - 15.14 - - - - - - - - - - - -
2021-MAC-08_MLO03_017 | Jeremejevite | 48.04 - - 139.29| - - - - - - - - 12.67| - - - - - - - - - - - -
2021-MAC-08_ML0O03_018 Topaz 33.25 [16.82| - |[35.96]| - - - - - - - - 13.97| - - - - - - - - - - - -
2021-MAC-08_ML003_019 Topaz 31.88 [15.48| - |34.66| - - - - - - - - 17.98| - - - - - - - - - - - -
2021-MAC-08_ML003_020 Corundum 49.16 | 10.9 - 13994 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML003_021 Topaz 30.6 [15.99| - [39.62| - - - - - - - - 13.79| - - - - - - - - - - - -
2021-MAC-08_ML003_022 Corundum 45.01 - - |4499| - - - - - - - - 10.00| - - - - - - - - - - - -
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CODIGO MINERAL o Si | Na | Al Ti | Fe | Ta | Nb | Sn | Mg | Ca F Zr | C | Mn | As | Th la | Ce | Nd | Sm
2021-MAC-08_ML003_023 | Corundum | 33.19 [13.88| - [31.68 - - - - - - - 21.25 - - - - - - - - -
2021-MAC-08_ML003_024 | Cassiterite | 22.22 | - - - - - - - |77.78 - - - - - - - - - - - -
2021-MAC-08_ML003_025 Topaz 34.36 [14.00| - |32.96 - - - - - - - 18.68 - - - - - - - - -
2021-MAC-08_ML004_001 Ti-oxide 4072 | - - | 053 41.55| 3.60 | 461 | 6.33 | 2.65 | - - - - - - - - - - - -
2021-MAC-08_ML004_002 Rutile 64.96 | - - - 27.43| 0.67 | 0.64 | 2.93 | 0.00 | 3.39 | - - - - - - - - - - -
2021-MAC-08_ML004_003 Ti-oxide 4228 | - - - 49.00| 1.58 | 3.07 | 4.07 | 0.00 | - - - - - - - - - - - -
2021-MAC-08_MLO04_004 Ti-oxide 3398 | - - - 56.85| 2.33 | 1.09 | 5.75 | 0.00 | - - - - - - - - - - - -
2021-MAC-08_ML0O04_005 Fe-oxide 29.74 | - - - - |70.26] - - - - - - - - - - - - - - -
2021-MAC-08_ML0O04_006 Ti-oxide 51.60 | - - - 38.11(3.39 | 2.71 | 419 | 0.00 | - - - - - - - - - - - -
2021-MAC-08_ML004_007 Ti-oxide 42.46 | - - - 48.60| 2.10 | 1.56 | 5.28 | 0.00 | - - - - - - - - - - - -
2021-MAC-08_ML004_008 Ti-oxide 48.21 | - - - 40.04| 3.20 [ 3.23 390 | 1.41 | - - - - - - - - - - - -
2021-MAC-08_ML004_009 Ti-oxide 5143 | - - 075 37.01| 4.00 | 3.10 | 3.13 | 0.58 | - - - - - - - - - - - -
2021-MAC-08_ML004_010 Ti-oxide 50.82 | - - | 082 35.22| 3.09 | 3.55 | 6.50 | 0.00 | - 4 - - - - - - - - - -
2021-MAC-08_ML004_011 Ti-oxide 4462 | - - | 0.90 39.79| 4.07 | 3.93 | 6.69 | 0.00 | - ! - - - - - - - - - -
2021-MAC-08_ML004_012 Rutile 4420 | - - | 113 40.34| 3.70 | 3.53 | 7.09 | 0.00 | - Y - - - - - - - - - -
2021-MAC-08_ML004_013 Ti-oxide 50.65 | - - | 117 33.80| 3.65 | 4.36 | 6.36 | 0.00 | - - - - - - - - - - - -
2021-MAC-08_ML004 014 Ti-oxide 37.76 | - - | 115 46.28| 4.44 | 3.82 | 656 | 0 - 4 - - - - - - - - - -
2021-MAC-08_ML004_015 Rutile 521 | - - | 055 35.5 | 2.45 | 3.63 | 578 | 0 . - - - - - - - - - - -
2021-MAC-08_ML004_016 Ti-oxide 62.42 | - - - 33.84| 0 |131]243]| 0 | - - - - - - - - - - -
2021-MAC-08_ML004_017 Ti-oxide 57.75 | - - | 0.29 33.25/3.04 | 157 | 41 | 0 - : - - - - - - - - - -
2021-MAC-08_ML004_018 Ti-oxide 47.89 | - - - 41.33|9.13 | 0.63 | 0.98 | 0.04 | - - - - - - - - - - - -
2021-MAC-08_ML004_019 Ti-oxide 41.86 | - - | 097 42.88| 4.07 | 3.81 | 642 | 0 = \ - - - - - - - - - -
2021-MAC-08_ML004_020 Rutile 42.99 | - - | 093 40.69| 3.75 | 3.74 | 6.83 | 1.07 | - - - - - - - - - - - -
2021-MAC-08_ML004_021 Ti-oxide 43.45 | - - - 45.06| 3.61 | 3.43 | 3.87 | 058 | - - - - - - - - - - - -
2021-MAC-08_ML004_022 Ti-oxide 43.78 | - - | 054 4521|388 | 25 | 41| 0 - - - - - - - - - - - -
2021-MAC-08_ML004_023 Ti-oxide 4542 | - - | 0.66 39.6 | 3.94 333|415 | 29 | - - - - - - - - - - - -
2021-MAC-08_MLO04_024 Ti-oxide 35.07 | - - - 48.97| 5.24 [ 3.76 | 6.96 | 0 - - - - - - - - - - - -
2021-MAC-08_ML004_025 Ti-oxide 43.47 | - - - 44.58| 3.47 [ 338 | 511 | 0 - d - - - - - - - - - -
2021-MAC-08_ML004_026 Rutile 37.07 | - - - 47.18| 4.46 | 461 | 6.67 | O - E - - - - - - - - - -
2021-MAC-08_ML004_027 Ti-oxide 56.23 | - - - 329 (383| 35 |354| 0 - - - - - - - - - - - -
2021-MAC-08_ML004_028 Ti-oxide 52.67 | - - | 1.03 31.49| 3.68 | 3.92 | 538 | 1.83 | - - - - - - - - - - - -
2021-MAC-08_ML004_029 Ti-oxide 4752 | - - | o091 41.09| 361 | 2.57 | 3.13 | 1.16 | - - - - - - - - - - - -
2021-MAC-08_ML004_030 Ti-oxide 412 | - - | 063 43.97|3.89 [3.14 | 7.18 | © - - - - - - - - - - - -
2021-MAC-08_ML004_031 Rutile 2433 | - - | o085 61.14| 863 | 1.77 | 3.28 | © - - - - - - - - - - - -
2021-MAC-08_ML004_032 Ti-oxide 4213 | - - - 41.05| 422 | 4 |6.56 205 - - - - - - - - - - - -
2021-MAC-08_ML004_033 Ti-oxide 3895 | - - - 40.13|19.27| 0.7 | 094 | 0 - - - - - - - - - - - -
2021-MAC-08_ML004_034 Ti-oxide 472 | - - 122 37.05| 332|433 687 | 0 - - - - - - - - - - - -
2021-MAC-08_ML004_035 Ti-oxide 4213 | - - - 51.64| 1.82 | 0.65 | 3.75 | 0 - - - - - - - - - - - -
2021-MAC-08_ML004_036 Ti-oxide 4497 | - - | 055 42.63|3.86 [ 323 | 476 | 0 - - - - - - - - - - - -
2021-MAC-08_ML004_037 Ti-oxide 53.32 | - - 1 3245|248 | 465 | 409 | 2 - - - - - - - - - - - -
2021-MAC-08_ML004_038 Ti-oxide 4563 | - - | 01 47.99| 2.37 | 1.48 | 243 | 0 - - - - - - - - - - - -
2021-MAC-08_ML004_039 Ti-oxide 39.04 | - - | 039 47.13| 44 (263 | 64 | O - - - - - - - - - - - -
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CODIGO MINERAL ) Si Na Al Ti Fe Ta Nb Sn Mg Ca F Zr cl Mn As Th La Ce Nd | Sm
2021-MAC-08_ML004_040 Ti-oxide 49.35 - - 0.02 44.27| 1.48 | 0.57 | 4.3 0 - - - - - - - - - - - -
2021-MAC-08_ML004_041 Ti-oxide 31.92 - - - 53.53| 5.31 | 2.78 | 6.45 0 - - - - - - - - - - - -
2021-MAC-08_ML004_042 Ti-oxide 49.43 - - 0.85 36.07| 3.38 | 3.82 | 6.45 0 - - - - - - - - - - - -
2021-MAC-08_ML004_043 Ti-oxide 48.34 - - 0.83 37.34| 3.65 | 3.56 | 6.28 0 - - - - - - - - - - - -
2021-MAC-08_ML004_044 Rutile 48.39 - - 1.07 36.46| 3.22 | 3.39 | 6.3 | 1.16 - - - - - - - - - - - -
2021-MAC-08_ML004_045 Rutile 40.84 - - 0.72 43.97| 3.8 | 3.24 | 6.61 | 0.83 - - - - - - - - - - - -
2021-MAC-08_ML004_046 Rutile 40.86 - - - 46.5 | 3.98 | 2.54 | 6.12 0 - - - - - - - - - - - -
2021-MAC-08_ML004_047 Ti-oxide 46.6 - - 0.95 37.32| 3.64 | 442 | 7.07 0 - - - - - - - - - - - -
2021-MAC-08_ML004_048 Ti-oxide 48.14 - - 0.69 38.68| 3 2.82 | 6.67 0 - - - - - - - - - - - -
2021-MAC-08_ML004_049 Rutile 48.07 - - 1.27 34.86| 2.78 | 3.97 | 6.81 | 2.23 - - - - - - - - - - - -
2021-MAC-08_ML004_050 Rutile 45.13 - - 1.29 37.21| 4.22 | 3.96 | 6.41 | 1.77 - - - - - - - - - - - -
2021-MAC-08_ML004_051 Rutile 48.79 - - - 46.08| 1.6 | 0.6 | 2.93 0 - - - - - - - - - - - -
2021-MAC-08_ML004_052 Rutile 46.63 - - - 46.62| 2.21 | 1.14 | 3.4 0 - - - - - - - - - - - -
2021-MAC-08_ML004_053 Ti-oxide 46.96 - - 0.43 42.58| 2.72 | 2.56 | 4.42 | 0.34 : r - - - - - - - - - -
2021-MAC-08_ML004_054 Ti-oxide 50.80 - - 1.04 33.87| 3.17 | 3.93 | 6.63 | 0.56 = > - - - - - - - - - -
2021-MAC-08_ML004_055 Ti-oxide 47.01 - - 0.45 38.79| 3.29 | 3.24 | 6.48 | 0.73 - = - - - - - - - - - -
2021-MAC-08_ML0O04_056 Ti-oxide 42.18 - - 1 44.26| 3.88 | 3.82 | 4.18 | 0.68 - - - - - - - - - - - -
2021-MAC-08_ML004_057 Ti-oxide 43.76 - - 0.69 41.46| 4.07 | 3.49 | 6.52 0 - - - - - - - - - - - -
2021-MAC-08_ML004_058 Ti-oxide 51.82 - - - 42.47| 1.55 | 0.59 | 3.57 0 i = - - - - - - - - - -
2021-MAC-08_ML004_059 Ti-oxide 57.3 - - 0.05 36.44| 1.64 | 1.1 | 3.37 | 0.09 - - - - - - - - - - - -
2021-MAC-08_ML004_060 Ti-oxide 44.36 - - 0.85 40.71| 2.97 | 3.65 | 6.99 | 0.47 - : - - - - - - - - - -
2021-MAC-08_ML004_061 Ti-oxide 43.38 - - 0.08 46.09| 3.04 | 1.58 | 5.84 0 - : - - - - - - - - - -
2021-MAC-08_ML004_062 Rutile 39.66 - - 0.39 47.7 | 446 | 2.5 | 5.29 0 = = - - - - - - - - - -
2021-MAC-08_ML004_063 Ti-oxide 36.88 - - 0.17 51.42| 3.61 | 2.07 | 5.45 | 0.4 : 3 - - - - - - - - - -
2021-MAC-08_ML004_064 Rutile 41.09 - - 0.86 41.78 | 4.37 | 3.62 | 8.27 0 = = - - - - - - - - - -
2021-MAC-08_ML004_065 Ti-oxide 43.66 - - - 42.48| 3.89 | 3.17 | 6.81 0 g = - - - - - - - - - -
2021-MAC-08_ML004_066 Ti-oxide 35.7 - - 0.44 49.47| 3.99 | 2.93 | 7.47 0 = i - - - - - - - - - -
2021-MAC-08_ML004_067 Magnetite 3541 | 141 - - - |5888| - 3 = 4.05 : 0.25 - - - - - - - - -
2021-MAC-08_ML004_068 Ti-oxide 51.65 - - - 31.63|16.72| - - = = - - - - - - - - - - -
2021-MAC-08_ML004_069 Ti-oxide 43.01 - - 1.09 39.66|16.23| O 0 0 - - - - - - - - - - - -
2021-MAC-08_ML004_070 Ti-oxide 39 - - - 58.56| 1.79 0 0.65 0 - - - - - - - - - - - -
2021-MAC-08_ML004_071 Ti-oxide 51.24 - - 0.96 35.78| 2.86 | 3.64 | 5.53 | 0.00 - - - - - - - - - - - -
2021-MAC-08_ML004_072 Ti-oxide 48.38 - - 1.33 34.71| 4.29 | 4.23 | 7.05 0 - - - - - - - - - - - -
2021-MAC-08_ML004_073 Rutile 50.06 - - 0.62 36.4 | 3.13 | 3.45 | 6.34 0 - - - - - - - - - - - -
2021-MAC-08_ML004_074 Ti-oxide 48.78 - - - 36.25| 3.23 | 3.11 | 5.52 | 3.11 - - - - - - - - - - - -
2021-MAC-08_ML004_075 Ti-oxide 41.33 - - 0.63 43.62| 3.86 | 3.18 | 5.51 | 1.86 - - - - - - - - - - - -
2021-MAC-08_ML004_076 Ti-oxide 55.84 - - 0.59 32.55| 2.62 | 3.39 | 5.01 0 - - - - - - - - - - - -
2021-MAC-08_ML004_077 Ti-oxide 47.87 - - 1.29 34.28| 3.69 | 5.52 | 5.9 | 1.45 - - - - - - - - - - - -
2021-MAC-08_ML004_078 Ti-oxide 39.11 - - 1 45.7 | 6.07 | 2.36 | 5.76 0 - - - - - - - - - - - -
2021-MAC-08_ML004_079 Ti-oxide 57.02 - - 0.37 32.84| 1.73 | 3.07 | 4.96 0 - - - - - - - - - - - -
2021-MAC-08_ML004_080 Ti-oxide 45.44 - - 0.48 40.28 | 3.96 | 3.55 | 6.28 0 - - - - - - - - - - - -
2021-MAC-08_ML004_081 Ti-oxide 20.57 - - 0.47 62.74| 7.21 | 2.94 | 6.08 0 - - - - - - - - - - - -




177

cODIGO MINERAL (0] Si Na Al K Ti Fe Ta Nb Sn Mg Ca F Zr Cl Mn As Th La Ce Nd Sm
2021-MAC-08_ML004_082 Ti-oxide 47.13 - - 0.96 - |38.18| 4.04 | 2.81 | 6.89 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_083 Ti-oxide 49.54 - - - - 3733|869 | 25 | 194 0 - - - - - - - - - - - -
2021-MAC-08_ML004_084 Fe-oxide 35.38 - - - - - |64.62| - - - - - - - - - - - - - - -
2021-MAC-08_ML004_085 Ti-oxide 55.58 - - 0.94 - |30.87| 2.87 | 292 | 5.94 | 0.88 - - - - - - - - - - - -
2021-MAC-08_ML0O04_086 Ti-oxide 40.27 - - 0.65 - |44.27| 331 | 2.83 | 6.41 | 2.28 - - - - - - - - - - - -
2021-MAC-08_ML0O04_087 Ti-oxide 49.91 - - 0.64 - |33.64| 3.07 | 267 | 6.4 | 3.66 - - - - - - - - - - - -
2021-MAC-08_ML0O04_088 Ti-oxide 42.48 - - - - 437 | 4.14 | 2.86 | 6.82 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_089 Ti-oxide 52.64 - - 0.58 - |35.55| 2.77 | 3.35 | 5.11 0 - - - - - - - - - - - -
2021-MAC-08_ML004_090 Ti-oxide 41.35 - - 0.51 - 42.4 | 4.12 | 4.02 | 6.27 | 1.33 - - - - - - - - - - - -
2021-MAC-08_ML0O04_091 Ti-oxide 52.78 - - 0.56 - |35.66| 2.94 | 3.29 | 4.77 0 - - - - - - - - - - - -
2021-MAC-08_ML004_092 Ti-oxide 58.5 - - 1.12 - |28.62| 255|397 | 5.24 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_093 Ti-oxide 44.88 - - 0.04 - |48.68| 2.09 | 1.02 | 3.28 0 - - - - - - - - - - - -
2021-MAC-08_ML004_094 Rutile 44.9 - - - - |4898| 2.12 | 0.7 | 3.29 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_095 Ti-oxide 58.06 - - - - 349 | 1.2 | 151 | 3.49 | 0.84 - - - - - - - - - - - -
2021-MAC-08_ML0O04_096 Ti-oxide 42.18 - - 0.55 - (4234|376 | 286 | 7.3 | 1.01 - - - - - - - - - - - -
2021-MAC-08_ML0O04_097 Rutile 52.63 - - - - |35.82|3.95| 332|429 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_098 Ti-oxide 61.69 - - 0.2 - 129.33| 155 | 2.6 | 4.63 0 - - - - - - - - - - - -
2021-MAC-08_ML004_099 Ti-oxide 48.08 - - 0.06 - |45.55| 1.92 | 0.92 | 3.48 | 0.01 - - - - - - - - - - - -
2021-MAC-08_ML004_100 Ti-oxide 48.55 - - 1 - |36.51]3.29|4.15 | 6.5 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_101 Ti-oxide 33.7 - - - - |53.57| 6.25 | 238 | 4.1 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_102 Ti-oxide 54.47 - - 0.94 - |31.64| 2.87 | 4.34 | 5.74 0 - - - - - - - - - - - -
2021-MAC-08_ML0O04_103 Rutile 46.43 - - 0.37 - 139.41| 5.12 | 3.19 | 5.48 0 - - - - - - - - - - - -
2021-MAC-08_MLO05_001 Feldspar 41.22 | 32.9 |10.88|11.99| - - 3.01 - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_002 Rutile 5391 | 9.51 - 10.78| - |25.81| 0.00 0 0 0 - - - - - - - - - - - -
2021-MAC-08_MLO05_003 Rutile 47.03 | 1.36 - 1.2 - 4287 1.41 0 0 6.12 - - - - - - - - - - - -
2021-MAC-08_MLO05_004 Rutile 44.74 | 4.92 - 8.85 - 3154 O 0 0 9.95 - - - - - - - - - - - -
2021-MAC-08_MLO05_005 ? 62.14 | 9.07 - 3.81 - - - - - - - 124.97 - - - - - - - - - -
2021-MAC-08_MLO05_006 Rutile 37.97 1 - - - |5474| O 0 0 6.28 - - - - - - - - - - - -
2021-MAC-08_MLO05_007 Rutile 36.84 | 6.75 - 3.32 - 3582 O 0 0 |(17.27| - - - - - - - - - - - -
2021-MAC-08_MLO05_008 Rutile 38.74 | 2.17 - 1.92 - |3852] 21 0 0 |16.55| - - - - - - - - - - - -
2021-MAC-08_MLO05_009 Rutile 48.41 | 0.93 - 1.58 - 13283 O 0 0 |16.25| - - - - - - - - - - - -
2021-MAC-08_ML0O05_010 Ti-oxide 45.09 | 3.92 - 2.86 - 39.9 0 0 0 8.22 - - - - - - - - - - - -
2021-MAC-08_MLO05_011 Ti-oxide 38.47 | 6.83 - - - |4557| O 0 0 9.13 - - - - - - - - - - - -
2021-MAC-08_MLO05_012 Rutile 35.12 | 1.63 - 1.11 - |31.78] 2.21 0 0 |27.08| - - - - 1.07 - - - - - - -
2021-MAC-08_MLO05_013 Ti-oxide 43.53 | 3.95 - - - |33.53| 0.00 | 0.00 | 0.00 |18.99| - - - - - - - - - - - -
2021-MAC-08_ML0O05_014 Rutile 45.02 | 0.95 - - - 13943| 14 0 0 |[13.21| - - - - - - - - - - - -
2021-MAC-08_MLO05_015 Ti-oxide 53.57 - - - - (4643 O 0 0 0 - - - - - - - - - - - -
2021-MAC-08_MLO05_016 Rutile 46.27 | 7.92 - 4.25 - |25.88]| 1.41 0 0 |(14.28| - - - - - - - - - - - -
2021-MAC-08_MLO05_017 Quartz 56.2 | 43.8 - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_018 | Jeremejevite | 45.41 - - 37.74 - - - - - - - - 16.85 - - - - - - - - -
2021-MAC-08_MLO05_019 Cassiterite 28.18 | 4.35 - 4.71 - - - - - |62.76| - - - - - - - - - - - -
2021-MAC-08_ML0O05_020 Feldspar 42.82 |17.27| - 12.83| 5.74 | 0.87 | 7.89 - - - 3.02 - 9.56 - - - - - - - - -
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CODIGO MINERAL ) Si Na Al K Ti Fe Ta Nb Sn Mg Ca F Y P Zr cl Mn As Th U La Ce Nd | Sm
2021-MAC-08_MLO05_021 | Jeremejevite | 47.57 - - 133.79] - - - - - - - - 18.64| - - - - - - - - - - - -
2021-MAC-08_MLO05_022 Quartz 57.69 |23.75| - |18.55| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML005_023 Cassiterite 20.94 - - - - - - - - |79.06] - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_024 | Jeremejevite | 49.12 - - |3755] - - - - - - - - 13.33| - - - - - - - - - - - -
2021-MAC-08_MLO05_025 Quartz 57.07 | 36.9 - 1.46 - - - - - 4.57 - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_026 Rutile 42.06 | 1.24 | 4.64 - - |42.68| 7.95 0 1.42 0 - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_027 Corundum 48.79 34.52 16.69
2021-MAC-08_MLO05_028 ? 49.27 |24.32| - |16.16| 7.34 - 2.9 - - - - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_029 Quartz 51.97 |48.03| - - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML005_030 Corundum 46.85 - - 139.62] - - - - - - - - 13.53| - - - - - - - - - - - -
2021-MAC-08_MLO05_031 Corundum 45.19 - - 44 - - - - - - - - 10.81| - - - - - - - - - - - -
2021-MAC-08_MLO05_032 | Jeremejevite | 48.11 - - |3435] - - - - 3 - - - 17.53| - - - - - - - - - - - -
2021-MAC-08_ML0O05_033 Feldspar 443 |31.31| 3.82 |11.82| 8.75 - - - z 9 - F - - - - - - - - - - - - -
2021-MAC-08_MLO05_034 | Jeremejevite | 49.33 - - 139.85] - - - - : = : r 10.82| - - - - - - - - - - - -
2021-MAC-08_MLO05_035 ? 46.59 | 47.6 - 5.81 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_MLO0O5_036 | Jeremejevite | 47.12 - - |3835] - - - = = = - = 14.53| - - - - - - - - - - - -
2021-MAC-08_MLO05_037 Xenotime 50.95 - - - - - y = = 3 - = - 132.86|16.19| - - - - - - - - - -
2021-MAC-08_MLO05_038 Xenotime 53.03 - - - - = - = = - i = - 349 |12.07| - - - - - - - - - -
2021-MAC-08_MLO05_039 Xenotime 48.17 - - - - - = = = - i = - |33.31)18.52| - - - - - - - - - -
2021-MAC-08_MLO05_040 Monazite 27.48 - - - - - = = = q - 1.31 - - [16.97| - - - - 481 | 1.36 {10.08|24.82 | 9.46 | 3.71
2021-MAC-08_MLO05_041 ? 50.85 |26.62| - 21.3 | 1.23 - = = = : - : - - - - - - - - - - - - -
2021-MAC-08_MLO005_042 ? 54.26 [12.42| - 7.88 - - 4.11 P - = 6.45 | 10.8 - - 4.08 - - - - - - - - - -
2021-MAC-08_ML0O05_043 ? 50.06 |16.54| - |[13.08| - = 6.79 = = = - |13.52 - - - - - - - - - - - - -
2021-MAC-08_MLO005_044 ? 32.2 |20.61| - |[13.23|19.07| - |14.89| - 3 = : 3 - - - - - - - - - - - - -
2021-MAC-08_MLO05_045 ? 49.73 |15.59| - 8.79 - - 6.99 = = - |16.28| 2.63 - - - - - - - - - - - - -
2021-MAC-08_MLO05_046 Epidote 50.23 |17.07| - |[13.09| - - 6.77 : = = 0 |12.84 - - - - - - - - - - - - -
2021-MAC-08_MLO05_047 Actinolite 46.45 |122.71| - 2.6 - - |11.34] - = = 8.36 | 8.53 - - - - - - - - - - - - -
2021-MAC-08_MLO05_048 Quartz 46.41 |24.22| - |14.53| 8.55 - 6.29 5 3 = = : - - - - - - - - - - - - -
2021-MAC-08_MLO05_049 Quartz 54.63 |45.37| - - - - - : - = = - - - - - - - - - - - - - -
2021-MAC-08_ML0O05_050 | Dumortierite | 50.42 |16.38| - 33.2 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_MLO05_051 Quartz 50.23 |48.11| - 1.66 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML0O05_052 | Dumortierite | 49.63 |15.97| - 34.4 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML0O06_001 ? 37.76 |18.23| - |14.81| 4.49 - 2471 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML006_002 ? 42.7 |21.66| - |14.34| 6.91 - 4.19 - - - - - 10.21| - - - - - - - - - - - -
2021-MAC-08_ML006_003 Topaz 38.67 |22.98| - |18.39| 6.92 - 2.24 - - - - - 10.79| - - - - - - - - - - - -
2021-MAC-08_ML006_004 ? 42.56 |23.73| - |18.48| 8.68 - 6.56 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML0O06_005 Quartz 42.4 |118.93| - 1347|1532 - 9.88 - - - - - - - - - - - - - - - - - -
2021-MAC-08_MLO06_006 Feldspar 42.37 |22.86| - |15.82| 8.75 - 2.67 - - - - - 7.53 - - - - - - - - - - - -
2021-MAC-08_ML0O06_007 Feldspar 49.49 |26.48|11.05|10.87| 2.12 - - - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML0O06_008 ? 45.31 |22.94| - |11.74| 6.32 - 2.4 - - - - - 11.28| - - - - - - - - - - - -
2021-MAC-08_ML0O06_009 Quartz 43.61 |26.01| - |17.94| 8.22 - 4.21 - - - - - - - - - - - - - - - - - -
2021-MAC-08_ML006_010 ? 44.59 | 21.8 - |15.26] 5.26 - 2.44 - - - - - 10.65| - - - - - - - - - - - -
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cODIGO MINERAL (o) Si Na Al K Ti Fe Ta Nb Sn Mg Ca F Zr Cl Mn | As Th La Ce Nd | Sm
2021-MAC-08_ML006_011 ? 46.67 |20.17 - 15.36| 4.48 - 1.7 - - - - - 11.63 - - - - - - - - -
2021-MAC-08_ML0O06_012 - - - - - - - - - - - - - - - - - - - - i i, i,
2021-MAC-08_ML0O06_013 ? 49.27 |35.33| 4.51 | 7.88 | 3.01 - - - - - - - - - - - - - - - - -
2021-MAC-08_ML006_014 ? 46.73 |22.57| - |17.83| 3.94 - 2.1 - - - - - 6.83 - - - - - - - - -
2021-MAC-08_ML0O0O6_015 ? 39.99 |23.49 - 15.61| 6.53 - 3.26 - - - - - 11.12 - - - - - - - - -
2021-MAC-08_ML0O06_016 ? 4371 | 224 - 11.55| 5.92 - 2.12 - - - - - 14.3 - - - - - - - - -
2021-MAC-08_ML0O06_017 | Jeremejevite | 48.51 - - 13828 - - - - - - - - 13.21 - - - - - - - - -
2021-MAC-08_ML0O06_018 Corundum 44.79 - - 44.4 - - - - - - - - 10.81 - - - - - - - - -
2021-MAC-08_ML0O06_019 Zircon 35,95 |17.29| - - - - - - - - - - - 46.76| - - - - - - - -
2021-MAC-08_ML0O06_020 Zircon 38.24 |16.48 - - - - - - - - - - - 45.28 - - - - - - - -
2021-MAC-08_ML0O06_021 Zircon 33.8 [16.95| - - - - - - - - - - - 4925| - - - - - - - _
2021-MAC-08_ML0O06_022 | Jeremejevite | 46.34 - - 139.95| - - - - - - - - 13.71 - - - - - - - - -
2021-MAC-08_ML0O06_023 | Jeremejevite | 47.02 - - 14187 - - - - - - - - 11.11 - - - - - - - - -
2021-MAC-08_ML006_024 Zircon 37.76 |17.38| - - - - - - = = . L - 44.86| - - - - - - - -
2021-MAC-08_ML006_025 Corundum 45.9 - - 140.17| - - - - - - - - 13.92 - - - - - - - - -
2021-MAC-08_ML0O06_026 Corundum 3432 |13.93| - |[31.45| - - - - - - - - 20.31 - - - - - - - - -
2021-MAC-08_MLO06_027 Corundum 46.73 - - 41.08 - - - - - - - - 12.19 - - - - - - - - -
2021-MAC-08_ML0O06_028 Corundum 47 - - 139.59| - - - - - - - - 13.41 - - - - - - - - -
2021-MAC-08_ML0O06_029 Corundum 46.12 - - |41.56| - - - - - - - - 12.32 - - - - - - - - -
2021-MAC-08_ML006_030 Corundum 46.31 - - 14193 - - - - - - - - 11.75 - - - - - - - - -
2021-MAC-08_ML0O06_031 Corundum 47.85 - - |37.99| - - - - - - - - 14.16 - - - - - - - - -
2021-MAC-08_ML0O06_032 Corundum 47.17 - - 40.46 - - - - - - - - 12.37 - - - - - - - - -
2021-MAC-08_ML0O06_033 | Jeremejevite | 47.37 - - 3677 - - - - - - - - 15.86 - - - - - - - - -
2021-MAC-08_ML0O06_034 | Jeremejevite | 47.86 - - 13842 - - - - - - - - 13.73 - - - - - - - - -
2021-MAC-08_ML0O06_035 | Jeremejevite | 46.19 - - |4391] - - - - - - - - 9.9 - - - - - - - - -
2021-MAC-08_ML0O06_036 | Jeremejevite | 47.39 - - 13712 - - - - - - - - 15.49 - - - - - - - - -
2021-MAC-08_ML0O06_037 | Jeremejevite | 46.31 - - 14173 - - - - - - - - 11.96 - - - - - - - - -
2021-MAC-08_ML0O06_038 | Jeremejevite | 47.21 - - 139.22] - - - - - - - - 13.57 - - - - - - - - -
2021-MAC-08_ML0O06_039 | Jeremejevite 46.9 - - |42.68| - - - - - - - - 10.42 - - - - - - - - -
2021-MAC-08_ML006_040 ? 48.84 |25.24| - 9.99 | 3.57 - 1.92 - - - - - 10.43 - - - - - - - - -
2021-MAC-08_ML0O06_041 | Jeremejevite | 46.21 - - |44.08| - - - - - - - - 9.71 - - - - - - - - -
2021-MAC-08_ML006_042 Corundum 46.2 - - 13947 - - - - - - - - 14.33 - - - - - - - - -
2021-MAC-08_ML0O06_043 Corundum 46.6 - - 14176 - - - - - - - - 11.64 - - - - - - - - -
2021-MAC-08_ML006_044 Corundum 48.31 - - 13599| - - - - - - - - 15.7 - - - - - - - - -
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cODIGO MINERAL (0] Si Na Al Ti Fe Ta Nb Sn Mg Ca S F P Zr cl Mn As Th U La Ce Nd Sm Mo
2021-MAC-21_ML001_001 Pyrite - - - - - |51.82| - - - - - 48.18| - - - - - - - - - - - - -
2021-MAC-21_ML001_002 Pyrite - - - - - |43.16| - - - - - 56.84| - - - - - - - - - - - - -
2021-MAC-21_ML001_003 Pyrite - - - - - |43.63| - - - - - 56.37| - - - - - - - - - - - - -
2021-MAC-21_ML001_004 Pyrite - - - - - |45.66| - - - - - 54.34| - - - - - - - - - - - - -
2021-MAC-21_ML0O01_005 Pyrite - - - - - 4472 - - - - - 55.28| - - - - - - - - - - - - -
2021-MAC-21_ML0O01_006 Zircon 38.39(16.84| - - - - - - - - - - - - 4477 - - - - - - - - - -
2021-MAC-21_ML0O01_007 Zircon 379411693 | - - - - - - - - - - - - |45.13| - - - - - - - - - -
2021-MAC-21_ML001_008 Zircon 32.02| 18.8 - - - - - - - - - - - - 149.18| - - - - - - - - - -
2021-MAC-21_ML0O01_009 Zircon 31.46|18.66| - - - - - - - - - - - - 149.88| - - - - - - - - - -
2021-MAC-21_ML0O01_010 Monazite 38.41| 1.13 - - - - - - - - 1.65 - - 19.75| - - - - 871|149 | 457 [13.96| 9.1 | 1.22 -
2021-MAC-21_ML001_011 Monazite 30.29| - - - - - - - - - 1.25 - - 17.42| - - - - 3.93 | 1.45 [11.87|20.81| 8.4 | 4.56 -
2021-MAC-21_ML0O01_012 Zircon 38.61(17.26| - - - - - - - - - - - - 4413 - - - - - - - - - -
2021-MAC-21_ML0O01_013 Zircon 37.6 |17.28| - - - - - - - - - - - - |45.12| - - - - - - - - - -
2021-MAC-21_ML001_014 Zircon 37.68|16.76 | - - - - - - - - - - - - |45.56| - - - - - - - - - -
2021-MAC-21_ML001_015 Monazite 22.5 | 2.46 - 1.98 - - - - - - 1.62 - - 13.8 - - - - 46 | 1.65 | 11.4 |22.62|12.34| 5.03 -
2021-MAC-21_ML001_016 Monazite 27.11| - - - - - - - - - 1.18 - - 16.41| - - - - 454 | 1.47 |13.01|25.55| 7.81 | 2.92 -
2021-MAC-21_ML0O01_017 Monazite 31.62| - - - - - - - - - 1.51 - - 16.51| - - - - 5.21 | 1.54 |11.46|22.64 | 9.51 - -
2021-MAC-21_ML001_018 Titanite 42.18|13.54| - 1.67 20.3 | 2.61 - - - - 19.7 - - - - - - - - - - - - - -
2021-MAC-21_ML001_019 Feldspar 43.62|26.41| 5.93 [15.91 - - - - - - 8.13 - - - - - - - - - - - - - -
2021-MAC-21_ML001_020 Monazite 34.15| 0.83 - - - - - - - - 1.17 - - 16.44| - - - - 495 | 1.06 |10.49|19.72| 7.44 | 3.76 -
2021-MAC-21_ML001_021 Apatite 39.59| - - - - - - - - - 13641 - 5.56 18.45| - - - - - - - - - - -
2021-MAC-21_ML001_022 Apatite 44,54 | - - - - - - - - - 13043 - 7.93 17.09| - - - - - - - - - - -
2021-MAC-21_ML001_023 Apatite 40.19| - - - - - - - - - |35.51 - 6.10 18.21| - - - - - - - - - - -
2021-MAC-21_ML0O01_024 Apatite 41.81| - - - - - - - - - |34.54 - 6.09 17.56| - - - - - - - - - - -
2021-MAC-21_ML001_025 Apatite 4451| - - - - - - - - - 130.31 - 8.23 16.95| - - - - - - - - - - -
2021-MAC-21_ML0O01_026 Apatite 48.99| - - - - - - - - - |28.38 - 7.4 15.23| - - - - - - - - - - -
2021-MAC-21_ML001_027 Apatite 41.73| - - - - - - - - - 133.92 - 6.76 17.58| - - - - - - - - - - -
2021-MAC-21_ML001_028 Apatite 48.01| - - - - - - - - - 128.10 - 8.39 15.5 - - - - - - - - - - -
2021-MAC-21_ML001_029 Apatite 4436| - - - - - - - - - |31.56 - 7.07 17.01| - - - - - - - - - - -
2021-MAC-21_ML001_030 Feldspar 47.4 |24.16| 6.94 | 14.95 - - - - - - 6.55 - - - - - - - - - - - - - -
2021-MAC-21_ML002_001 Zircon 36.44|17.12| - - - - - - - - - - - - |46.44| - - - - - - - - - -
2021-MAC-21_ML002_002 Zircon 37.09| 17.5 - - - - - - - - - - - - |45.41| - - - - - - - - - -
2021-MAC-21_ML002_003 Quartz 54.24145.76 | - - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML002_004 Zircon 31.9 | 19.6 - - - - - - - - - - - - 48.5 - - - - - - - - - -
2021-MAC-21_ML002_005 Zircon 43.69|16.38| - - - - - - - - - - - - 139.93| - - - - - - - - - -
2021-MAC-21_ML002_006 Monazite 31.29] 3.19 - 3.67 - - - - - - 0.93 - - 14.34| - - - - 3.67 | 1.08 | 9.78 | 20.56 | 7.86 | 3.63 -
2021-MAC-21_ML002_007 Zircon 33.72|18.38| - - - - - - - - - - - - |47.90| - - - - - - - - - -
2021-MAC-21_ML002_008 Zircon 3243|1859 | - - - - - - - - - - - - |4898| - - - - - - - - - -
2021-MAC-21_ML002_009 Zircon 34.46|17.19| - - - - - - - - - - - - |148.35| - - - - - - - - - -
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CODIGO MINERAL ) Si Na Al Ti Fe Ta Nb Sn Mg Ca F P Zr cl Mn As Th U La Ce Nd | Sm Mo
2021-MAC-21_ML002_010 Zircon 347411792 | - - - - - - - - - - - |47.34] - - - - - - - - - -
2021-MAC-21_ML002_011 Monazite 30.71| 1.35 - - - - - - - - 0.9 - 16.19| - - - - 5.16 | 1.24 |12.14|21.87| 7.42 | 3.02 -
2021-MAC-21_ML002_012 Zircon 38.54|16.89| - - - - - - - - - - - |4457| - - - - - - - - - -
2021-MAC-21_ML002_013 Zircon 3548 17.3 - - - - - - - - - - - |47.22] - - - - - - - - - -
2021-MAC-21_ML002_014 Zircon 34.64|17.87| - - - - - - - - - - - |47.49| - - - - - - - - - -
2021-MAC-21_ML002_015 Apatite 41 - - - - - - - - - |35.27 6.33 17.41| - - - - - - - - - - -
2021-MAC-21_ML002_016 Monazite 26.37| - - - - - - - - - 141 - 17.26| - - - - 5.69 | 1.61 [11.73|21.57| 9.86 | 4.49 -
2021-MAC-21_ML002_017 Zircon 33.9 |18.18| - - - - - - - - - - - |47.92] - - - - - - - - - -
2021-MAC-21_ML002_018 Zircon 30.47|17.98| - - - - - - - - - - - |51.55] - - - - - - - - - -
2021-MAC-21_ML002_019 Zircon 36.7717.73| - - - - - - - - - - - 45.5 - - - - - - - - - -
2021-MAC-21_ML002_020 Zircon 33.3 |1851| - - - - - - - - - - - |148.19| - - - - - - - - - -
2021-MAC-21_ML002_021 Zircon 37.06|18.32| - - - - - 3 - - - - - |44.62| - - - - - - - - - -
2021-MAC-21_ML002_022 Zircon 32.59(19.69| - - - - - - - - - - - |47.72| - - - - - - - - - -
2021-MAC-21_ML002_023 Zircon 31.82|18.33| - - - - 3 - = = : - - |49.85| - - - - - - - - - -
2021-MAC-21_ML002_024 Zircon 31.69|18.34| - - - - - - - - - - - |49.97| - - - - - - - - - -
2021-MAC-21_ML002_025 Monazite 33.65| - - - - - = = = - 1.17 - 17.19| - - - - 5.02 | 1.59 | 9.95 |19.95| 7.69 | 3.78 -
2021-MAC-21_ML002_026 Zircon 31.24|18.69| - - - - - - - - - - - |50.07| - - - - - - - - - -
2021-MAC-21_ML002_027 Zircon 34.06|16.73| - - - - - - - - - - - 149.21| - - - - - - - - - -
2021-MAC-21_ML002_028 Zircon 39.17|17.51| - - . i = = - : = - - 143.32] - - - - - - - - - -
2021-MAC-21_ML002_029 Zircon 35.2 |117.92| - - - - - - - - - - - |46.88| - - - - - - - - - -
2021-MAC-21_ML002_030 Zircon 3495|1697 | - - - = = = . . : - - |48.08| - - - - - - - - - -
2021-MAC-21_ML002_031 Zircon 33.84|17.77| - - - - - - - - - - - |48.39| - - - - - - - - - -
2021-MAC-21_ML002_032 Zircon 36.67| 17.2 - - = - = = = = = - - |46.13| - - - - - - - - - -
2021-MAC-21_ML002_033 Zircon 28.7 |20.15| - - - = - 2 = - 2 - - |51.15] - - - - - - - - - -
2021-MAC-21_ML002_034 Monazite 28.78| 0.9 - - - = = = = = 1.6 - 15.52| - - - - 518 | 1.1 |12.16|23.44|11.32| - -
2021-MAC-21_ML002_035 Zircon 32.48|20.12| - - - = k = g = = - - 47.4 - - - - - - - - - -
2021-MAC-21_ML002_036 Monazite 35.51| 1.59 - - - 5 = = = = 1.33 0.71 15.54| - - - - 5.64 | 1.31 | 9.95 |20.21| 8.22 - -
2021-MAC-21_ML002_037 Zircon 34.21|19.18| - - - - = = = a - - - |46.61| - - - - - - - - - -
2021-MAC-21_ML002_038 Zircon 43.16|15.52| - - - - - - - - - - - |41.32] - - - - - - - - - -
2021-MAC-21_ML002_039 Zircon 35.17| 17.4 - - - - - - - - - - - |47.43] - - - - - - - - - -
2021-MAC-21_ML002_040 Monazite 30.07| - - - - - - - - - 1.58 - 16.59| - - - - 6.46 | 1.06 |10.49|22.85|10.89| - -
2021-MAC-21_ML002_041 Monazite 19.25| - - - - - - - - - 1.6 - 15.62| - - - - 3.81 | 1.89 |13.95|29.46|14.42| - -
2021-MAC-21_ML002_042 Monazite 35.57| - - - - - - - - - 1.32 - 17.35| - - - - 3.53 | 2.1 |13.72|26.41| - - -
2021-MAC-21_ML002_043 Monazite 28.4 - - - - - - - - - 1.67 - 16.35| - - - - 5.2 | 0.77 |11.02|23.25| 9.75 | 3.58 -
2021-MAC-21_ML002_044 Zircon 37.24|16.54| - - - - - - - - - - - |46.22| - - - - - - - - - -
2021-MAC-21_ML002_045 Zircon 37.86|16.12| - - - - - - - - - - - |46.02| - - - - - - - - - -
2021-MAC-21_ML002_046 Monazite 37.8 | 1.18 - - - - - - - - 0.53 - 16.56| - - - - 3.56 | 0.96 | 9.94 |21.24| 8.23 - -
2021-MAC-21_ML002_047 Monazite 24.75| 1.84 - - - - - - - - 1.42 - 13.83| - - - - 5.23 | 1.18 |13.15| 24.5 | 8.94 | 5.15 -
2021-MAC-21_ML002_048 Monazite 21.72| 0.92 - - - - - - - - 1.35 - 1495| - - - - 5.82 | 0.95 |14.52| 24.4 |11.21| 4.16 -
2021-MAC-21_ML002_049 Zircon 34.39|17.82| - - - - - - - - - - - |47.79] - - - - - - - - - -
2021-MAC-21_ML002_050 Zircon 33.49|18.13| - - - - - - - - - - - |48.38| - - - - - - - - - -
2021-MAC-21_ML002_051 Monazite 18.15| 1.24 | 1.57 - - - - - - - 2.23 - 15.35| - - - - 512 | 1.64 |13.88|28.49|12.33| - -




182

cODIGO MINERAL O | Si [Na| Al | K | Ti | Fe | Ta | Nb| Sn | Mg | Ca F P | 2Zr | € |Mn| As | Th| U | La | Ce | Nd | Sm | Mo
2021-MAC-21_ML002_052 Monazite  |17.15| - - - - - - - - - - | 183 - 14.03| - - - - |531| - |14.6 (2883|1824 - -
2021-MAC-21_ML002_053 Monazite  |29.08| 0.86 | - - - - - - - - - | 1.69 - 16.42| - - - - | 5.55|1.79 |11.37(22.89(10.36| - -
2021-MAC-21_ML002_054 Epidote 42.78118.78| - [12.95| - - 775 - - - - |15.98 1.77 - - - - - - - - - - - -
2021-MAC-21_ML002_055 Monazite 247 | 119 | - - - - - - - - - 172 - 14.38| - - - - | 492|086 |14.53(24.69| 13 | - -
2021-MAC-21_ML002_056 Quartz 48.86|51.14| - - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML002_057 Apatite 44.48| - - - - - - - - - - |30.34 8.37 16.81| - - - - - - - - - - -
2021-MAC-21_ML002_058 Zircon 36.18[17.56| - - - - - - - - - - - - |46.26]| - - - - - - - - - -
2021-MAC-21_ML002_059 Zircon 45.39|15.74| - - - - - - - - - - - - |38.87| - - - - - - - - - -
2021-MAC-21_ML002_060 Monazite  |27.96| - - - - - - - - - - | 244 0.1 15 | - - - - | 573|182 |11.62(22.99(12.34| - -
2021-MAC-21_ML002_061 Apatite 36.49| - - - - - - - - - - |37.45 7.98 18.08| - - - - - - - - - - -
2021-MAC-21_ML003_001 Monazite 335 | - - - - - - - - - - | 1.62 - 15.21| - - - - | 5.08 | 155 |14.57(21.25| 7.23 | - -
2021-MAC-21_ML003_002 Zircon 35.54[17.66| - - - - - - < ] - - - - | 468 - - - - - - - - - -
2021-MAC-21_ML0O03_003 Zircon 36.34(17.54| - - - - - - ) ] - 4 - - |46.12| - - - - - - - - - -
2021-MAC-21_ML0O03_004 Zircon 31.56[17.73| - - - - - L - £ . i - - |5071| - - - - - - - - - -
2021-MAC-21_ML0O03_005 Zircon 37.17(18.01| - - - - ! ) - - - ) - - |44.82| - - - - - - - - - -
2021-MAC-21_ML0O03_006 Monazite  |21.98| - - - - - - - - - : - - 16.39| - - - - | 5.47| 2.3 |16.95(23.66(13.25| - -
2021-MAC-21_ML0O03_007 Zircon 39.29(18.68| - - - - ] - ; - - 4 - - |42.03] - - - - - - - - - -
2021-MAC-21_ML0OO3_008 Monazite  |24.64| - - - - y - - g - - | 138 - 17.66| - - - - | 537|142 | 114 2467|1346 - -
2021-MAC-21_MLO03_009 Zircon 37.65[17.05| - - - - y - - - - - - - | 453 - - - - - - - - - -
2021-MAC-21_ML003_010 Quartz 41.39(27.96| - |18.71|11.95| - - - - ) - ! - - - - - - - - - - - - -
2021-MAC-21_ML003_011 Monazite  |31.78] - - - - ! - - - 3 - |17 - 15.75| - - - - | 5.1 | 1.31]10.98(23.88|9.49 | - -
2021-MAC-21_ML003_012 Monazite  |30.49| - - - - - 4 n ) - NN\OHE - 16.09| - - - - | 2.48 | 1.95 |15.07| 23.6 | 9.57 | - -
2021-MAC-21_ML0O03_013 Zircon 34.05(16.63| - - - ] - - - - - - - - |49.32] - - - - - - - - - -
2021-MAC-21_ML0O03_014 Zircon 38.9 [16.88| - - - L - : - - - - - - |44.22| - - - - - - - - - -
2021-MAC-21_ML003_015 Feldspar 48.29(28.83| - [10.66|12.21| - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O03_016 Monazite  |44.51| - - - - - - - L . - | 075 - 15.24| - - - - | 3.2 | 1.03|10.86(16.09| 832 | - -
2021-MAC-21_ML003_017 Monazite 2 | - - - - - : - c - P od - 153 | - - - - | 2.82| 2.1 [15.58|27.21(13.76| - -
2021-MAC-21_ML003_018 Monazite  |24.66| - - - - - - - g - =g |, 5 - 16.92| - - - - | 3.86| 165 |13.79(25.28| 12.3 | - -
2021-MAC-21_ML003_019a Monazite  |32.45| - - - - - - - ! - - - - 14.73| - - - - | 371|178 |13.93|2561| 7.78 | - -
2021-MAC-21_ML0O03_019b Zircon 35.36|17.51 - - - - - - - - - - - - 47.14 - - - - - - - - - -
2021-MAC-21_ML0O03_020 Monazite 39.2 | 139 | - - - - - - - - - - - 16.81| - - - - | 3.65| 1.66 |10.08(19.46| 7.76 | - -
2021-MAC-21_ML003_021 |  Actinolite 43 |18.63| - |823]| - - | 745 - - - - | 227 - - - - - - - - - - - - -
2021-MAC-21_ML003_022 |  Actinolite  |40.31|25.17| - - - - 10 | - - - |12.78]11.74 - - - - - - - - - - - - -
2021-MAC-21_ML004_001 Quartz 46.74|53.26| - - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO04_002 |  Actinolite  |43.74|24.58| - - - - |11.22] - - - |10.57] 9.89 - - - - - - - - - - - - -
2021-MAC-21_MLO04_003 Apatite 37.92| - - - - - - - - - - |39.27 4.67 18.14| - - - - - - - - - - -
2021-MAC-21_MLO04_004 Apatite 462 | - - - - - - - - - - |31.05 6.61 16.13| - - - - - - - - - - -
2021-MAC-21_MLO04_005 Apatite 38.53| - - - - - - - - - - | 393 4.1 18.07| - - - - - - - - - - -
2021-MAC-21_MLO04_006 Apatite 39.76| - - - - - - - - - - |37.15 5.52 17.57| - - - - - - - - - - -
2021-MAC-21_ML004_007 Apatite 024 - - - - - - - - - - |33.27 6.83 175 | - - - - - - - - - - -
2021-MAC-21_MLO04_008 Apatite 41.72| - - - - - - - - - - |35.11 5.18 17.99| - - - - - - - - - - -
2021-MAC-21_MLO04_009 Apatite 38.46| - - - - - - - - - - |37.61 5.36 18.57| - - - - - - - - - - -
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cODIGO MINERAL (o) Si Na Al K Ti Fe Ta Nb Sn Mg | Ca F P Zr Cl Mn | As Th La Ce Nd | Sm Mo
2021-MAC-21_ML004_010 Apatite 34.22 - - - - - - - - - - 43.17 4.03 18.58 - - - - - - - - - -
2021-MAC-21_ML0O04_011 Apatite 39.33| - - - - - - - - - - 136.69 6.13 17.85| - - - - - - - - - -
2021-MAC-21_ML004_012 Apatite 27.63 - - - - - - - - - - 58.32 0.87 13.19 - - - - - - - - - -
2021-MAC-21_ML0O04_013 Apatite 34.84| - - - - - - - - - - 14253 4.23 18.4 - - - - - - - - - -
2021-MAC-21_ML0O04_014 Apatite 21.51 - - - - - - - - - - 59.47 1.89 17.13 - - - - - - - - - -
2021-MAC-21_ML0O04_015 Apatite 39.21 - - - - - - - - - - 36.73 5.92 18.14 - - - - - - - - - -
2021-MAC-21_ML0O04_016 Apatite 36.62| 1.94 - 2.19 - - - - - - - 14142 0 17.83| - - - - - - - - - -
2021-MAC-21_MLO04_017 Apatite 35.59| - - - - - - - - - - | 409 5.26 18.25| - - - - - - - - - -
2021-MAC-21_ML0O04_018 Apatite 3464| - - - - - - - - - - |43.84 3.32 18.2 - - - - - - - - - -
2021-MAC-21_ML0O04_019 Apatite 35.09 - - - - - - - - - - 42.78 3.18 18.95 - - - - - - - - - -
2021-MAC-21_ML004_020 Apatite 35.75| - - - - - - - - - - 139.89 5.38 18.98| - - - - - - - - - -
2021-MAC-21_ML004_021 Apatite 36.52| - - - - - - - - - - 140.16 4.07 19.25| - - - - - - - - - -
2021-MAC-21_ML004_022 Apatite 35.07 - - - - - - - - : - 42.56 3.71 18.66 - - - - - - - - - -
2021-MAC-21_ML0O04_023 Apatite 41.89| - - - - - - - - - - 134.82 5.85 17.44| - - - - - - - - - -
2021-MAC-21_ML004_024 Zircon 32.5|18.52| - - - - c S = = = = - - 14898| - - - - - - - - -
2021-MAC-21_ML0O04_025 Apatite 37.19| - - - - - - - - - - 139.97 3.82 19.02| - - - - - - - - - -
2021-MAC-21_MLO04_026 Apatite 4145| - - - - - 3 5 g . - |35.37 6.23 16.95| - - - - - - _ - R R
2021-MAC-21_MLO04_027 Apatite 36.08 - - - - - - - - - - 41.96 3.62 18.34 - - - - - - - - - -
2021-MAC-21_ML0O04_028 Apatite 37.32| - - - - - - - - - - 140.12 4.16 18.4 - - - - - - - - - -
2021-MAC-21_ML004_029 Apatite 44.28 - - - - - - - - - - 32.36 6.65 16.72 - - - - - - - - - -
2021-MAC-21_ML004_030 Apatite 39.53| - - - - - - - - - - |37.04 5.1 18.33| - - - - - - - - - -
2021-MAC-21_ML004_031 Apatite 393 | - - - - . g i . 2 " 37 5.12 18.58| - - - - - - - . - -
2021-MAC-21_ML0O04_032 Apatite 40.68| - - - - - - - - - - |136.21 5.21 17.9 - - - - - - - - - -
2021-MAC-21_ML0O04_033 Apatite 39.58| - - - - - - - - - - |37.62 4.56 18.24| - - - - - - - - - -
2021-MAC-21_ML0O0O4_034 Apatite 29.2 - - - - - - - - - - 51.3 3.1 16.41 - - - - - - - - - -
2021-MAC-21_ML0O04_035 Apatite 39.33| - - - - - - - - - - |38.38 4.57 17.72| - - - - - - - - - -
2021-MAC-21_ML004_036 Apatite 45.24| - - - - - : - = - - [31.43 6.88 16.45| - - - - - - - - - -
2021-MAC-21_MLOO5_001 | Dumortierite |55.33|44.67| - 0 - - - = = = - L - - . . - - - - - - - -
2021-MAC-21_MLO05_002 | Dumortierite |55.33|13.53| - |[31.14| - - - - - f = < - - - - - - - - - - - -
2021-MAC-21_MLO05_003 | Dumortierite | 56.5 | 43.5 - 0 - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO0O5_004 | Dumortierite 57.2 [39.96| - 2.84 - - - - - - - - - - . . . - - - - - - -
2021-MAC-21_MLO0O5_005 | Dumortierite |48.88|47.59| - 3.53 - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLOO5_006 | Dumortierite |51.94|48.06| - 0 - - - - - - - - - - . . - - - - - - - -
2021-MAC-21_MLO05_007 | Dumortierite |42.64|32.67| - |24.68| - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O05_008 Hematite 36.31|11.44| - 12.1 - - 34.92| - - - 5.22 - - - - . . - - - - - - -
2021-MAC-21_MLO0O5_009 Magnetite 27.18| 0 - - - - 7282 - - - - - - - . . - - - - - - - -
2021-MAC-21_MLO05_010 | Dumortierite |53.59|19.52| - |26.89| - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO0O5 011 | Dumortierite |56.59|13.15| - |[30.26| - - - - - - - - - - . . . - - - - - - -
2021-MAC-21_MLO05_012 | Dumortierite |54.24|34.44| - 8.18 | 3.14 - - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O05_013 Rutile 4969 - - - - |50.31| - - - - - - - - - - - - - - - ; - -
2021-MAC-21_ML0O05_014 Monazite 20.02| 2.39 - 2.74 - - - - - - - - - 11.87| - - - - 117.96 11.96| 23.6 | 9.46 - -
2021-MAC-21_MLO05_015 Magnetite 42.06(17.21| 7.34 | 7.42 | 1.29 - 2271 - - - 1.96 - - - - - - - - - - - - -
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CODIGO MINERAL ) Si Na Al K Ti Fe Ta Nb Sn Mg Ca S F P Zr cl Mn As Th La Ce Nd | Sm Mo
2021-MAC-21_MLO05_016 Magnetite 30.65| O 0 0 0 0 |69.35| - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_017 Quartz 56.1443.86| - - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_018 | Dumortierite |53.79|29.27| - |[16.94| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_019 | Dumortierite |48.82129.93| - |[21.24| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO005_020 Pyrite - - - - - - |58.84| - - - - - 41.16| - - - - - - - - - - - -
2021-MAC-21_MLO05_021 Rutile 46.54| 0.04 0 0.55 0 |39.97| 2.16 | 8.13 | 2.62 - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_022 Pyrite - - - - - - |45.86| - - - - - 54.14| - - - - - - - - - - - -
2021-MAC-21_MLO0O5_023 Actinolite 49.39|23.42| - - - - 9.08 - - - |11.58]| 6.54 - - - - - - - - - - - - -
2021-MAC-21_MLO05_024 | Dumortierite 53.6 |40.75| - 5.65 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_025 | Dumortierite |51.37|48.63| - 0 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_026 | Dumortierite 56 [27.07| - |16.93| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_027 Rutile 44.12| 2.05 0 0 0 52.1 0 0 1.73 - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_028 Rutile 49.65| O 0 0.64 0 |44.09| 1.25 | 2.63 | 1.74 - - - - - - - - - - - - - - - -
2021-MAC-21_MLO05_029 Apatite 33.67| - - - - - - 3 - = - 14251 - 5 18.82| - - - - - - - - - -
2021-MAC-21_MLO05_030 Apatite 43.5 - - - - - c - = = - [133.19 - 6.17 17.14| - - - - - - - - - -
2021-MAC-21_MLO05_031 Feldspar 48.83|17.48| 4.11 | 6.68 | 4.92 - 14.55| - = = 3.43 = - - - - - - - - - - - - -
2021-MAC-21_MLO05_032 Feldspar 46.83|27.01| 6.13 (14.43| - - - - - - - 5.6 - - - - - - - - - - - - -
2021-MAC-21_MLO05_033 Apatite 48.2 - - - - - - = = - - 32.08 1394 O 5.78 - - - - - - - - - -
2021-MAC-21_MLO05_034 | Dumortierite |52.17|47.83| - 0 - . i = = - : = - - - - - - - - - - - - -
2021-MAC-21_MLO05_035 | Dumortierite |49.75|50.25| - 0 - - = = = < - - - - - - - - - - - - - - -
2021-MAC-21_MLO0O5_036 | Dumortierite |54.52|22.93| - |[22.54| - - = = = . . : . - - - - - - - - - - - -
2021-MAC-21_MLO05_037 | Dumortierite |45.69|14.87| - |39.45| - - 3 . - = ; - - - - - - - - - - - - - -
2021-MAC-21_MLO05_038 Apatite 46.86| - - - - = - = = = - |130.65 = 6.99 15.51| - - - - - - - - - -
2021-MAC-21_MLO05_039 Apatite 45.1 - - - - - = - 2 = - |31.88 = 7.3 15.72| - - - - - - - - - -
2021-MAC-21_MLO06_001 Rutile 4284 O 0 0 0 |5467| O 2.49 0 = = = = - - - - - - - - - - - -
2021-MAC-21_MLO06_002 Rutile 45.02| O 0 0 0 |52.05| O 2.24 | 0.7 g = = - - - - - - - - - - - - -
2021-MAC-21_ML006_003 Rutile 4143| O 0 0 0 |55.75] 149 | 1.33 0 = = g - - - - - - - - - - - - -
2021-MAC-21_ML0O06_004 Rutile 48.49| O 0 0 0 |45.81| 174 | 1.78 | 2.18 = a - - - - - - - - - - - - - -
2021-MAC-21_MLO06_005 Fe-oxide 2536| O 0 0 0 0 |74.64| - 3 F = 3 - - - - - - - - - - - - -
2021-MAC-21_MLO06_006 Magnetite 9.89 0 0 0 0 0 |90.11| - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_007 Magnetite 25.4 0 0 0 0 0 74.6 - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_008 Actinolite 43.75|27.21| - - - - 10.3 - - - 9.78 | 8.95 - - - - - - - - - - - - -
2021-MAC-21_MLO06_009 Magnetite 3477 O 0 0 0 0 |65.23| - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O06_010 Pyrite - - - - - - |45.57| - - - - - 54.43| - - - - - - - - - - - -
2021-MAC-21_MLO06_011 Pyrite 30.52| - - - - - |33.29| - - - - - 36.19| - - - - - - - - - - - -
2021-MAC-21_MLO06_012 Magnetite 33.38| O 2.66 0 0 0 |63.96| - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O06_013 Fe-oxide 19.74| O 0 0 0 0 |80.26| - - - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O06_014 Rutile 3167| O 0 0 0 |6833| O 0 0 - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_015 Magnetite 3196| O 0 0 0 0 |68.04| - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_016 Magnetite 28.26| O 0 0 0 0 |71.74| - - - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_017 Rutile 28771 O 0 0 0 |7123] O 0 0 - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_018 Ti-oxide 55.5 ] 2.18 0 1.16 0 ]39.13] 1.18 0 0.85 - - - - - - - - - - - - - - - -
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CODIGO MINERAL ) Si Na Al K Ti Fe Ta Nb Sn Mg Ca S Zr cl Mn As Th La Ce Nd | Sm Mo
2021-MAC-21_MLO06_019 Tourmaline 52.7215.62| 3.04 |20.16| - - 5.89 - - - 2.56 - - - - - - - - - - - -
2021-MAC-21_MLO06_020 Magnetite 2342 O 0 0 0 0.86 |75.71| - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_021 Rutile 17.6 0 0 0 0 |54.59|9.15 |16.44| O - - - - - - - - - - - - - 2.22
2021-MAC-21_MLO06_022 Rutile 47.09| O 0 0 0 |51.05| O 1.86 0 - - - - - - - - - - - - - -
2021-MAC-21_ML0O06_023 Ti-oxide 53 | 1.11 0 0.7 0 |43.69| 0.69 0 0.82 - - - - - - - - - - - - - -
2021-MAC-21_ML006_024 Magnetite 39.26| 5.88 0 2.43 0 0 |[47.05| - - - 2.88 | 2.5 - - - - - - - - - - -
2021-MAC-21_MLO06_025 Magnetite 43.72| 0.84 0 0 0 0 |5471| - - - - 0.72 - - - - - - - - - - -
2021-MAC-21_MLO06_026 Rutile 21.04| 2.84 0 0.72 0 |61.31| 4.17 | 7.44 | 2.49 - - - - - - - - - - - - - -
2021-MAC-21_MLO06_027 Magnetite 3149| O 0 0 0 0 |6851| - - - - - - - - - - - - - - - -
2021-MAC-21_MLO06_028 Magnetite 40.8 | 7.01 0 3.62 0 0 |44.09| - - - 4.48 - - - - - - - - - - - -
2021-MAC-21_MLO06_029 Magnetite 2738| O 0 0 0 0 |7262| - - - - - - - - - - - - - - - -
2021-MAC-21_ML0O06_030 Pyrite - - - - - - |48.48| - 3 - - - 51.52 - - - - - - - - - -
2021-MAC-21_MLO06_031 Magnetite 3519| O 0 0 0 0 |64.81| - 3 3 - - - - - - - - - - - - -
2021-MAC-21_MLO06_032 Ti-oxide 39.68| 1.77 0 2.55 0 |50.49| 2.15 | 2.14 | 1.22 = = : - - - - - - - - - - -
2021-MAC-21_ML0O06_033 Magnetite 38111 O 0 0 0 0 |61.89| - = = = = - - - - - - - - - - -
2021-MAC-21_MLO06_034 Fe-oxide 35.11| 0.00 0 0 0 0 |64.89| - = = - = - - - - - - - - - - -
2021-MAC-21_MLO06_035 Magnetite 38.04| O 0 0 0 0 |6196| - = g = = - - - - - - - - - - -
2021-MAC-21_MLO06_036 Ti-oxide 46.55| 1.35 0 0.65 0 49.8 | 1.66 0 0 - . = 2 - - - - - - - - - -
2021-MAC-21_MLO06_037 Fe-oxide 3273 O 0 0 0 0 |67.27| - = - : = - - - - - - - - - - -
2021-MAC-21_MLO06_038 Magnetite 33.23| 0.98 0 0.00 0 0 |6579| - = < - - - - - - - - - - - - -
2021-MAC-21_MLO06_039 Ti-oxide 46.97| 0.00 0 0 0 4741|174 | 2.78 | 1.10 . . : . - - - - - - - - - -
2021-MAC-21_ML0O06_040 Rutile 46.18| 1.23 0 0 0 |5062| O 0 1.96 = ; - - - - - - - - - - - -
2021-MAC-21_MLO06_041 Rutile 43.66| O 0 0 0 51.1 0 253 | 2.7 = = = = - - - - - - - - - -
2021-MAC-21_MLO06_042 Rutile 40.21|11.54| 0 |[12.64| 4.2 |3141] O 0 0 = - 2 = - - - - - - - - - -
2021-MAC-21_ML006_043 Rutile 35.1 0 0 0 0 |51.74|3.74 | 6.72 | 2.7 = = = = - - - - - - - - - -
2021-MAC-21_MLO06_044 Tourmaline 50.43|18.41| 0 |21.37| - - 9.79 k = g = = - - - - - - - - - - -
2021-MAC-21_MLO06_045 Magnetite 3481 O 0 0 0 0 |65.19| - = = = g - - - - - - - - - - -
2021-MAC-21_MLO06_046 Ti-oxide 4551| O 0 0 0 |45.95| 1.68 | 437 | 2.48 = a - - - - - - - - - - - -
2021-MAC-21_MLO06_047 Magnetite 3212 O 0 0 0 0 |67.88| - 3 F = 3 - - - - - - - - - - -
2021-MAC-21_MLO06_048 Rutile 44.87| 2.34 0 1.87 0 |5092| O 0 0 - - - - - - - - - - - - - -
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RAMAN ANALYSIS

cODIGO MINERAL (o] Si Na Al K Ti Fe Ta Nb Sn Mg Ca F P Zr Cl Mn As Th La Ce Nd | Sm
2021-MAC-67_ML001_001 Actinolite 50.12|22.86| - |15.67| 7.36 - 2.85 - - - 1.14 - - - - - - - - - - - -
2021-MAC-67_ML0O01_002 Actinolite 44.64 | 26.15 - 1.02 - - 5.78 - - - 12.65| 9.76 - - - - - - - - - - -
2021-MAC-67_ML0O01_003 Actinolite 49.75|23.31 - 2.45 - - 4.24 - - - 13.32| 6.94 - - - - - - - - - - -
2021-MAC-67_ML0O01_004 ? 29.41|15.22 - 12.12 - - 29.09 - - - 8.21 | 5.95 - - - - - - - - - - -
2021-MAC-67_ML0O01_005 Zircon 35.91|17.80| - - - - - - - - - - - - |46.28| - - - - i, - - -
2021-MAC-67_ML0O01_006 Muscovite 45.71/22.85| - [19.66| 8.98 - 2.8 - - - - - - - - - - - - - i, i, i,
2021-MAC-67_ML001_007 Muscovite 42.58|23.56| - [20.33/10.08| - 3.44 - - - - - - - - - - - - - - - -
2021-MAC-67_ML001_008 Muscovite 42.95(22.58| - [19.44|10.04| - 3.84 - - - 1.15 - - - - - - - - - - - -
2021-MAC-67_ML001_009 Muscovite 47.59|21.98| - |17.71| 7.89 - 4.84 - - 2 y . - - - - - - - - - - -
2021-MAC-67_MLO01_010 Muscovite 44.68|22.18 - 19.03 | 9.93 - 4.18 - - - 2 e - - - - - - - - - - -
2021-MAC-67_MLO01_011 Muscovite 42.29|23.00 - 19.71(10.70 - 431 - = = = 4 - - - - - - - - - - -
2021-MAC-67_MLO01_012 Muscovite 42.98|23.29 - 19.63 |10.44 - 3.66 - - - = S - - - - - - - - - - -
2021-MAC-67_MLO01_013 Muscovite 4521|2295 - [19.27|9.21 : 3.37 - = = - - - - - - - - - - _ i _
2021-MAC-67_MLO01_014 Muscovite 44,19 22.55 - 19.71| 9.90 - 3.65 = = - - S - - - - - - - - - - -
2021-MAC-67_ML0O01_015 Muscovite 49.30|19.48 - 17.68 | 6.13 - 2.20 - - - - - 5.21 - - - - - - - - - -
2021-MAC-67_ML0O01_016 Apatite 37.10 - - - - - - - - - - 39.64 4.52 18.74 - - - - - - - - -
2021-MAC-67_ML001_017 Quartz 59.04 4096 | - - - - - = = - 2 = - - - - - - - - - - -
2021-MAC-67_ML001_018 Muscovite 48.80/22.02| - ]18.37| 7.81 - 2.99 = = \ . . - - - - - - - - _ _ _
2021-MAC-67_ML001_019 Muscovite 47.41(21.26| - |18.21(9.08| - |4.05| - - s < - - - - - - - - . . . _
2021-MAC-67_ML001_020 Muscovite 36.60(23.47| - [19.25|13.44| - 7.25 = = = = - - - - - - - - - - _ _
2021-MAC-67_MLO01_021 Muscovite 44.37|22.76 - 19.51| 9.41 - 3.95 - = - - g - - - - - - - - - - -
2021-MAC-67_MLO01_022 Muscovite 48.37121.30 - 18.88 | 8.37 - 3.09 - - = = 5 - - - - - - - - - - -
2021-MAC-67_ML001_023 Muscovite 445212299 - [19.08| 9.67 - 3.74 - = - = g - - - - - - - - - - -
2021-MAC-67_MLO01_024 Muscovite 47.12|23.32 - 19.01| 7.73 - 2.82 - - = E = - - - - - - - - - - -
2021-MAC-67_ML0O01_025 Muscovite 43.00(23.37| - ]19.84(10.34| - 3.45 = = = E 3 - - - - - - - - - - -
2021-MAC-67_ML0O01_026 Quartz 46.64 | 53.36 - - - - - - = L - - - - - - - - - - - - -
2021-MAC-67_ML001_027 Apatite 43.16| - - - - . - - - - - 13239 7.86 16.6 | - - - - - - . i .
2021-MAC-67_ML001_028 Apatite 34.87| - - - - . - - - - - |41.63 3.95 19.54| - - - - - - . - .
2021-MAC-67_ML0O01_029 Apatite 34.20 - - - - - - - - - - 43.42 4.14 18.25 - - - - - - - - -
2021-MAC-67_ML001_030 Muscovite 45.57|22.88| - ]19.48| 9.35 - 2.71 - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O01_031 Muscovite 50.73(29.56| - |[11.07| 8.64 - 0.00 - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O01_032 Apatite 46.74 | 2.49 - - - - 22.87 - - - - 21.6 - 6.29 - - - - - - - - -
2021-MAC-67_MLO01_033 Quartz 51.83|48.17 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML001_034 Apatite 41.24 - - - - - - - - - 34 7.66 17.09| - - - - - - - . .
2021-MAC-67_ML001_035 Wickmanite 29.20| - - - - - - - - |4554| - - - - - - |25.26| - - - - - -
2021-MAC-67_ML0O01_036 Apatite 32.54 - - - - - - - - - - 44.69 5.63 17.14 - - - - - - - - -
2021-MAC-67_ML001_037 Apatite 28.14| - - - - - - - - - - 150.59 3.04 18.23| - - - - - - . - -
2021-MAC-67_ML001_038 Apatite 46.27 - - - - - - - - - - 29.52 8.65 15.57 - - - - - - - - -
2021-MAC-67_ML0O01_039 Apatite 41.78 - - - - - 431 - - - - 32.45 431 12.15 - - - 5.00 - - - - -
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cODIGO MINERAL (o] Si Na Al K Ti Fe Ta Nb Sn Mg Ca F P Zr Cl Mn As Th U La Ce Nd | Sm
2021-MAC-67_MLO01_040 Apatite 35.97| - - - - - - - - - - 139.83 4.86 19.34| - - - - - - - . - .
2021-MAC-67_ML0O01_041 Apatite 36.98 - - - - - - - - - - 42.87 5.42 14.73 - - - - - - - - - -
2021-MAC-67_ML001_042 Muscovite 45.74 | 26.38 - 19.58| 6.05 - 2.25 - - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O01_043 Quartz 46.51|53.49 - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O01_044 Apatite 46.14| 1.71 - 0.27 - - 11.89 - - - - 24.01 4.92 10.02 - - - 1.04 - - - - - -
2021-MAC-67_ML0O01_045 Monazite 31.92 - - - - - - - - - - 1.63 - 17.72 - - - - 441 | 2.04 |10.62|22.12| 9.55 -
2021-MAC-67_ML0O01_046 Zircon 38.66(17.44| - - - - - - - - - - - - |43.90| - - - - - - i, i, i,
2021-MAC-67_ML0O01_047 Wickmanite 27.97| - - - - - - - - |4639| - - - - - - |2564] - - - - - _ .
2021-MAC-67_ML001_048 Zircon 34.37(17.54| - - - - - - - - - - - - l48.10| - - - - - - ; ; ;
2021-MAC-67_MLO01_049 Apatite 4121 - - - - - - - - - - 13415 7.66 16.98| - - - - - - - . - .
2021-MAC-67_ML0O01_050 Zircon 36.51(17.73| - - - - - - - - - - - - |45.75| - - - - - - _ i _
2021-MAC-67_ML0O01_051 Quartz 49,91 |50.09 - - - - - - 3 s - - - - - - - - - - - - - -
2021-MAC-67_ML001_052 Apatite 25.93| 0.7 - - - - 147 - - - - |52.53 0.83 18.53| - - - - - - - - - -
2021-MAC-67_MLO01_053 Quartz 24.81|75.19 - - - - - = o = % - - - - - - - - - - - - -
2021-MAC-67_MLO01_054 Apatite 4411 - - - - - - g - - - 13259 6.36 16.94| - - - - - - - . - .
2021-MAC-67_MLO001_055 Andradite 37.4 |17.15| - 5.93 - - |12.18] - = = - |27.33 - - - - - - - - - N } N
2021-MAC-67_ML0O01_056 Apatite 33.38 - - - - - - - - - - 43.26 4.33 19.03 - - - - - - - - - -
2021-MAC-67_ML0O01_057 Apatite 36.52 - - - - - - - - - - 40.08 4.01 19.39 - - - - - - - - - -
2021-MAC-67_ML001_058 Monazite 31.04 - - - - - - - - - - 1.89 - 16.86 - - - - 6.03 | 1.58 {10.06{20.18| 8.04 | 4.3
2021-MAC-67_ML001_059 Apatite 38.12| - - - - - - - - - - 1378 6.42 17.66| - - - - - - - . - .
2021-MAC-67_ML001_060 Apatite 4244 - - - - - 127 - 5 L - |3354 6.22 16.52| - - - - - - - - - .
2021-MAC-67_ML001_061 Apatite 36.24| - - - - . - - - P - 140.94 5.11 17.71| - - - . - - - . - .
2021-MAC-67_ML0O01_062 Apatite 34.36 - - - - = - - - - - 43.93 3.88 17.83 - - - - - - - - - -
2021-MAC-67_ML0O01_063 Muscovite 44.29|22.68 - 19.43 | 9.97 - 3.63 3 - = p - - - - - - - - - - - - -
2021-MAC-67_ML0O01_064 Apatite 37.14 - - - - - - - - - - 39.49 4.16 19.21 - - - - - - - - - -
2021-MAC-67_MLO01_065 Wickmanite  |26.06| - - - - - - - - |47.48| - - - - . - |26.47| - - - - - - -
2021-MAC-67_ML001_066 Apatite 43.00| - - - - - - h . = - 3214 7.55 17.32| - - . - - - B, ; - -
2021-MAC-67_ML0O01_067 Apatite 28.29 - - - - - - - - - - 49.03 3.31 19.37 - - - - - - - - - -
2021-MAC-67_ML0O01_068 Monazite 27.07 - - - - - - - - - - 1.33 - 16.96 - - - - 3.73 | 1.39 |11.42|27.48|10.61 -
2021-MAC-67_ML0O01_069 Apatite 38.60 - - - - - - - - - - 37.71 5.28 18.4 - - - - - - - - - -
2021-MAC-67_ML001_070 Feldspar 47.34128.98| 4.13 |10.99| 8.56 - - - - - - - - - - - - - - - - } } -
2021-MAC-67_ML0O01_071 Apatite 31.77 - - - - - - - - - - 45.71 3.6 18.92 - - - - - - - - - -
2021-MAC-67_ML0O01_072 Apatite 27.00 - - - - - - - - - - 51.14 3.32 18.53 - - - - - - - - - -
2021-MAC-67_ML0O01_073 Apatite 33.94 - - - - - - - - - - 42.15 5.02 18.89 - - - - - - - - - -
2021-MAC-67_ML0O01_074 Zircon 32.85(17.83| - - - - - - - - - - - - 149.32| - - - - - - - i _
2021-MAC-67_ML001_075 Feldspar 41.94(33.46| 5.18 |13.36]| 1.41 - - - - - - 4.65 - - - - - - - - - - - )
2021-MAC-67_ML0O01_076 Apatite 16.67 - - - - - - - - - - 66.98 0.61 15.74 - - - - - - - - - -
2021-MAC-67_MLO01_077 Apatite 34.24| - - - - - - - - - - |44.23 4.36 17.16| - - - - - - - . _ .
2021-MAC-67_ML001_078 Muscovite 43.33(22.90| - |19.75|10.13| - 3.88 - - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O01_079 Zircon 45.09|15.71| - - - - - - - - - - - - 139.20] - - - - - - i i _
2021-MAC-67_ML0O01_080 Zircon 35.74|17.91| - - - . . - - - - - - - ls636| - . . . . - . - R
2021-MAC-67_MLO01_081 Apatite 46.43| 0.80 - - - - 4.40 - - - - 26.11 9.47 12.78 - - - - - - - - - -
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cODIGO MINERAL (o] Si Na Al K Ti Fe Ta Nb Sn Mg Ca F P Zr Cl Mn As Th U La Ce Nd | Sm
2021-MAC-67_ML001_082 Apatite 34.19| - - - - - - - - - - |43.45 4.24 18.13| - - - - - - - - - )
2021-MAC-67_MLO01_083 Apatite 42.21 - - - - - 3.82 - - - - 33.91 5.35 14.70 - - - - - - - - - -
2021-MAC-67_ML001_084 Apatite 38.16| - - - - - - - - - - |37.51 5.81 18.52| - - - - - - - - - )
2021-MAC-67_ML0O01_085 Apatite 24.65 - - - - - - - - - - 57.59 1.86 15.91 - - - - - - - - - -
2021-MAC-67_MLO001_086 Monazite 33.49| - - - - - - - - - - 1.96 17.56| - - - - 5.21 | 2.12 | 9.12 |20.76| 9.79 -
2021-MAC-67_ML001_087 Apatite 41.24| 059 | - - - - - - - - - |34.73 5.95 17.49| - - - - - - - - - -
2021-MAC-67_ML001_088 Quartz 50.33 49.67 - - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML001_089 Apatite 43.44| - - - - - - - - - - |33.53 6.24 16.79| - - - - - - - - - )
2021-MAC-67_ML0O01_090 Apatite 35.01 - - - - - - - - - - 40.01 7.45 17.53 - - - - - - - - - -
2021-MAC-67_ML001_091 Apatite 27.16| - - - - - - - - - - |51.50 3.84 17.50| - - - - - - - - - )
2021-MAC-67_ML001_092 Monazite 31.52 - - - - - - - - - - 1.53 0.13 15.97 - - - - 3.97 | 1.16 |11.85|23.68|10.20 -
2021-MAC-67_ML001_093 Muscovite 4436(23.31| - [18.09| 9.28 - 4.95 - ] - - - - - - - - - - - - - _ _
2021-MAC-67_ML001_094 Apatite 30.81| - - - - - - - - - - 146.80 2.51 19.88| - - - - - - - - - B}
2021-MAC-67_ML0O01_095 Zircon 38.55(|17.70| - - - - - s - = : L - - |43.75| - - - - - - _ _ _
2021-MAC-67_MLO001_096 Apatite 36.69| - - - - - - - - - - 138.36 5.54 19.41| - - - - - - - - - B}
2021-MAC-67_ML002_001 Goethite 17.33(12.97| - |[11.53| 6.91 - |48.09| - . - L 3.18 - - - - - - - - - - } ;
2021-MAC-67_ML002_002 Goethite 32.3 | 1.02 - - - - |61.77| - - - - 2.37 0.35 2.18 - - - - - - - - - -
2021-MAC-67_ML002_003 Goethite 32.16| 3.38 - - - - |53.18| - - - 268 | 4.4 - 4.21 - - - - - - - - - -
2021-MAC-67_ML002_004 Goethite 37.15| 5.08 - 1.72 - - 42.31 - - - - 3.04 - 4.26 - - - 6.44 - - - - - -
2021-MAC-67_ML0O02_005 Goethite 11.19 - - - - - 86.14 = = - < 2.66 - - - - - - - - - - - -
2021-MAC-67_ML002_006 Quartz 61.88(38.12| - - - L - = = L - - - - - - - - - - - - - _
2021-MAC-67_MLO02_007 ? 44,14 (18.36| - 13.54| 4.70 - 19.25 - = 2 Y B - - - - - - - - - - - -
2021-MAC-67_ML002_008 Rutile 40.11| - - - - |59.89| 0O 0 0 0 - - - - - - - - i, - i, - - -
2021-MAC-67_ML002_009 Goethite 14.92| 1.35 - - - - 77.06 - - - - 5.02 - 1.65 - - - - - - - - - -
2021-MAC-67_ML002_010 Goethite 37.79| 5.11 - 1.13 - - |40.66| - - - 3.38 | 3.9 - 3.13 - 4.9 - - - - - - - -
2021-MAC-67_ML002_011 Goethite 36.12 - - 1.58 - - 54.82 - - - - 2.31 1.89 3.28 - - - - - - - - - -
2021-MAC-67_ML002_012 Rutile 41.07 - - - - 5893 O 0 0 0 = = - - - - - - - - - - - -
2021-MAC-67_ML002_013 ? 47.75|18.84| - |14.60| 3.31 - 15.5 4 ) - g . - - - - - - - - - - - -
2021-MAC-67_ML002_014 Goethite 41.56| 2.89 - - - - |50.91| - - - - 1.83 - 2.81 - - - - - - - - - -
2021-MAC-67_ML002_015 ? 51.97|17.37| - [13.84]| 3.42 - |11.67| - - - - - 1.74 - - - - - - - - - -
2021-MAC-67_ML002_016 ? 55.04(19.29| - |14.98|3.74 | - 6.95 - - - - - - - - - - - - - - B, - B,
2021-MAC-67_ML002_017 Tourmaline 40.32|18.47 | 0.00 | 21.50 - - 19.72 - - - 0 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_018 Tourmaline 53.34|17.59| 0.00 |20.95 - - 8.13 - - - 0 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_019 Tourmaline 50.10|18.00| 0.00 |21.45 - - 10.44 - - - 0 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_020 Tourmaline 47.81|18.99| 0.00 |22.19 - - 11.01 - - - 0 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_021 Tourmaline 43.14|18.77| 0.00 | 21.40 - - 16.69 - - - 0 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_022 Tourmaline 48.69|18.45| 0.00 | 22.06 - - 10.79 - - - 0 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_023 Tourmaline 52.03|17.17| 2.43 |20.64| - - 7.74 - - - 0 - 0 - - - - - - - - - - }
2021-MAC-67_ML002_024 Tourmaline 43.84119.68| 0.00 |22.70 - - 13.78 - - - 0.00 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_025 Tourmaline 47.44118.34| 1.82 |20.83 - - 10.25 - - - 1.32 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_026 Tourmaline 43.75|18.53| 2.12 | 21.58 - - 12.53 - - - 1.50 - 0 - - - - - - - - - - -
2021-MAC-67_ML002_027 Tourmaline 46.34|17.60| 2.58 |21.60 - - 10.49 - - - 1.39 - 0 - - - - - - - - - - -
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2021-MAC-67_ML002_028 Tourmaline 45.0117.96| 2.41 |21.84 - - 11.63 - - - 1.15 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_029 Tourmaline 49.02(17.10| 2.84 |20.18| - - 9.57 - - - 1.28 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_030 Tourmaline 38.34118.25| 2.12 | 21.89 - - 18.30 - - - 1.10 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_031 Tourmaline 38.00(19.03| 0.00 [21.96| - - ]21.02| - - - 0.00 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_032 Tourmaline 49.47116.79| 2.51 |21.32 - - 8.22 - - - 1.70 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_033 Tourmaline 47.13117.93| 2.51 |21.71 - - 10.72 - - - 0.00 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_034 Tourmaline 46.70|18.46| 2.76 |21.29| - - 8.83 - - - 1.96 - - 0 - - - - - - - - - -
2021-MAC-67_ML002_035 Anatase 36.17 - - - - 61.97 - - 1.86 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_036 Ti-oxide 40.61| - - - - |59.39| - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML002_037 Ti-oxide 46.25 - - - - 53.75 - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML002_038 Anatase 4155| - - - - |56.11] - - 2.34 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_039 Ti-oxide 52.36| - - - - |46.79] - - 0.85 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_040 Ti-oxide 51.15 - - - - 47.88 - - 0.97 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_041 Anatase 48.60| - - - - |51.40]| - - 0.00 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_042 Apatite 44.80 - - - - - - - - - - 31.77 - 7.09 16.34 - - - - - - - - -
2021-MAC-67_ML002_043 Rutile 35.26| - - - - |64.74| 0.00 | 0.00 | 0.00 | 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML002_044 Rutile 52.97 - - - - 43.24| 0.00 | 2.92 | 0.87 | 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML002_045 Rutile 38.05 - - - - 56.33| 2.39 | 0.00 | 0.00 | 3.23 - - - - - - - - - - - - - -
2021-MAC-67_ML002_046 Anatase 40.60| 1.21 - 0.60 - |55.74| - - 1.86 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_047 Pyrite - - - - - - 59.36 - - - - - 40.64 - - - - - - - - - - -
2021-MAC-67_ML002_048 Rutile 58.75| 1.06 - - - |38.93| 0.00 | 0.00 | 1.26 | 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML002_049 Rutile 49.98 - - - - 44.45| 1.43 | 0.00 | 0.00 | 4.14 - - - - - - - - - - - - - -
2021-MAC-67_ML002_050 Ti-oxide 44,40 4.18 - 2.07 - |43.72| 2.07 - 3.56 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_051 Anatase 47.15| 1.41 - 1.06 - |44.65] 2.14 - 1.35 | 2.25 - - - - - - - - - - - - - -
2021-MAC-67_ML002_052 Ti-oxide 45.06 | 0.96 - - - |53.98| - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML002_053 Rutile 44,101 1.02 - - - |47.07| 1.82 | 0.00 | 1.70 | 4.29 - - - - - - - - - - - - - -
2021-MAC-67_ML002_054 Rutile 50.36| 0.61 - - - |48.24| 0.00 | 0.00 | 0.80 | 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML002_055 Rutile 39.29| 2.99 - 1.86 - |42.97| 2.62 | 0.00 | 1.38 | 8.89 - - - - - - - - - - - - - -
2021-MAC-67_ML002_056 Ti-oxide 51.00| 5.98 - 5.65 | 1.56 [24.03| 1.61 - 1.35 - - - - 8.83 - - - - - - - - - -
2021-MAC-67_ML002_057 Anatase 30.56 - - - - 54.81| 2.35 - 0.00 [12.28 - - - - - - - - - - - - - -
2021-MAC-67_ML002_058 Rutile 48,51 1.43 - 0.72 - |47.26| 0.81 | 0.00 | 0.00 | 1.26 - - - - - - - - - - - - - -
2021-MAC-67_ML002_059 Ti-oxide 52.96| 0.63 - - - |41.08| 1.50 - 1.03 | 2.80 - - - - - - - - - - - - - -
2021-MAC-67_ML002_060 Rutile 51.76 | 3.07 - 2.33 - |38.42]1.79 | 0.00 | 0.79 | 1.85 - - - - - - - - - - - - - -
2021-MAC-67_ML002_061 Ti-oxide 54.68 | 1.39 - - - 138.92] 1.73 - 1.98 | 1.31 - - - - - - - - - - - - - -
2021-MAC-67_ML002_062 Ti-oxide 54.23| - - - - |4435] - - 1.42 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_063 Anatase 52.21| - - - - |46.70| - - 1.09 - - - - - - - - - - - - - - -
2021-MAC-67_ML002_064 Ti-oxide 51.65| - - - - |48.35] - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML002_065 Ti-oxide 48.48 | 3.32 - 2.06 | 0.38 [33.44| 9.31 - 1.42 | 1.59 - - - - - - - - - - - - - -
2021-MAC-67_ML002_066 Anatase 45.09| 2.19 - 1.10 - 149.29] 2.33 - 0.00 - - - - - - - - - - - - - - -
2021-MAC-67_ML003_001 Rutile 50.68 | - - - - |45.84| 2.29 | 0.00 | 1.19 | 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML003_002 Rutile 55.45| 5.94 - 4.80 | 1.04 |23.18| 9.59 | 0.00 | 0.00 | 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML003_003 Rutile 28.53| - - - - |64.15| 7.32 | 0.00 | 0.00 | 0.00 - - - - - - - - - - - - - -
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2021-MAC-67_ML0O03_004 Rutile 54.70| 1.97 - - - 34.89| 2.53 | 0.00 | 5.91 | 0.00 - - - - - - - - - - - - -
2021-MAC-67_ML003_005 Rutile 36.30| - - - - |52.20| 6.43 | 0.00 | 0.00 | 5.08 - - - - - - - - - - - - -
2021-MAC-67_ML0O03_006 Anatase 44.75| 2.69 - 1.65 - 48.98 - - 1.94 - - - - - - - - - - - - - -
2021-MAC-67_ML003_007 Rutile 33.86| - - - - |48.16[11.18| O 0 6.8 - - - - - - - - - - - - -
2021-MAC-67_ML0O03_008 Rutile 54.77 | 5.34 - 5.36 - 17.58| 8.09 0 1.7 0 - - 7.17 - - - - - - - - - -
2021-MAC-67_ML0O03_009 Rutile 45.68 - - - - 47.6 | 1.56 0 0 5.16 - - - - - - - - - - - - -
2021-MAC-67_ML003_010 Rutile 51.01| - - - - |48.99| O 0 0 0 - - - - - - - - - - - - -
2021-MAC-67_ML0O03_011 Quartz 447 | 24.3 - 20.54 | 8.42 - 2.04 - - - - - - - - - - - - - - - -
2021-MAC-67_ML003_012 Rutile 36.82| - - - - 160.43]| 2.75 0 0 0 - - - - - - - - - - - - -
2021-MAC-67_ML0O03_013 Rutile 49.39| 6.65 - 5.72 - 32.98| 1.94 0 0 3.31 - - - - - - - - - - - - -
2021-MAC-67_ML003_014 Anatase 33.11| 1.17 - 0.9 - |64.82] - - 0 - - - - - - - - - - - - - -
2021-MAC-67_ML003_015 Rutile 4293 - - - - |51.13] 3.05 0 0 2.89 - - - - - - - - - - - - -
2021-MAC-67_ML0O03_016 Rutile 49.07 - - - - 38.61| 0.87 0 0 11.45 - - - - - - - - - - - - -
2021-MAC-67_ML003_017 Rutile 44,45 0.37 - - - 49.26| 1.79 0 0 |4.12 - - - - - - - - - - - - -
2021-MAC-67_ML0O03_018 Anatase 37.88 - - - - 62.12 - - 0 - - - - - - - - - - - - - -
2021-MAC-67_ML003_019 Quartz 46.81(53.19| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML003_020 Wickmanite 29.05 - - - - - - - - 45.47 - - - - - - 25.47 - - - - - -
2021-MAC-67_ML0O03_021 Wickmanite 22.96 - - - - 8.17 - - - 43.57 - - - - - - 25.31 - - - - - -
2021-MAC-67_ML003_022 Quartz 59.7340.27| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_MLO03_023 Wickmanite 29.98 - - - - - - - - 44.52 - - - - - - 25.51 - - - - - -
2021-MAC-67_ML003_024 Wickmanite 13.95| - - - - - - - - |55.06| - - - - - - 13099 - - - - - -
2021-MAC-67_ML0O03_025 Apatite 41.68 - - - - - - - - - - 34.07 6.29 17.97 - - - - - - - - -
2021-MAC-67_ML0O03_026 Quartz 56.20(43.80| - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O03_027 Muscovite 42.45(22.02| - [19.39]| 9.48 - 3.18 - - - 0.67 - 2.81 - - - - - - - - - -
2021-MAC-67_ML0O03_028 Muscovite 41.79(21.95| 1.59 |19.42| 8.31 - 2.92 - - - 1.49 - 2.52 - - - - - - - - - -
2021-MAC-67_ML0O03_029 Muscovite 41.75(21.98| 1.06 |19.22| 8.41 - 3.21 - - - 1.05 - 3.32 - - - - - - - - - -
2021-MAC-67_ML003_030 Muscovite 42.77|121.93| 096 [19.23| 7.91 - 3.05 - - - 0.94 - 3.22 - - - - - - - - - -
2021-MAC-67_ML003_031 Muscovite 41.74122.18| 0.53 |20.70| 9.99 - 3.10 - - - 0.48 - 1.28 - - - - - - - - - -
2021-MAC-67_ML0O0O4_001 Ti-oxide 38.96 - - - - 61.04 - - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O04_002 Ti-oxide 36.93 - - - - 61.47 - - 1.6 - - - - - - - - - - - - - -
2021-MAC-67_ML0O04_003 Anatase 42,18 - - - - |57.15] - - 0.67 - - - - - - - - - - - - - -
2021-MAC-67_ML0O0O4_004 Anatase 41.13 - - - - 58.00 - - 0.87 - - - - - - - - - - - - - -
2021-MAC-67_ML004_005 Anatase 4500 - - - - |52.21] - - 2.79 - - - - - - - - - - - - - -
2021-MAC-67_ML004_006 Anatase 29.73| - - - - 7027 - - 0 - - - - - - - - - - - - - -
2021-MAC-67_ML0O04_007 Anatase 53.44 - - - - 45.01 - - 1.55 - - - - - - - - - - - - - -
2021-MAC-67_ML004_008 Anatase 31.89| - - - - |68.11] - - 0 - - - - - - - - - - - - - -
2021-MAC-67_ML004_009 Rutile 31.03| 2.02 - 0.93 - |61.98| O 0 1.14 | 2.9 - - - - - - - - - - - - -
2021-MAC-67_ML004_010 Rutile 35.12| 0.87 - - - |59.49] 2.22 0 0 2.31 - - - - - - - - - - - - -
2021-MAC-67_ML004_011 Anatase 4561 | - - - - |53.13| - - 1.26 - - - - - - - - - - - - - -
2021-MAC-67_ML0O04_012 Anatase 50.71 - - - - 47.59 - - 1.7 - - - - - - - - - - - - - -
2021-MAC-67_ML004_013 Ti-oxide 39.74| - - - - |58.11] - - 2.15 - - - - - - - - - - - - - -
2021-MAC-67_ML004_014 Rutile 39.84| 2.12 - 0.79 - 148.22] 2.35 0 3.59 | 3.09 - - - - - - - - - - - - -
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2021-MAC-67_ML0O04_015 Rutile 39.47 | 0.50 - 0.31 - 4471 | 1.21 0 1.42 112.38 - - - - - - - - - - - -
2021-MAC-67_ML004_016 Anatase 37.16| - - - - 6212 - - 0.72 - - - - - - - - - - - - -
2021-MAC-67_ML0O04_017 Rutile 58.43 - - 1.07 - 38.87| 1.63 0 0 0 - - - - - - - - - - - -
2021-MAC-67_ML004_018 Rutile 50.72 | 2.24 - 1.77 - |44.26] 1.01 0 0 0 - - - - - - - - - - - -
2021-MAC-67_ML0O04_019 Anatase 47.04 - - - - 51.31 - - 1.65 - - - - - - - - - - - - -
2021-MAC-67_ML004_020 Anatase 48.57 - - - - 49.52 - - 1.91 - - - - - - - - - - - - -
2021-MAC-67_ML004_021 Ti-oxide 52.52| - - - - |46.25] - - 1.24 - - - - - - - - - - - - -
2021-MAC-67_ML004_022 Rutile 54.44| 1.98 - 0.53 - 40.40| 1.59 | 0.00 | 1.06 | 0.00 - - - - - - - - - - - -
2021-MAC-67_ML004_023 Anatase 54.88 | 0.64 - - - 4321 - - 1.27 - - - - - - - - - - - - -
2021-MAC-67_ML004_024 Ti-oxide 47.79| 0.45 - - - 48.84| 1.31 - 0.93 | 0.70 - - - - - - - - - - - -
2021-MAC-67_ML004_025 Quartz 52.15|46.55| - 1.29 - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML004_026 Rutile 31.45| 3.11 - 1.53 - |56.58| 2.71 | 0.00 | 1.17 | 3.45 - - - - - - - - - - - -
2021-MAC-67_ML0O04_027 Rutile 33.15 - - - - 53.49| 2.70 | 2.62 | 2.98 | 5.06 - - - - - - - - - - - -
2021-MAC-67_ML004_028 Rutile 45,65 1.17 - 0.78 - |47.02] 1.72 | 0.00 | 0.90 | 2.76 - - - - - - - - - - - -
2021-MAC-67_ML0O04_029 Rutile 46.56| 6.03 - 435 | 1.62 (37.46| 2.36 | 0.00 | 0.00 | 1.63 - - - - - - - - - - - -
2021-MAC-67_ML004_030 Rutile 3297 - - - - |61.54| 2.09 | 1.50 | 1.90 | 0.00 - - - - - - - - - - - -
2021-MAC-67_ML0O04_031 Rutile 29.06 - - - - 70.94 | 0.00 | 0.00 | 0.00 | 0.00 - - - - - - - - - - - -
2021-MAC-67_ML0O04_032 Anatase 9.95 - - - - 90.05 - - 0.00 - - - - - - - - - - - - -
2021-MAC-67_ML004_033 Ti-oxide 49.70112.05| - |10.66| 2.81 |21.86| 2.91 - - - - - - - - - - - - - - -
2021-MAC-67_ML0O04_034 Actinolite 45.49|25.56| - 1.56 - - 4.90 - - - 113.86| 8.64 - - - - - - - - - -
2021-MAC-67_ML004_035 Actinolite 46.46 | 25.30| - 1.98 - - 5.04 - - - 11291 8.31 - - - - - - - - - -
2021-MAC-67_ML0O04_036 Tourmaline 46.25|18.10| 2.65 |20.99 - - 10.75 - - - 1.27 - 0 - - - - - - - - -
2021-MAC-67_ML004_037 Tourmaline 47.93(17.87| 2.81 |20.52| - - 7.96 - - - 1.28 - 1.64 - - - - - - - - -
2021-MAC-67_ML004_038 Tourmaline 48.37|16.88| 3.01 |20.23| - - 7.48 - - - 1.50 - 2.53 - - - - - - - - -
2021-MAC-67_ML0O04_039 Tourmaline 44,90(17.90| 2.08 |21.39| - - ]110.89| - - - 1.37 - 1.48 - - - - - - - - -
2021-MAC-67_ML004_040 Tourmaline 45,11(17.99| 2.25 |21.12| - - ]10.34| - - - 1.20 - 2 - - - - - - - - -
2021-MAC-67_ML0O04_041 Tourmaline 45.33|18.51| 2.24 |22.08 - - 10.16 - - - 1.67 - 0 - - - - - - - - -
2021-MAC-67_ML004_042 Tourmaline 49,52 115.97| 3.00 |19.72| - - 7.45 - - - 1.44 - 2.91 - - - - - - - - -
2021-MAC-67_MLO04_043 Tourmaline 42.41118.45| 3.25 |21.44 - - 11.90 - - - 1.47 - 1.08 - - - - - - - - -
2021-MAC-67_ML0O04_044 Tourmaline 47.68|16.94| 3.04 | 20.18 - - 8.31 - - - 1.30 - 2.55 - - - - - - - - -
2021-MAC-67_ML004_045 Tourmaline 47.82117.18| 2.77 |20.78| - - 7.57 - - - 1.98 - 1.91 - - - - - - - - -
2021-MAC-67_ML0O04_046 Tourmaline 50.47|14.86| 3.74 |18.23| - - 5.83 - - - 1.83 - 5.04 - - - - - - - - -
2021-MAC-67_ML004_047 Tourmaline 38.94(20.14| 1.29 |23.14| - - ]15.57| - - - 0.93 - 0 - - - - - - - - -
2021-MAC-67_ML0O04_048 Tourmaline 43,18 19.12| 1.74 | 22.57 - - 12.28 - - - 1.11 - 0 - - - - - - - - -
2021-MAC-67_ML004_049 Tourmaline 49.56(16.19| 2.94 |19.72| - - 7.28 - - - 1.46 - 2.84 - - - - - - - - -
2021-MAC-67_ML0O04_050 Tourmaline 50.99|15.54| 3.73 | 18.36 - - 5.54 - - - 1.52 - 4.32 - - - - - - - - -
2021-MAC-67_ML0O04_051 Tourmaline 38.69(20.08| 1.75 [23.09| - - |15.44| - - - 0.96 - 0 - - - - - - - - -
2021-MAC-67_ML004_052 Tourmaline 50.05|16.18 | 2.86 [19.72| - - 6.01 - - - 1.86 - 3.31 - - - - - - - - -
2021-MAC-67_ML004_053 Tourmaline 50.27 |15.25| 3.46 |18.85| - - 6.46 - - - 1.25 - 4.46 - - - - - - - - -
2021-MAC-67_ML0O04_054 Tourmaline 51.21|14.46| 3.80 |17.74 - - 6.72 - - - 1.41 - 4.65 - - - - - - - - -
2021-MAC-67_ML004_055 Tourmaline 49.45|16.68| 3.13 [19.64| - - 7.80 - - - 1.02 - 2.27 - - - - - - - - -
2021-MAC-67_ML004_056 Tourmaline 44.45|18.60| 2.74 |21.65| - - 1117 - - - 1.39 - 0 - - - - - - - - -
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2021-MAC-67_ML0O04_057 Tourmaline 45.68|18.26 | 2.73 | 21.46 - - 10.92 - - - 0.95 - 0 - - - - - - - - - -
2021-MAC-67_ML004_058 Tourmaline 48.1717.45| 2.36 |20.77| - - 7.61 - - - 1.78 - 1.85 - - - - - - - - - -
2021-MAC-67_ML0O04_059 Tourmaline 47.37116.80| 3.05 |20.15 - - 9.41 - - - 1.54 - 1.69 - - - - - - - - - -
2021-MAC-67_ML004_060 Tourmaline 47.90|18.39| 2.41 |20.72| - - 9.06 - - - 1.52 - 0 - - - - - - - - - -
2021-MAC-67_ML004_061 Tourmaline 47.44|117.43| 2.94 | 20.70 - - 7.56 - - - 1.48 - 2.46 - - - - - - - - - -
2021-MAC-67_ML0O04_062 Anatase 49.76 | 3.30 - 1.71 - 42.84| 2.39 - 0.00 - - - - - - - - - - - - - -
2021-MAC-67_ML004_063 Rutile 47.30| - - - - |49.97| 1.45 | 0.00 | 0.00 | 1.28 - - - - - - - - - - - - -
2021-MAC-67_ML0O04_064 Muscovite 46.55(21.44 - 18.09| 7.25 - 2.37 - - - 1.07 - 3.23 - - - - - - - - - -
2021-MAC-67_ML004_065 ? 45.66(13.49| - [11.49] 2.40 - 119.71| - - - - 0.84 5.17 1.24 - - - - - - - - -
2021-MAC-67_ML0O04_066 Rutile 51.56| 1.71 - 1.08 - 39.22( 193 | 0.00 | 1.47 | 3.03 - - - - - - - - - - - - -
2021-MAC-67_ML004_067 lImenite 28.25| 1.66 - 1.31 - 130.78(38.00| - - - - - - - - - - - - - - - -
2021-MAC-67_ML004_068 Tourmaline 40.9718.74| 2.37 |22.48| - - |114.56| - - - 0.89 - 0 - - - - - - - - - -
2021-MAC-67_ML0O04_069 Tourmaline 47.38|17.10| 3.01 | 20.36 - - 8.49 - - - 1.45 - 2.2 - - - - - - - - - -
2021-MAC-67_ML004_070 Tourmaline 48.41|16.38| 3.26 |20.44| - - 7.48 - - - 1.34 - 2.7 - - - - - - - - - -
2021-MAC-67_ML004_071 Tourmaline 37.2818.35| 2.23 |21.33 - - 18.42 - - - 1.57 - 0.82 - - - - - - - - - -
2021-MAC-67_ML004_072 Tourmaline 51.49(14.72| 3.38 |18.86| - - 5.87 - - - 1.73 - 3.95 - - - - - - - - - -
2021-MAC-67_ML004_073 Tourmaline 41.58|18.73| 2.30 |22.53 - - 12.66 - - - 1.44 - 0.76 - - - - - - - - - -
2021-MAC-67_ML0O04_074 Tourmaline 48.04115.84| 3.39 |20.91 - - 7.67 - - - 1.08 - 3.05 - - - - - - - - - -
2021-MAC-67_ML004_075 Tourmaline 42.00(18.64| 2.28 |22.35| - - 113.79| - - - 0.95 - 0 - - - - - - - - - -
2021-MAC-67_ML0O04_076 Tourmaline 48.85|16.39| 2.99 |20.43 - - 7.28 - - - 1.55 - 2.51 - - - - - - - - - -
2021-MAC-67_ML004_077 Tourmaline 49,58 115.97| 3.29 |19.57| - - 7.02 - - - 1.68 - 2.89 - - - - - - - - - -
2021-MAC-67_ML0O04_078 Tourmaline 41.73119.04| 2.46 |22.33 - - 13.56 - - - 0.88 - 0 - - - - - - - - - -
2021-MAC-67_ML004_079 Tourmaline 45.75[17.30| 3.65 |20.12| - - 11.24| - - - 1.94 - 0 - - - - - - - - - -
2021-MAC-67_ML004_080 Quartz 53.16 |46.84 | - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML0O04_081 Quartz 57.58142.42 - - - - - - - - - - - - - - - - - - - - -
2021-MAC-67_ML004_082 Muscovite 47.61(23.10| 0.75 |19.49| 8.42 - 0.00 - - - 0.63 - - - - - - - - - - - -
2021-MAC-67_ML004_083 Rutile 4244 - - - - |55.00| 2.56 | 0.00 | 0.00 | 0.00 - - - - - - - - - - - - -
2021-MAC-67_ML004_084 Rutile 5435 - - - - |45.65| 0.00 | 0.00 | 0.00 | 0.00 - - - - - - - - - - - - -
2021-MAC-67_ML004_085 Rutile 3140 - - - - |65.22] 0.00 | 0.00 | 3.39 | 0.00 - - - - - - - - - - - - -




