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Abstract 

Geologic exploration often uses tools to indirectly discover where the mineralization of 

interest lies, as is the case of geochemical analyses where sometimes through 

pathfinders the occurrence of the desired element is assessed. This is the case of Li that 

is not detected by the used pXRF equipment in this work due to a limitation of the 

technique.  

The search for this element has increased in the last years and is expected to continue 

increasing even more, now that it has been classified in 2020 as a critical raw material 

of the European Union and aims to achieve carbon neutrality and for that a huge increase 

in the supply of this element will be required. 

Known pathfinders for LCT pegmatites, a source of Li, were analysed with a pXRF 

equipment, and their potential to assist in the exploration was assessed, but mainly the 

pXRF potential as a geologic exploration tool in this type of geologic resource and how 

well it fared against the more standard analytical technique of ICP-MS as a cheaper and 

quicker alternative, that can be used directly in the field. 

For this, an entire reverse circulation (RC) drill core, from the Barroso-Alvão aplite-

pegmatite field, was milled and the powder pressed into pellets and analysed with two 

measurement modes available in the pXRF: GeoMining mode and GeoExploration 

mode. 

To ensure the quality of the data, blanks went through the entire process and were 

analysed to assess if there was any contamination. Precision and homogeneity studies 

of the pellets were also done to 1 pellet per each lithology present in the samples, in a 

total of 3 lithologies.  

The pellets were found to have a good homogeneity and the equipment a good precision. 

Three intrinsic contaminations in the equipment were found but none were of the 

elements of interest studied.  

One of elements of interest was found to have unreliable data with uncertainties too great 

to work with while the other three elements had data of satisfactory or even great quality 

to either assess if they pegmatite is mineralized or distinguish between two Li-bearing 

minerals.  

 

 



VIII 
 

Resumo 

A prospeção geológica usa, frequentemente, ferramentas para descobrir onde a 

mineralização de interesse encontra-se, sendo este o caso das análises geoquímicas 

onde, por vezes, elementos guia são usados para aferir a ocorrência do elemento 

desejado. Este é o caso do Li que não é detetado pelo equipamento de FRX portátil 

usado neste trabalho, devido a uma limitação da técnica.   

A busca deste elemento tem aumentado nos últimos anos e é expectável que continue 

a aumentar, agora que foi classificado de matéria-prima crítica pela União Europeia em 

2020 e aponta a alcançar a neutralidade de carbono, e, para isso, um enorme aumento 

da oferta deste elemento será necessária.  

Elementos guia conhecidos para pegmatitos LCT, uma fonte de Li, foram analisados 

com um equipamento de FRX portátil, com o seu potencial de ajudar na prospecção a 

ser aferido, mas, principalmente o potencial da FRX portátil como ferramenta de 

prospecção geológica neste tipo de recurso geológico e quão bem se comporta, 

comparada com a ICP-MS, uma técnica analítica mais reconhecida, como uma 

alternativa barata e rápida que pode ser usada diretamente no campo.  

Para o efeito, uma sondagem de circulação reversa inteira, do campo aplito-pegmatitíco 

do Barroso-Alvão, foi moída e o pó prensado em pastilhas e analisado com dois modos 

de análise disponíveis na FRX portátil: o modo GeoMining e o modo GeoExploration.  

Para assegurar a qualidade dos dados, brancos passaram pelo processo inteiro e foram 

analisados para aferir se havia alguma contaminação. Estudos de precisão e 

homogeneidade das pastilhas também foram efetuados, a uma pastilha por cada 

litologia presente nas amostras, num total de 3 litologias.  

As pastilhas foram vistas como tendo uma boa homogeneidade e o equipamento uma 

boa precisão. Três contaminações intrínsecas ao equipamento foram encontradas, mas 

nenhuma era dos elementos de interesse estudados.  

Os dados de um dos elementos de interesse revelaram-se como não fiáveis, com 

incertezas demasiado grandes com as quais possa-se trabalhar, enquanto que os outros 

três elementos tinham dados de qualidade satisfatória ou mesmo de grande qualidade 

para ou aferir se o pegmatito é mineralizado ou para distinguir entre dois minerais que 

contém lítio. 
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Chapter 1 - Introduction 

To see what you cannot directly see in geology, is a constant challenge. This also applies 

to geochemical analyses where you can have an equipment that is simply not capable 

of detecting certain elements or when the concentration of the element of interest is 

below the equipment’s limit of detection (LOD) and thus not being detected. In both 

cases, this forces the research about that element (or elements) to be done using other 

methods or usually using the concentration of other elements that can act as pathfinders 

in a certain lithology, with much geological exploration being done this way (e.g., Gazley 

et al, 2011; Cao et al, 2016; Christie et al, 2019; McNulty et al, 2018). This is the case 

for many elements that are not detectable with portable X-ray fluorescence (pXRF), and 

specifically, the case of lithium in the samples used in this work.  

Lithium (Li), which has a crustal abundance of 20 µg/g, can be found in quantities that 

are economically exploitable in brine deposits and in pegmatites. Its exploration on the 

latter case, through pathfinders, will be expanded further in this work.  

According to Cerný & Ercit (2005), with a geologic location approach, granitic pegmatites 

can be classified in 5 classes: abyssal, muscovite, muscovite – rare-element, rare-

element and miarolitic, and respective subdivisions. Through a petrogenetic approach 

they can be distinguished between three families: a NYF (Nb-Y-F) family; a LCT (Li-Cs-

Ta) family; and a mixed NYF + LCT family. The samples used in this work come from 

the Barroso-Alvão aplite-pegmatite field and using this classification, Dias (2016) states 

it classifies as rare element class of pegmatites, of the LCT family, complex type and 

petalite and spodumene subtypes. These rare-elements pegmatites are characterized 

by Be, Sn, Ta, Nb (with Nb<Ta, which increases with fractioning), B, P and F. As for the 

LCT family it typically contains and gets enriched by fractioning with, Li, Rb, Cs, Be, Sn, 

Ta, Nb (with Ta>Nb) (Cerný & Ercit, 2005).  

The search of rare-element pegmatites can be assisted by the identification of fertile 

parental granites, since they are usually found within 10 Km of the fertile granites, 

because these pegmatites descend from them (Selway et al, 2005). Fertile granites have 

distinct features such as tending to be large plutons, silicic and peraluminous; bear Al-

rich minerals (A/NCK > 1,0); are poor in Fe, Mg and Ca; and are slightly enriched in REE. 

The A/CNK ratio is a molecular ratio of Al2O3/(CaO + Na2O + K2O) used as a geochemical 

classification to distinguish granites and classify them as peraluminous or metaluminous. 

Primary minerals that can occur in fertile granites are green lithium-bearing muscovite, 

garnet, tourmaline, apatite, cordierite and more occasionally andalusite and topaz 
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(Selway et al, 2005, and references therein). The A/CNK ratio should be moderate for 

fertile granites and high for rare-element pegmatites. The other ratios of interest for 

indicating fertile granites are K/Rb, K/Cs, Nb/Ta and Mg/Li which will be quite lower than 

the average for the upper continental crust (Table 1). The LCT pegmatites that hold the 

greatest economic potential have extremely low K/Rb, K/Cs, Nb/Ta and Mg/Li (Selway 

et al, 2005).  

Table 1: Abundance of rare earth elements in crustal rocks and pegmatites (taken from Selway et al, 2005). 

 

Besides lithium, caesium and tantalum (as suggested by the name), LCT pegmatites 

may also have economically viable concentrations of tin, usually in cassiterite, and 

rubidium, present in lepidolite and K-feldspar (Selway et al, 2005). A way that can be 

used to identify Li-rich LCT pegmatites is through phosphate minerals, common in LCT 

in the Central Iberian Zone as accessory minerals (Roda-Robles et al, 2010, and 

references therein). Phosphate minerals are fine-grained, accessory minerals in the 

studied area in Roda-Robles et al (2010), where low Fe/(Fe + Mn) ratios imply more 

evolved pegmatites, usually richer in Li, and Al-rich phosphates are present in Li-rich 

dykes.  

Another set of elements and minerals whose abundance has been found to increase with 

the enrichment in the proportion of Li-rich minerals with the more evolved pegmatites, 

are beryl rich minerals, Zr minerals and Nb-Ta minerals. In the latter case also the Ta/(Ta 

+ Nb) ratio, although in this particular case, of the Giraúl pegmatite field, Ta is not as rich 

as it should be expected. The authors hypothesize that this could be due to the immobility 

of Nb combined with the mobility and solubility of Ta, when a late hydrothermal fluid 

occurs, and that this can be the case in many pegmatitic bodies (Gonçalves et al, 2019).  

In the same area, barren and mineralized pegmatites can coexist. Llera et al (2019) 

present a case study between barren pegmatites and pegmatites mineralized with Li, Sn 

and Ta, where it was found that they have the same major and trace elements. However, 

K-feldspar and muscovite from the mineralized pegmatites have a higher Rb and Cs 
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concentration and lower P, while muscovite richer in F is found in the barren pegmatite 

bodies. Mineralogically, only the mineralized pegmatites were found to have Sn-Ta-Nb 

oxides.  

Lithium is used in ceramics and glass, steel and aluminium metallurgy and batteries, and 

its demand as grown in the last years. This demand is expected to continue to grow in 

the following years, particularly as the European Union (EU) aims for a climatic neutrality 

until 2050 (European Commission, 2020).  Due to this ambition, for electric vehicle’s 

batteries and energy storage only, until 2030 it will be required an 18 times bigger supply 

of Li for the EU and until 2050 a 60 times bigger supply compared to the current supply. 

With the current 100% dependence on non-EU sources, with Chile supplying 78%, in its 

2020 report on Critical Raw Materials, Lithium is now an EU critical raw material. Until 

2025 the EU hopes to have 80% of its Li supply coming from European sources 

(European Commission, 2020).  

In this work, known associations of elements on mineralized pegmatite bodies with Li 

were studied to assess if they could be used as pathfinders for this type of mineralization 

in the case study of the used samples, if possible, to distinguish samples by their lower 

or higher grade of Li and the type of Li-rich mineral present, through geochemical 

analyses with a pXRF equipment. This was done using samples of a drill core with 

different Li concentrations.  
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Chapter 2 - Mineralogical Setting 

There are 2 main types of Li pegmatites on the Barroso-Alvão area: spodumene and 

petalite. 

Lima (2000) describes the presence of spodumene as ranging from millimetric up to 30 

cm crystals, mostly fresh. 

The typical spodumene bearing veins are described in Lima (2000) and Martins (2009) 

with the following mineralogy: K-feldspar, albite, quartz, spodumene and muscovite are 

the main mineral phases. Montebrasite, triphylite, fluorapatite, dufrenite, phosphoferrite, 

fairfieldite, interstitial petalite, rare tourmaline, eucryptite, illite, montmorillonite, chlorite, 

cookeite, rare sulphides, uraninite, beryl, columbite-tantalite (but no cassiterite) are the 

accessory phases.  

The typical petalite bearing veins are described in Martins (2009) with the following 

mineralogy: petalite (30%), Na-rich plagioclase (25%), quartz (20%), K-feldspar (10%) 

and muscovite (10%) as major mineral phases. As for accessories, montebrasite, 

spodumene, fluorapatite, cassiterite, columbite-tantalite, SQUI (isochemical breakdown 

of petalite to spodumene plus quartz), beryl, eucryptite, cookeite, ferrisicklerite, and Fe 

and Mn oxides are observed; trace amounts of zinnwaldite, montmorillonite, pyrite, 

zircon, monazite, uraninite, sphalerite, bastnaesite, eosphorite, thorite, and loellingite. 

Three different types of petalite can be observed in Barroso-Alvão area (Martins, 2009): 

1) Fresh petalite crystals from 5 to 20 cm in length and 6 to 7 cm in width. 

2) Altered petalite crystals of smaller dimensions (0.5 to 3 cm), frequently in yellow 

colour. 

3) White masses of cryptocrystalline petalite. 
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Chapter 3 - pXRF on Geological Exploration: 

State-of-the-art 

In the last few years, modern portable X-Ray Fluorescence instruments (pXRF) have 

established themselves as a valuable tool for geological exploration in various types of 

mineral geologic resources and of lithologies. This can be assessed by the increase of 

research articles published in more recent years, as verified by quick searches on the 

most common trustworthy scientific search engines, like Scopus (Figure 1) or 

ScienceDirect.  

 

Figure 1: Evolution of the number of published research articles, per year, when searching “exploration portable 

XRF”, limited to Earth and Planetary Sciences, in Scopus.  

In geological applications, pXRF is either the only equipment used, or as part of the set 

of analytical techniques used. In the latter case, its utility lies on the quick screening of 

samples that can be obtained, right in the field. A good knowledge about the limitations 

of field use is necessary before a massive use of pXRF in exploration (Simandl et al, 

2014) and while not ideal due to lack of sample preparation leading to a poorer accuracy, 

on fine materials, field results are usable for mineral exploration and also geological 

mapping (Sarala et al, 2015). In the field, a proposed application to make an advantage, 

is in getting a quick analysis and corresponding results on the selection of hand samples 

to take for further analysis, this way improving this process’ efficiency (Fisher et al, 2014).  

The role of pXRF in geological exploration, comes after the phase of the area selection, 

in the phases of reconnaissance exploration and detailed exploration, as is the case in 

the Au and AG deposits in New Zealand since the 2010’s (Christie et al, 2019). In this 

study, pXRF was used in field samples and drill hole samples for the identification of 

hydrothermal alteration, and identification of mineral and element zonation to help locate 

mineral occurrences. The pXRF ability to allow a quick multielement analysis in 
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combination with other laboratory techniques, allows interpretation of data of background 

and geochemical signatures that may be related with underlying mineralisation (Tiddy et 

al, 2019).  

A proposed application of pXRF, in a spatial context, is the assistance in lithology logging 

in drill holes when there are situations such as hydrothermal alteration that make the 

task difficult, by using lithogeochemical signatures (McNulty et al, 2018). In the given 

example, a known ratio for that VMS type deposit (Ti/Zr) was used to distinguish 

orebodies in grade control drill cores. Cao et al (2018) also proposes a similar use, but 

in combination with bSEM equipment, to create a lithogeochemical stratigraphy and 

assist in distinguishing between mineralized layers and barren layers. To do it known 

ratios of elements above the detection limit were used, since the elements of interest, in 

this case the platinum-group element, where undetectable by pXRF. Geochemical data 

variations assessed by pXRF can also be used to evaluate visual variations between 

layers and their boundaries, of the same lithology, for example, different abundance of 

minerals. This is particularly useful when the mineralization occurs on those boundaries 

and can be tracked by the abundance of an element that is measured by the equipment 

(Gazley et al, 2011).  

Another application of pXRF, is on finer material, for example till (Sarala et al, 2015). In 

this study pXRF presented results with good and excellent coefficient of determination 

(depending on the element) to its laboratory counterpart. This is a good example how 

pXRF can be an important tool in not only identifying geochemical anomalies caused by 

mineralization from the bedrock, but also from a larger source area due to transport, by 

following the elemental concentration direction done by glacial movement.  

As it is important to know what can be done with pXRF it is also important to know the 

limitations of the technique, allowing users to know if they are working with reliable data. 

Unreliable data can lead to conclusions that are far from the truth and be costly to 

exploration and mining companies. Much research has been done on this aspect.  

Sample preparation is an important factor when the analyses are made on powder 

material. Without preparation, difference between analyses can go up to 1000% (Laiho 

& Peramaki, 2005), so a homogeneous grain size is essential, and the smaller the grains 

the better the accuracy gets (Laiho & Peramaki, 2005), though it has also been observed 

no differences in results in powders with grain sizes between 10-200 µm (Cao et al, 

2016). Porosity can give a small variation to results in powders not pressed into pellets 

and so pressing powders into pellets will increase the accuracy of results (Duée et al, 

2019; Sarala et al, 2015). Humidity also plays a role in accuracy. Laiho & Peramaki 
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(2005) found that for humidity’s values up to 5% the effect is negligible but after this 

value, it can seriously impact the precision and accuracy of pXRF analyses. On the other 

hand, Sarala et al (2015) found wet samples to be usable in field environments, for 

screening analysis, since the effect of water is a lower concentration of elements in the 

results obtained.  

One of the factors influencing the results that has been heavily studied is the 

heterogeneity (physical) on the surface of the samples: surface condition, grain size and 

their distribution and porosity, like cracks and fractures. Polishing a smooth surface on a 

whole rock sample has been found to not affect the results (Duée et al, 2019). 

Heterogenic surfaces on whole rock samples give more dispersed results on pXRF 

compared to homogeneous powders, due to grain size and its distribution on those whole 

rock samples (Duée et al, 2019).  An uneven surface on measurements is also a factor 

that interferes with the analyses made and affects its accuracy (Ge & Li, 2019). When it 

comes to bulk rock analyses, mostly on outcrops, superficial weathering may affect 

results since pXRF analyses have a superficial penetration (Jones et al, 2005).  

In contrary to Duée et al (2019), Bourke & Ross (2016) has stated that 3 to 7 

measurements on whole rock core samples that are then averaged, give equally reliable 

data for most elements to that of powders. The authors defend that this is preferable than 

to spend time turning a drill core into powder, which does not give significant gains in 

instrumental accuracy and precision. This finding is also backed by McNulty et al (2018) 

which only used 3 measurements on whole rock core samples to get results comparable 

to that of powders. These authors also found little gain in turning whole rocks into power, 

though finding powder’s results on pXRF comparable to its laboratory counterpart. Cao 

et al (2018) also got results on pXRF comparable to its laboratory counterpart, although 

only 5 elements were being tested, and for those elements there was also high coefficient 

of determination coefficients between pXRF and ICP-MS or ICP-AES.  

To achieve these satisfactory results, good calibration is of paramount importance, since 

the accuracy and precision of the results obtained can vary greatly with the elements of 

interest and their abundance on the sample (Simandl et al, 2014; Laiho & Peramaki, 

2005; Hall et al, 2014) (Duée et al, 2019). To ensure accurate results, good robust quality 

assurance and control (QA/QC) protocols are essential (Fisher et al, 2014). When it 

comes to the abundance of elements, Sarala (2016) mentions that for some explorations, 

in particular AU, PGE and REE, using pXRF gets restricted due to concentrations of 

indicator elements being lower than the detection limit, usually in the range of ppb. In 

this case pathfinders must be used.  
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Instrumental drift can be a concern when using a pXRF due to its potential to affect 

results. However, intra-day drift has been found to be absent when an instrument is 

frequently used (Bourke & Ross, 2016). These authors also noted that there is a 

significant drift after several weeks of non-use of an pXRF and recommend a warm-up 

period of 1 hour (the time during which drifts occurred), after which drifts disappear.  
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Chapter 4 - X-ray fluorescence  

X-Rays are electromagnetic radiation that take part in the electromagnetic spectrum 

between the less energetic ultraviolet radiation and the most energetic of all spectrum, 

Gama Rays (Potts, 1987). X-Rays are produced when there is electronic transition 

between inner orbital shells of an atom (Potts, 1987) with its energy ranging between the 

0.125 to 125 keV (Marguí & Van Grieken, 2013). 

X-ray fluorescence happens when radiation sufficiently energetic interacts with an atom, 

of any given sample, and causes ionization in the inner shells due to photoelectric 

absorption. Since what impinges on the samples are photons the technique is called X-

Ray Fluorescence. When a photon with an energy about 3 times superior to the binding 

energy of an electron, impinges unto it, the electron is ejected from its atomic level, 

ionizing the atom. An atom that is ionized is in an unstable state and for it to stabilize, 

there are two processes that can occur (Marguí & Van Grieken, 2013).  

The first, called the Auger effect, is a non-radioactive process, in which during the 

electronic rearrangement, the emission of other photoelectrons, of the same atom, 

occurs (Marguí & Van Grieken, 2013). The process happens when the emitted 

fluorescent X-ray before escaping the atom, transfers its energy to an electron of an 

outer orbital, causing its ejection. This electron is called the Auger electron and this 

process is typical for light elements (Potts, 1987).  

In the second process, an electron from the outer orbitals transitions to fill the vacancy. 

The excess energy of the electron in the transition between its initial and final position, 

is released in the form of an X-ray photon (the fluorescence) (Figure 2) (Marguí & Van 

Grieken, 2013) and this energy is measured in units of the electron volt (eV) (Potts, 

1987). 
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Figure 2: Schematic of X-ray generation (taken from Nakayama & Nakamura, 2014). 

Each element has a specific X-ray energy emission signature. In 1913-1914 Henry 

Moseley, after measuring and plotting the X-ray frequencies for several elements of the 

periodic table, realised that the wavelength of a characteristic X-ray is related with the 

atomic number of that element (Potts, 1987; Marguí & Van Grieken, 2013). With the X-

ray production being mostly independent of existing chemical associations between 

elements, the method is capable of multielement analysis. (Marguí & Van Grieken, 

2013).   

In the interaction of incident X-ray photons with a sample, instead of being absorbed, a 

part of this radiation may be scattered or transmitted. There are two kinds of scatter, 

Rayleigh’s scatter, and Compton’s scatter (Figure 3). In Rayleigh’s scatter no loss of 

energy occurs in the collision process (an elastic interaction), so it is a coherent scatter. 

Because no energy exchange occurs the scattered photon will have the same amount 

of energy as the incident beam. In Compton´s scatter, an energy exchange happens. 

This is an incoherent scatter, and the scattered photon has lower energy than of the 

incident photon. Peaks of these phenomena appear in the XRF spectrum corresponding 

to both scatters of the incident excitation beam that correspond, if an X-ray tube is being 

used, to the same element energy as the element used in the tubes’s anode. Rayleigh’s 

scatter peaks have sharp shapes and are typical of heavier elements or lower excitation 

energies. Compton’s scatter peaks are wider due to having a larger spread of energy 

(visible in a spectrum by being in slightly lower energies that Rayleigh’s scatters) and are 
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typical of light elements or higher excitation energies. Besides being dependent on the 

average atomic number, in which heavy elements have high Rayleigh’s scatter and low 

Compton’s scatter, and vice-versa for lighter elements as previously mentioned, these 

scatters are also influenced by the density and the thickness of the samples being 

irradiated (Marguí & Van Grieken, 2013). 

 

Figure 3: Atomic schematic of X-ray interactions with matter, with emphasis to the Rayleigh’s scatter and 

Comton’s scatter (taken from Seibert & Boone, 2005).  

All X-ray fluorescence spectrometers have an excitation source, a sample presentation 

system (where the sample is placed to be analysed), a detection system and a data 

collection and signal processing system as base components (Marguí & Van Grieken, 

2013).  

X-ray tubes are the most widely used excitation sources in X-ray spectrometry, reason 

why they will be the only type of excitation source described here. An X-ray tube 

comprises of a cathode, which is a spiral fragment often made of W, and an anode 

commonly made of Mo, Rh, Pd or W, placed inside a vacuum seal. When the tube is 

powered up the filament heats and emit electrons that are then attracted and accelerated 

to the anode due to a high voltage differential, between the cathode and the anode. Upon 

hitting the anode, the ensuing deceleration of electrons causes the emission of X-ray 

photons with this radiation being called Bremsstrahlung (from the German brems for 

braking and strahlung for radiation) (Marguí & Van Grieken, 2013). The Bremsstrahlung 

shows up in the spectrum as a continuous band of emitted energies, in other words it 

constitutes the background radiation. (Marguí & Van Grieken, 2013; Van Espen et al, 

1980). Additionally, some of the electrons that hit the anode will eject electrons of the 
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anode’s atoms, which produces a characteristic radiation typical of the element with 

which the anode was made (Marguí & Van Grieken, 2013. 

An X-ray tube has critical implications on XRF analysis, with the used voltage and the 

element used in the anode, predefining the range of elements that can be excited. Thus, 

the current and voltage in a tube determining the power of an X-ray tube, which affects 

the sensitivity of an instrument (more power, better sensitivity) (Marguí & Van Grieken, 

2013). 

The purpose of a detector system is to convert X-ray photons into electrical pulses 

(counts per second), with the pulses then being amplified and counted by a multi-channel 

analyser. In its turn, the amount of pulses of a certain voltage gives the intensity of the 

corresponding energy and is represented in an XRF spectrum as a peak (Marguí & Van 

Grieken, 2013). However, in an XRF spectrum there are peaks that can appear, which 

are not part of the sample, and are typically referred to as artifacts. To guarantee quality 

in the results, it is necessary to be aware of them. There are 3 of them, which are escape 

peaks, sum peaks and incomplete charges (Marguí & Van Grieken, 2013).  

Sum peaks, or pile-up effect as it can also be called, appears when two high-intensity 

peaks arrive in such a small-time interval, that the detector erroneously recognizes it as 

only one event. As such, the resulting peak’s energy is the sum of the energies of the 

two peaks. This is due to the input count rate limitations associated with the pulse 

processor (Marguí & Van Grieken, 2013; Potts, 1987b). In general, XRF’s software can 

correct this, by automatically removing these peaks (Marguí & Van Grieken, 2013).  

Escape peaks occur when the detector is struck by incoming X-ray, emitting its own 

element radiation (normally Si, for semi-conductor detectors) that is immediately 

absorbed within the detector. A small probability exists that the produced x-rays escape 

the detector, not contributing to the detected fluorescent x-ray photon. This results in a 

peak, called escape peak, in the spectrum, with an energy lower than the parent peak, 

located in an energy equivalent to the difference between the energy of the original line 

and that of the line of the detector’s element. Like the previously mentioned artifact, 

XRF’s software corrects this by automatically removing them (Marguí & Van Grieken, 

2013). 

Incomplete charges originate in the detection, by the detector, when all the electron-hole 

pairs generated by an incident X-ray are not swept to the electrical contacts, resulting in 

a charge signal measured lower than expected. It appears as non-symmetric peaks 

which have a bigger tail to the left, as can be seen in the example shown by Van Espen 

et al (1980).  
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The main distinction between XRF spectrometers is made fundamentally on their 

detection system (Marguí & Van Grieken, 2013). They can be wavelength dispersive 

(WDXRF), measuring only one element at once, or energy dispersive (EDXRF), with 

poorer resolution but allowing to detect a wide range of energies simultaneously (Figure 

4).  

The pXRF used in this work is an EDXRF spectrometer. EDXRF spectrometers consist 

simply of two basic units, an excitation source and a detection system (Marguí & Van 

Grieken, 2013) with the detector system generally consisting of a solid-state detector 

(SSD), typically a Si(Li) semiconductor is used, and a multichannel pulse-height analyser 

that collects, integrates and displays the resolved electronic pulses (Marguí & Van 

Grieken, 2013; Nakayama & Nakamura, 2014).  

 

Figure 4: Schematics of a WDXRF system and a EDXRF system (adapted from Marguí et al, 2014).  

This system allows the simultaneous detection X-rays emitted by the sample and so the 

quick acquisition of multielement data (Marguí & Van Grieken, 2013; Nakayama & 

Nakamura, 2014). However, the spectrometer has a maximum limit to the count rate it 

can handle. A common solution for this limitation, is to put a source modifier, for example 

a filter, between the x-ray source and the sample (Marguí & Van Grieken, 2013).  
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Chapter 5 - Materials and methods 

5.1. Samples 

The samples used have a single origin. A full reverse circulation (RC) drill core from the 

Barroso aplite-pegmatite field in a vein called Pinheiro, which amounts to 129 samples, 

with each sample corresponding to a 1-meter interval, from 0-1 m interval to the 128-129 

m interval. This drill core intercepted 3 different lithologies, which are: schist, quartz and 

pegmatite. Some of these intervals have more than 1 lithology present, so some samples 

are “mixed”, with the drill core having a 60º → N92º attitude. These samples were 

collected in September 2018, by Ricardo Ribeiro and Cátia Dias, two previous 

researchers of the FlaPSys research project, with inverted plastic bags in their hands 

and taking the samples from the larger plastic bags that held the samples taken by the 

drill. The samples, having been chosen due to being the most recent drill core and so 

alterations since it was drilled should not have happened. Furthermore, the samples from 

this drill core were also chosen due to the varied concentrations of Li.  

The exact location where the drill core was performed was not disclosed by the company, 

only that the drill core was performed in the outskirts of the village of Covas do Barroso, 

which belongs to the municipality of Boticas (Figure 5), somewhere around the locality 

of Alijó, in the Barroso region.  

Dias (2016) described several pegmatites in this area some with low Sn content and 

others with high Sn content, with the Sn content having been inferred by catchment 

basins sediment analysis. One of the veins described was in the Alijó locality. Here, two 

sub-parallel veins exist, with a N165º direction and an inclination variable from 45ºW to 

60ºE, with the Li-bearing mineral being spodumene, with no petalite found, and the aplitic 

and pegmatitic textures have an alternated occurrence. Within the aplitic texture there is 

the occurrence bands rich in small crystals of petalite. These veins have low Sn-contents 

and were installed in very deformed metasediments, deformation which indicates the 

presence of a shear corridor.  

As for veins with high Sn content, Dias (2016) described a vein (called in the work CHN3), 

with a N150º general direction and subvertical in inclination, Li-mineralized as seen by 

the spodumene crystals found in that body in an area and petalite in another area and 

describes the existence of several shear-zones. The high Sn content is taken from the 

existence of cassiterite in the vein. One of the other Sn high content veins described, as 

asserted by the catchment basins was around the locality of Pinheiro, near the locality 

of Alijó and its veins, described above, a sub-horizontal vein is described with only 
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spodumene crystals being found. The author theorizes that the Sn content of the 

catchment basin could come from old Sn mines in the area.   

 

Figure 5: Map of the Barroso area, with the locality of Alijó marked (taken from Dias (2016)) and in the upper left 

corner, in red, the municipality of Boticas, in a map of the Portuguese municipalities.  

5.2. Sample preparation  

The protocol that was followed, consists of firstly drying the collected samples in an oven 

(Memmert GmbH + Co.KG Model 400) inside PVC trays. To further prevent 

contaminations, a tracing paper sheet was placed on the trays before filling them with 

the sample to dry (Figure 6), at 50ºC for a minimum of 24 hours, until the material was 

completely dry. Afterwards, it was stored in a sealed plastic bag. 

 

Figure 6: a) PVC trays with samples b) Memmert GmbH + Co.KG Model 400 oven. 

a) b) 
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A portion of the sample’s material (Figure 7) was then split by manual quartering. To 

prevent any kind of contamination, this was done with the use of sheets of paper, which 

were discarded after each sample, and with a PVC spatula. The split portion, with only 

about 60 g being needed, was then milled in a vibratory agate ring mill (Fritsch 

Pulverisette 9). After milling it was sieved, in a 125 µm mesh sieve, with the help of a 

sieve shaker (when available) or manually, to ensure the target grain size of >125 µm 

was achieved (Figure 8). This milled and then sieved portion material was stored in a 

smaller sealed plastic bag as a subsample, with the rest of the sample stored again in 

its plastic bag. After each sample, the mill’s rings and the sieves were thoroughly cleaned 

with compressed air and ethanol. At the end of a day the sieves were additionally cleaned 

in an ultrasound bath.  

 

Figure 7: process of manually splitting the sample’s material. 
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Figure 8: a) sieving with a sieve shaker. b) sieve 

 

After this, pressed pellets were made from the >125 µm fraction subsample. The pellets 

weight between 0,7 g to 0,8 g and measure 13 mm in diameter. In this part of the process, 

all the materials used were put on top of a clean sheet of paper to prevent contaminations 

coming from the balconies. The portion of the material used for each pellet was weighted 

in a microanalytic balance, Kern model ABT 320-4M, (Figure 9) on weighting boats. A 

folded piece of tracing paper was used to fill the weighting boats with the necessary 

amount of sample. Following this, the material was then allocated in cylinders designed 

for pellet making. A Specac Atlas Manual Hydraulic Press (Figure 10) was used to make 

the pellets with a set pressure of 10 tons, applied for a minimum of 30 seconds, up to a 

minute. One pellet was made per sample. The materials were cleaned after each sample, 

first with running water, then with ethanol and finally with deionized water, apart from the 

balance and the press were only cleaned when needed or at the end of a day. All pellets 

are stored in a plastic petri dish and then in turn in a desiccator (Figure 11).  

a) 

b) 
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Figure 9: Weighting in a microanalytic scale. 

 

Figure 10: Hydraulic press.  



33 
 

 

Figure 11: Desiccator filled with pellets in their respective plastic petri dishes.  

5.3. pXRF analysis 

All produced pellets were analysed with a Bruker S1 TITAN 600 model equipment 

(Figure 12). This pXRF has an X-ray tube with an anode made of Rh, which operates at 

2 W of power, an operating current of 5-100 µA and has a silicon drift detector (SDD) 

with a typical resolution inferior to 145 eV. It has several modes for sample analysing but 

only two were used, the GeoExploration mode and the GeoMining mode, since according 

to the manufacturer they were worked to include light element analysis, via three phase 

measurements. Furthermore, the GeoMining calibration has a higher accuracy for minor 

and major elements, while GeoExploration is optimized for trace elements. According to 

the manufacturer, LOD for the different elements are lower for the GeoExploration mode 

and higher for the GeoMining mode.  Each pellet analysis was done with 3 beams, with 

each analysis taking 90 s with 30 s of beam time for each phase.  

This pXRF has 5 filter modes:  

1) Ti 25 µm; Al 300 µm 

2) No Filter 

3) Cu 75 µm; Ti 25 µm; Al 200 µm 

4) Fe 25 µm 

5) Al 38 µm. 

For both the GeoMining mode and the GeoExploration mode, phase 1 of analysis uses 

filter number 2 (no filter) while phase 2 uses filter number 1 and phase 3 of analysis uses 

filter number 3.  
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Phase 1, 2 and 3, beams have energies of 30 kV, 50 kV and 15 kV, respectively. On 

both modes phase 1 detects elements of K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 

Se, Hf, Ta, W, Au and Tl while phase 2 detects elements of As, Se, Rb, Sr, Y, Zr, Nb, 

Mo, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, Ba, La, Ta, Pt, Au, Hg, Tl, Pb, Bi, Ce, Th and U and 

phase 3 detects elements of Mg, Al, Si, P, S, Cl, K and Ca. 

For each pellet only one spot was analysed, 1 time in GeoMining mode and 1 time in 

GeoExploration mode. Before the start of the analysis, a lithium carbonate, Li2CO3, blank 

and then a calibration sample provided by the manufacturer were analysed to check if 

the equipment was working correctly. They were also analysed at the end of a run to 

ensure there was no drift. The mentioned calibration sample from the manufacturer has 

the name: Cs-Me Geo/Soil Sample, and the expected results for this sample are only 

known for a few elements and only in GeoMining mode. For the analyses, the pellets 

were placed in a sample cup with a Hitachi Poly-S 3,5 µm sample film on the bottom 

(Figure 13).  

 

 

Figure 12: pXRF during an analysis.  

 

Figure 13: sample cup with film on.  
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Chapter 6 - Results and discussion 

After analysing the results, the elements of interest for display here were chosen based 

on the bibliography mentioned previously and if they were detected. These elements are 

Rb, Sn, Nb and Ta. 

When analysis by other technique, ICP-MS, were available, a comparison with the 

results obtained with the pXRF was made. 

From the work of Ribeiro (1998) values of Rb, one of the studied elements, are known 

for the host rock that is the schist mentioned previously as one of the intercepted 

lithologies in the drill core, for the area and more specifically the sub-unit where the drill 

was conducted, the Rancho sub-unit (Table 2, highlighted with a red rectangle). This will 

allow for a comparison to check if the obtained values of Rb in schist are anomalous.  

Table 2: Arithmetic and weighted averages of various elements, including Rb, in the Rancho (Ra) sub-unit (table 

extract taken from Ribeiro (1998). 

 

Results shown correspond to 1 measurement ± combined standard uncertainty, that is 

calculated by: 

FORMULA (1): 𝑢𝑐 = √𝑆𝐷2 + (𝑢𝐹𝑃)
2 

where SD is the standard deviation of repeated measurements, and uFP is the maximum 

uncertainty that is reported by the manufacturer's FP algorithm (Guimarães et al, 2016).  

Because only 1 measurement was done, in the previous equation the SD is replaced by 

the value obtained with the precision percentage calculated in 6.1.3. 

Every coefficient of determination (R2) calculated in this work were all transformed to be 

shown in a percentage value, a R. 𝑅 = √𝑅2 ∗ 100 
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6.1. QA/QC 

6.1.1. Blank measurements 

During the entire process, all kind of measures were taken to avoid contaminations as 

described above. However, not all contaminations are avoidable, mainly when metal 

equipment’s are used for sample preparation, or due to intrinsic contamination of the 

instrument performing the analysis. In this work, two types of blanks were analysed: a 

blank of the method and an instrument blank. 

To access any kind of contamination during sample preparation, a calcite mineral, 

CaCO3, was crushed, dried in oven, quartered, milled, sieved and turned into a pellet, 

passing through the entire process and was then analysed on the pXRF.  A portion of 

the calcite that did not pass through the process, the “whole rock”, was also analysed. 

This way, any spectral difference can be distinguished as originating in the process up 

to the analysis point in the pXRF equipment. However, minerals tend to have impurities 

in their chemical structure. To access if any anomaly in the spectrum was due to 

impurities that calcite minerals can contain, and not from contaminations in the sample 

process treatment, bibliography about this matter was consulted. Several calcite 

impurities have been studied with ICP-MS and La-ICP-MS analyses, and so Mg, V, Mn, 

Fe, Cu, Zn, Sr, Ba, Pb, U, Na, Al, Si, P, S, K and Ni can be found as impurities (Table 3) 

(Roberts et al, 2017; Kabacinska et al, 2019; Jochum et al, 2019), which needs to be 

kept in mind while analysing the spectrums of the analyses.  
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Table 3: Impurities and their concentrations according to different sources.  

Impurity Concentration Source 

Mg 

158 - 14700 µg/g Roberts et at 2017 

0.02% Kabacinska et al 2019 

1756 µg/g Jochum et al 2019 

V 
0.021 - 0.61 µg/g Roberts et at 2017 

46.3 µg/g Jochum et al 2019 

Mn 

0.12 - 2.55 µg/g Roberts et at 2017 

0.0002% Kabacinska et al 2019 

536 µg/g Jochum et al 2019 

Fe 

3.1 - 8.7 µg/g Roberts et at 2017 

0.01% Kabacinska et al 2019 

11200 µg/g Jochum et al 2019 

Cu 
0.043 - 0.183 µg/g Roberts et at 2017 

120 µg/g Jochum et al 2019 

Zn 

0.084 - 0.174 µg/g Roberts et at 2017 

0.0006% Kabacinska et al 2019 

111 µg/g Jochum et al 2019 

Sr 
445 - 5420 µg/g Roberts et at 2017 

6760 µg/g Jochum et al 2019 

Ba 
0.36 - 1.8µg/g Roberts et at 2017 

58.7 µg/g Jochum et al 2019 

Pb 
0.07 - 0.4 µg/g Roberts et at 2017 

56.5 µg/g Jochum et al 2019 

U 
0.005 - 0.042 µg/g Roberts et at 2017 

1.52 µg/g Jochum et al 2019 

Na 
0.004% Kabacinska et al 2019 

5900 µg/g Jochum et al 2019 

Al 0.001% Kabacinska et al 2019 

Si 0.02% Kabacinska et al 2019 

P  0.0009% Kabacinska et al 2019 

S 0.39% Kabacinska et al 2019 

K 0.007% Kabacinska et al 2019 

Ni 
0.0001% Kabacinska et al 2019 

57.4 µg/g Jochum et al 2019 

 

A Boric Acid, H3BO3, powder sample was directly poured into the X-ray cup without 

passing through the drying, milling and sieving part of sample preparation. The sample 

was analysed by pXRF, and used as an instrument blank, to assess if there were 

contaminations intrinsic to the spectrometer. These types of contaminations would show 
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up on the three spectrums, the Boric Acid, the whole rock calcite and the calcite that 

passed through the entire process.  

The reading of the phase 1 of the spectra resultant of the analysis made with both the 

GeoMining mode and the GeoExploration mode, on both the portion of the calcite that 

underwent all the sample treatment (blank of the method) and the one that was analysed 

directly with pXRF (instrument blank) highlighted the occurrence of three possible 

contaminations, on the spectra of the phase 1 of analysis (Figure 14). Of these three 

elements, which are Cr, Fe and Ni, none is part of the calcite pure structure, however 

the latter two are part of the known elements that can occur as impurities in calcite. 

The reading of the phase1 of the Boric Acid spectra wielded, in both analysing modes, 

three possible contaminations, which again correspond to the elements Cr, Fe and Ni. 

The spectra of the phase 1 on both analysing modes were overlapped for a better visual 

comparison, in which these three anomalies clearly occur in a very similar fashion.  

From this analysis it is clear, that there is no difference between the two spectra of the 

of the calcite that served as a blank of the method and the one which served as an 

instrument blank on both analysing mode and so it is possible to state there was no 

occurrence of contaminations that were intrinsic to the process of handling the samples.  

On the other hand, the three contaminations that could possibly be present in the calcite 

spectra were also present in the Boric Acid spectra in a similar manner. This leads to the 

conclusion that there is a contamination of Cr, Fe and Ni originating in the equipment 

itself.  

In the phase 2 (Figure 15) and phase 3 (Figure 16) of the spectra from the Boric Acid, 

Blank of the method and the Instrument Blank no further suspected contaminations were 

found. 
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Figure 14: a) spectra of phase 1 of pXRF GeoExploration mode; b) spectra of phase 1 of pXRF GeoMining mode. 

 

 

Figure 15: a) spectra of phase 2 of pXRF GeoExploration mode; b) spectra of phase 3 of pXRF GeoMining 

mode. 

a) 

b)  

b)  

a) 



40 
 

 

 

Figure 16: a) spectra of phase 3 of pXRF GeoExploration mode; b) spectra of phase 3 of pXRF GeoMining 

mode. 

 

6.1.2. Figures of merit 

An estimate on the precision of the pXRF was carried out by analysing 10 times on a 

single spot of a pellet, 3 different pellets from the Pinheiro drill core.  Each pellet had a 

different matrix, that is representative of the 3 unique matrixes present in this drill, which 

are schist, pegmatite and quartz. Nevertheless, the quartz matrix only occurs at an 

interval mixed with pegmatite, from the 12 m depth to the 13 m depth, corresponding to 

a single sample. The analyses were made using the two analysing modes, GeoMining 

and GeoExploration, which amounts to 20 analysis total per pellet.  

In the same three pellets the homogeneity of the pellets was studied by analysing each 

pellet 10 times on 10 different spots. For each spot both analysing modes were used, 

which again makes a total of 20 analysis per pellet. This allows to infer from here, the 

homogeneity level of all pellets worked with.  

The precision and homogeneity were assessed for the 4 elements of interest in this 

study: Rb, Nb, Sn and Ta. Both were then evaluated the same way, by the RSD and 

presented as: (  ± R.S.D.). By doing this, it allows to save time analysing samples and 

only doing one analysis with each analysing mode per pellet, instead of 3 analysis per 

pellet with each analysing mode. Though, this leads to an overestimation of the error in 

a) 

b)  
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the values obtained, the inferior amount of time spent with analyses outweighs this 

drawback.  

For the precision of the schist pellet (Table 4), the RSD was slightly higher in the analysis 

done with the GeoMining mode, except for Ta in which it was less than half than that 

obtained with GeoExploration mode, and for Nb since it was not detected above the LOD 

in the GeoExploration mode. Overall, the RSD was low for all elements with both 

analysing modes and, apart from Ta in GeoExploration mode, it was lower than 10%.  

As for the homogeneity of the schist pellet (Table 5), in an inverted way to the analysis 

done to assess precision, the RSD was slightly lower in the analysis done with the 

GeoMining mode, apart from Ta which had a slightly higher RSD and again Nb was not 

detected above the LOD with the GeoExploration mode. Overall, the RSD was again low 

for all elements, under 10%, except for Ta which was a bit above 10% in both analysing 

modes.  

Between the RSD obtained in the analyses for precision and for homogeneity, in each 

element, in both analysing modes, the difference in the RSD is quite small, under 1% 

with the exception in Ta. This allows to affirm that the homogeneity in schist pellets is 

very good. The RSD under 10% for most elements, even approximately 1% for Rb, which 

is remarkable, indicates that overall, these analyses have a very good degree of 

precision and have an almost negligible variation for Rb, in the schist matrix.  

Table 4: Precision study for a schist matrix pellet.  

Schist Matrix Pellet: Pinheiro - 30 

Analysing mode Element 
[ ] 

(µg/g) 
R.S.D. n 

GeoExploration 

Rb 1129 1% 10 

Nb       

Sn 207 3% 10 

Ta 79 15% 10 

GeoMining 

Rb 1132 1% 10 

Nb 142 5% 10 

Sn 1647 4% 10 

Ta 247 7% 10 
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Table 5: Homogeneity study for a schist matrix pellet.  

Schist Matrix Pellet: Pinheiro - 30 

Analysing mode Element 
[ ] 

(µg/g) 
R.S.D. n 

GeoExploration 

Rb 1148 1% 10 

Nb       

Sn 205 4% 10 

Ta 73 10% 10 

GeoMining 

Rb 1173 1% 10 

Nb 141 4% 10 

Sn 1602 3% 10 

Ta 262 12% 10 

 

For the precision of the quartz pellet (Table 6), the RSD was higher in the analysis done 

with the GeoMining mode for Rb, while Ta had an inferior RSD in the GeoMining mode. 

Sn and Nb which were under the LOD in GeoExploration mode, had an RSD inferior to 

10% which classifies as good in the GeoMining mode. Overall, the RSD was low for all 

elements with both analysing modes, apart from Ta.  

As for the homogeneity of the quartz pellet (Table 7), in an inverted way to the analysis 

done to assess precision, the RSD was lower in the analyses done with the GeoMining 

mode, apart from Ta which had a higher RSD and again Nb was under the LOD with the 

GeoExploration mode, so no RSD was possible to assess. In sum, the RSD was again 

low for Rb, close to 1%, while the other elements were closer to 10% of RSD except for 

Ta which was above 10% in both analysing modes.  

Between the RSD obtained in the analyses for precision and homogeneity assessment, 

for each element, in both analysing modes it is possible to observe that, the difference 

in the RSD is quite small for Rb, under 1%, however it is far greater for the other elements 

though under 10%. This leads to believe that the homogeneity in quartz pellets is good. 

In the precision assessment analyses, the RSD under 10% for most elements, even 

approximately 1% for Rb, which is remarkable, indicates that overall, these analyses 

have a very good degree of precision and have an almost negligible variation for Rb. 
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Table 6: Precision study for a quartz matrix pellet. 

Quartz Matrix Pellet: Pinheiro - 12 

Analysing mode Element 
[ ] 

(µg/g) 
R.S.D. n 

GeoExploration 

Rb 425 1% 10 

Nb       

Sn       

Ta 89 14% 10 

GeoMining 

Rb 421 1% 10 

Nb 195 3% 10 

Sn 749 5% 10 

Ta 234 13% 10 

 

Table 7: Homogeneity study for a quartz matrix pellet.  

Quartz Matrix Pellet: Pinheiro - 12 

Analysing mode Element 
[ ] 

(µg/g) 
R.S.D. n 

GeoExploration 

Rb 425 1% 10 

Nb       

Sn 15 18% 3 

Ta 81 12% 10 

GeoMining 

Rb 422 1% 10 

Nb 199 10% 10 

Sn 759 9% 10 

Ta 230 15% 10 

 

For the precision of the pegmatite pellet (Table 8), the RSD was lower in the analysis 

done with the GeoMining mode for all elements. Sn and Nb were under the LOD in 

GeoExploration mode. Overall, the RSD was low for all elements with both analysing 

modes inferior to 10%.   

As for the homogeneity of the pegmatite pellet (Table 9), in a similar fashion to the 

analysis done to assess precision, the RSD was lower in the analyses done with the 

GeoMining mode. Nb and Sn were under the LOD in all analyses with the 

GeoExploration mode, so no RSD was possible to assess for them in this mode. In sum, 

the RSD was again very low for Rb, close to 1%, with all the other remaining elements 

under 10% of RSD.  

Between the RSD obtained in the analyses for precision and homogeneity assessment, 

for each element, in both analysing modes it is possible to observe that, the difference 

in the RSD is quite small for all elements, with the difference in RSD in both assessments 
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being close to or even inferior to 1%. This leads to believe that the homogeneity in 

pegmatite pellets is outstandingly good. In the precision assessment analyses, the RSD 

is inferior to 10% for all elements, even inferior to 1% for Rb, which is remarkable, 

indicates that, these analyses have a very good degree of precision and have an almost 

negligible variation for Rb in a pegmatite matrix. 

 

Table 8: Precision study for a pegmatite matrix pellet. 

Pegmatite Matrix Pellet: Pinheiro - 27 

Analysing mode Element 
[ ] 

(µg/g) 
R.S.D. n 

GeoExploration 

Rb 822 1% 10 

Nb       

Sn       

Ta 212 8% 10 

GeoMining 

Rb 817 1% 10 

Nb 447 2% 10 

Sn 624 7% 10 

Ta 588 6% 10 

 

Table 9: Homogeneity study for a pegmatite matrix pellet.  

Pegmatite Matrix Pellet: Pinheiro - 27 

Analysing mode Element 
[ ] 

(µg/g) 
R.S.D. n 

GeoExploration 

Rb 792 1% 10 

Nb       

Sn       

Ta 198 8% 10 

GeoMining 

Rb 797 1% 10 

Nb 430 3% 10 

Sn 563 8% 10 

Ta 581 6% 10 

 

 

The limits of detection for the displayed elements were calculated with the following 

equation (Guimarães et al, 2016):  

FORMULA (2): 𝐿𝑂𝐷 = 𝐶𝑖 ∗ 3
√(𝑁𝑏)

𝑁𝑝
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where Ci is the standard analyte concentration, Nb is the number of counts in the 

background and Np is the number of counts in the peak area. For this calculation, the 

spectrum of a single pellet with low concentrations of the displayed elements was used.  

In the table below (Table 10), the calculated LOD are presented and compared with the 

LOD that the manufacturer of the used pXRF calculated, which was achieved using pure 

SiO2.  

Table 10: Comparison of LOD (in µg/g) for the pXRF.  

Analysing 
mode 

Element 
Calculated LOD 

(µg/g) 

Manufacturer's LOD 
(µg/g) 

GeoExploration 

Rb 6 1 

Nb 4 3 

Sn  40 

Ta  7 

GeoMining 

Rb 6 1 

Nb 3 1 

Sn  69 

Ta  43 

 

From these LOD it is possible to see the difference that a different element brings to the 

sensitivity of the equipment and so it should always be used with caution between 

samples with a different element. The closer to the LOD the concentration of an element 

is, the bigger the error margin will become. The concentration of Ta in ICP-MS analyses 

is extremely close to the manufacturer’s LOD and in many cases is even below the 

manufacturer’s LOD, and it was not possible to calculate it in these samples due to what 

is assumed to be a contamination present in the equipment, so it comes as no surprised 

the big error reported for the element and combined with the high RSD, its results were 

discarded and not presented here. The same decision to discard the results was made 

with Nb in GeoExploration mode as the LOD was close to the used concentration to 

calculate it. Sn suffered from the same problem as Ta and it was not possible to calculate 

the LOD in these samples, due to a possible contamination, which makes the Sn 

concentration unreliable, and in GeoExploration mode its results were discarded, but as 

will be explained ahead, the results in GeoMining mode still have some use.  
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6.2. Case studies 

6.2.1. Rubidium – Pinheiro 

For the 128 samples, accuracy of both measurement modes was assessed comparing 

the results with ICP-MS as can be seen in Figure 17. The combined standard uncertainty 

(uc) in Geomining mode was: 5.34% in pegmatite, 16.41% in schist and 5.60% in quartz. 

In GeoExploration mode the combined standard uncertainty was: 6.22% in pegmatite, 

10.56% in schist and 2.98% in quartz.  

   

Figure 17: a) comparison of Rb concentration values between pXRF GeoMining mode and ICP-MS; b) comparison 

of Rb concentration’s values between pXRF GeoExploration mode and ICP-MS. 

As can be seen in Figure 17, for the Pinheiro drill core, Rb has high concentrations 

between 204 µg/g and 1515 µg/g (ICP-MS data) and results were always above the LOD. 

The similarity of results between the two analysing modes is remarkable and there is a 

very good coefficient of determination with the ICP-MS data. For GeoMining mode, a R 

of 94.28%  between pXRF and ICP-MS was found and for the GeoExploration mode a R 

of 94.20% was found (Figure 18).  

   

Figure 18: a) coefficient of determination of Rb between GeoMining and ICP-MS; b) coefficient of determination 

of Rb between GeoExploration and ICP- MS. 

When it comes to the coefficient of determination between the Rb in the two modes and 

the Li values obtained through ICP-MS (Figure 19) a very poor coefficient of 

determination exists, with a coefficient of determination of 16.19% for the Rb in 

a) b) 

a) b) 
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GeoMining mode and Li and a coefficient of determination of 16.43% for the Rb in 

GeoExploration and Li.  

The average of the uncertainty provided by the equipment of the analysis done with the 

GeoMining mode was, approximately, 4% while in the analysis done with GeoExploration 

mode had an approximated average uncertainty of 3%.  

 

 

 

 

Figure 19: a) coefficient of determination graphic between Rb in GeoExploration mode and Li in ICP-MS; b) 

coefficient of determination graphic between Rb in GeoMining mode and Li in ICP-MS.  

These results were then differentiated by the different lithologies in the 1 m intervals, 

which are schist and pegmatite with a mixed schist + pegmatite. The Rb concentrations 

are higher in the mixed schist + pegmatite and differences in the determination coefficient 

between ICP-MS and both pXRF modes were found for these lithologies. On schist 

(Figure 20), between ICP-MS and GeoMining mode a coefficient of determination of 

99.07% was obtained and between GeoExploration mode and ICP-MS a coefficient of 

a) 

b) 
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determination of 98.79%, still no significance difference between the modes and a good 

result. 

 

     

Figure 20: a) coefficient of determination of Rb in schist between ICP-MS and pXRF GeoMining mode; b) 

coefficient of determination of Rb in schist between ICP-MS and pXRF GeoExploration mode. 

 

On pegmatite (Figure 21) the coefficient of determination is lower, but still fit for purpose, 

between ICP-MS and GeoMining mode a coefficient of determination of 89.40% was 

obtained and between ICP-MS and GeoExploration mode a coefficient of determination 

of 89.47%. Again, no significant difference between the modes and a good result.  

 

Figure 21: a) coefficient of determination of Rb in pegmatite between ICP-MS and pXRF GeoMining mode; b) 

coefficient of determination of Rb in pegmatite between ICP-MS and pXRF GeoExploration mode. 

 

In the mixed schist + pegmatite (Figure 22), the coefficient of determination is higher 

than for purely pegmatite levels, almost the same as only schist levels, having between 

ICP-MS and GeoMining mode a coefficient of determination of 98.65% and between 

ICP-MS and GeoExploration a coefficient of determination of 98.63%. No significant 

difference between modes and a great result.  

 

a) b) 

b) a) 
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Figure 22: a) coefficient of determination of Rb in schist + pegmatite between ICP-MS and pXRF GeoMining mode; 

b) coefficient of determination of Rb in schist + pegmatite between ICP-MS and pXRF GeoExploration mode. 

The comparison between the Rb results and Li, wielded results worth of note, in schist, 

and it was separated between the two continuous samples existing of only schist. The 

first samples of schist in 5 continuous meters (Figure 23), with coefficients of 

determination between Rb with GeoMining mode and Li of 99.08% and 99.45% between 

Rb in GeoExploration and Li. These are very good results for coefficients.  

In the second continuous meters of schist (Figure 24), in a total of 9 meters, that are in 

this drill core, between two masses of pegmatite, higher concentration values for Rb are 

found and likewise, higher Li concentration values. The highest Rb and Li was found in 

the samples that were in contact with pegmatite samples. The coefficients of 

determination for these samples between Rb with GeoMining mode and Li was 89.86% 

with 86.98% between Rb with GeoExploration mode and Li. Again, these are very good 

results for coefficients. 

a) b) 

Figure 23: a) coefficient of determination between Rb in GeoMining mode and Li in ICP-MS in the first continuous 

samples of schist; b) coefficient of determination between Rb in GeoExploration mode and Li in ICP-MS in the 

first continuous samples of schist.  
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In this drill core, Rb has high values overall, superior to what is the crustal average. An 

indicator, as expected, of a mineralized pegmatite of this type. However, the poor 

coefficient of determination with Li shows that its variation in concentration does not 

reflect the Li grade. Lower concentrations of Rb appear at low and high grades of Li, with 

the same occurrence for the intermedium and higher concentrations of Rb. This makes 

it impossible to predict the Li grade in mineralized pegmatites, based on Rb.  

As a pathfinder, Rb showed promise with the results obtained in schist, with its 

concentration values increasing with the proximity to the meters corresponding to 

pegmatite samples, with the same behaviour for Li. It is, without a doubt, an enrichment 

in Rb, since as can be seen previously in Table 2 the arithmetic average of Rb in the 

schist of the sub-unit to which it belongs, is 69.57 µg/g and the weighted average is 97.61 

µg/g, while in the samples analysed with pXRF, it was always higher with one sample 

even being above 1000 µg/g. Rb in schist could indicate proximity to mineralised 

pegmatites at a distance of at least 5 m. The anomalous Rb and Li should be present in 

phyllosilicates present in these schist samples, like biotite and muscovite.  

The performance of the pXRF on both measurement modes was very good, with an 

outstanding accuracy and precision, for the lithologies present, even with the inferior R 

compared to ICP-MS data in pegmatite. The very similar performance between 

measurement modes, does not allow to recommend one mode in detriment of the other. 

Nonetheless, it should be noted that since the concentration of this element is quite 

higher than the calculated LOD, these were ideal conditions and may not apply for much 

lower concentrations closer to the LOD.  

After this, the performance of the equipment should be tested in the field to see if it 

maintains this high level of performance for Rb outside of the ideal conditions of a 

laboratory. Alternatively, in suitable hand samples.  

Figure 24: a) coefficient of determination between Rb in GeoMining mode and Li in ICP-MS in the second 

continuous samples of schist; b) coefficient of determination between Rb in GeoExploration mode and Li in ICP-

MS in the second continuous samples of schist. 
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6.2.2. Tin – Pinheiro 

In the Pinheiro drill core, Sn is almost exclusively detected above the LOD when using 

the GeoMining mode, except for 8 samples where it reported as being under the LOD, 

while in the GeoExploration mode it was only detected as above the LOD in 13 samples 

out of the 129 samples total of this borehole (Figure 25). Thus, for this type of sample 

GeoExploration mode is not suitable and only results from GeoMining will be shown. The 

concentration values obtained in GeoMining show greater concentrations compared to 

the ones given by ICP-MS. The combined standard uncertainty in the GeoMining mode 

was: 42.36% for pegmatite, 63.52% for schist and 40.94% for quartz.  

 

 

When it comes to the coefficient of determination between pXRF and the ICP-MS values, 

a coefficient of determination of 91.70% was obtained (Figure 26). The entries which 

were under the LOD in pXRF which was 69 µg/g in the one provided by the manufacturer, 

were removed from the graph.  

 

Figure 26: coefficient of determination of Sn between GeoMining and ICP-MS. 

 

a) b) 

Figure 25: a) comparison of Sn concentration values between pXRF GeoMining mode and ICP-MS; b) 

comparison of Sn concentration values between pXRF GeoExploration mode and ICP-MS. 



52 
 

As for the coefficient of determination between Sn and Li a poor 36,67% coefficient of 

determination exists (Figure 27).  

 

 

Figure 27: coefficient of determination between Sn in GeoMining mode and Li in ICP-MS. 

 

The average of the uncertainty of the analysis done with the GeoMining mode as 

provided by the equipment was, approximately, 41.17%.  

These results were then also differentiated by the different lithologies present in the 1 m 

intervals of each sample: schist and pegmatite with a mixed schist + pegmatite. The 

coefficient of determinations coefficients in these lithologies were calculated.  

The coefficient of determination of Sn between GeoMining mode and ICP-MS in schist 

is a 98.64%, in pegmatite is a coefficient of determination of 87.47% and in the mixed 

schist + pegmatite is a coefficient of determination of 92.82% (Figure 28).  

 

 

a) b) 
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Figure 28: a) coefficient of determination of Sn in schist between ICP-MS and pXRF GeoMining mode; b) 

coefficient of determination of Sn in pegmatite between ICP-MS and pXRF GeoMining mode; c) coefficient of 

determination of Sn in schist + pegmatite between ICP-MS and pXRF GeoMining mode. 

 

As for the coefficient of determination between Sn values obtained in GeoMining mode 

and Li values obtained in ICP-MS are, in schist 85.17%, in pegmatite 29.80% and in the 

mixed schist + pegmatite 15.30% (Figure 29).  

 

 

 

Figure 29: a) coefficient of determination between Sn in GeoMining mode and Li in ICP-MS, in schist; b) coefficient 

of determination between Sn in GeoMining mode and Li in ICP-MS, in pegmatite; c) coefficient of determination 

between Sn in GeoMining mode and Li in ICP-MS, in the mixed schist + pegmatite. 

 

a) b) 

c) 

c) 
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From these results, the GeoExploration mode clearly does not work in this element for 

these samples, either because of the matrix or due to the relatively low concentrations, 

so only the GeoMining mode is usable. Although the combined standard uncertainty was 

high, which does not allow to evaluate with confidence the real concentration of Sn, the 

high coefficient of determination compared to the ICP-MS analyses allows to use it in a 

relative manner to perceive were the concentrations of Sn are higher or lower, which 

allows the equipment to have its uses with this element.  

By looking at the assessment in schist between, Sn, and Li, there is a good correlation, 

were the higher the concentration of Sn is, the higher the Li concentration, that may 

assist in finding mineralized pegmatites in the field, though this would need to be tested 

in the field to have the spatial awareness. However, the increase only really happens in 

the sample in contact with pegmatite, so in the field this would probably only be noted at 

a 1 meter or a maximum of 2 meters distance from the pegmatite. This should be due to 

metasomatism between the host rocks and the fluids, though only with further studies, 

like a petrographic one it will be possible to test this hypothesis.  

The other use is related to the finding of Dias (2016) in the pegmatites of this area where 

low Sn concentration (dozens of µg/g) in pegmatites means that the Li-rich mineral 

present is primary Spodumene and higher concentration translates to Petalite, which is 

particularly useful since the metallurgical process of Li recovery from Petalite is more 

expensive than in Spodumene. Considering the exaggerated values that pXRF gives, it 

should be considered that low values are under 1000 µg/g, and above are the higher 

values.  

 

6.2.3. Niobium – Pinheiro 

In the Pinheiro drill core, Nb was only detected in the GeoMining mode and in all 

analysed samples, having been reported as under the LOD in all analyses done in the 

GeoExploration mode. The concentration’s values were above to those obtained by ICP-

MS (Figure 30). The average of the uncertainty of the analysis, as reported by the 

equipment, done with the GeoMining mode was, approximately, 26.10%. The combined 

standard uncertainty in the GeoMining mode was: 7.99% for pegmatite, 4.92% for schist 

and 6.51% for quartz. 
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Figure 30: comparison of Nb concentration’s values between pXRF GeoMining mode and ICP-MS. 

The coefficient of determination of this element was 90.75%, between GeoMining mode 

and ICP-MS (Figure 31). Which is very good. 

 

Figure 31: coefficient of determination of Nb between pXRF GeoMining mode and ICP-MS. 

Between Nb in GeoMining mode and Li in ICP-MS, it has a poor coefficient of 

determination of 29,43% (Figure 32). 
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Figure 32: coefficient of determination between Nb in pXRF GeoMining mode and Li in ICP-MS. 

These results were then analysed by the lithologies present throughout the drill core: 

schist and pegmatite with a mixed schist + pegmatite.  

The coefficient of determination of Nb between GeoMining mode and ICP-MS in schist 

was 96.52%, in pegmatite a 92.03% and in the mixed schist + pegmatite 86.21% (Figure 

33). So, between lithologies, they are again very good. 

 

 

 

Figure 33: a) coefficient of determination of Nb in schist between ICP-MS and pXRF GeoMining mode; b) 

coefficient of determination of Nb in pegmatite between ICP-MS and pXRF GeoMining mode; c) coefficient of 

determination of Nb in schist + pegmatite between ICP-MS and pXRF GeoMining mode. 

a) b) 

c) 
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When it comes to the coefficient of determination between Nb and Li, obtained in 

GeoMining mode and ICP-MS, were in schist a 65.28%, in pegmatite 42.74% and in the 

mixed schist + pegmatite a 51.08% (Figure 34). Which are quite average coefficients.  

 

 

 

 

Figure 34: a) coefficient of determination between Nb in GeoMining mode and Li in ICP-MS, in schist; b) coefficient 

of determination between Nb in GeoMining mode and Li in ICP-MS, in pegmatite; c) coefficient of determination 

between Nb in GeoMining mode and Li in ICP-MS, in the mixed schist + pegmatite. 

Nb, just like Rb, has higher concentrations compared to the crustal average, which is 

also a good indicator for the exploration of this type of pegmatites, as it indicates a 

possible mineralised pegmatite. However, it gets limited by the fact that it can only be 

quantified with the GeoMining mode, and not very accurately, though better than Sn. 

This aside, it has a rather low uncertainty and the precision of this element in the 

analyses was rather good in all lithologies. As for the estimation of the Li concentration 

it suffers from the same limitation that Rb does. A high concentration of Nb can mean 

higher or lower grades of Li. However, it does not work well as a pathfinder in schist. 

The concentration of this element was not much higher than the LOD when in 

comparison to Rb, so in higher concentrations should perform better. The question that 

remains is if in the field the equipment had such good results, away from the ideal 

conditions of a laboratory.  

a) b) 

c) 



58 
 

Chapter 7 - Conclusions 

Throughout the developed work two types of conclusions were possible to reach. The 

ones related to the technique/equipment used and geologic conclusions about the 

samples used.   

The equipment cannot be used freely without good procedures for quality assurance and 

control (QA/QC). By making sure the data was fit for purpose it was possible to discard 

the data obtained about Ta since they were of rather poor quality and if used would lead 

to erroneous conclusions far from the truth. This happened because of the extremely low 

concentrations, as verified by the ICP-MS analyses available, that were too close to the 

LOD of the equipment for the element. For higher concentrations, the readings of the 

element would probably be better, but that would require further study to prove, with 

different samples. 

Between the two measurement modes used, except for Rb in which differences of 

assessment were negligible and it was indifferent which mode was chosen, much due to 

the high concentration, the other elements revealed a stark difference between the 

measurement modes. Since Nb and Sn were closer to the LOD the uncertainties were 

higher for them and except for a few analyses, it was impossible to get a result of them 

with the GeoExploration mode. This comes as an odd occurrence since this mode is 

designed to get readings in lower concentrations for Sn and practically the same in Nb. 

On the other hand, the GeoMining mode proved more reliable for these elements, with 

good precision of readings, though in the case of Sn its use should be restricted as to 

ascertain if a sample is richer or poorer in that element compared to other, as it proved 

reliable enough for that.  

Overall, in the setting of a geologic exploration campaign, the GeoMining mode of this 

pXRF equipment is the better choice of use, as it was the only one to be more reliable 

with Sn and Nb, and if only one of the analysis modes is to be used, when the studied 

elements in this work, are of interest and the lithologies of the samples are also the same, 

and in a setting like that, there is usually a huge number of analyses to be made and a 

restricted timeline to do it. GeoMining mode proved to be more reliable for lower 

concentrations of Sn and Nb than the GeoExploration mode, contrary to what the LOD 

provided by the manufacturer would make one conclude.  

Like Cao et al (2016) and McNulty et al (2018), good coefficients of determination were 

achieved compared to the ICP-MS technique, which is far more expensive, with the 

pXRF proving to be a good, cheaper alternative, without much loss of reliability in the 
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obtained data. However, if accuracy is important, only for Rb there were accurate results, 

while for Sn and Nb the results obtained with pXRF were lacking in accuracy.  

As for the geologic findings, the concentrations of the studied elements in schist were 

higher than expected for this lithology. This lithology had a “sponge” like behaviour for 

these elements when in contact with the fluids that formed the pegmatites. This raises 

the possibility of the occurrence of metasomatism, that should be the cause for these 

high values, though to prove it, further studies would be required, especially a 

petrographic study, which was not part of the scope of this work. 

Taking as a base the findings of Dias (2016) in the area of the samples, mentioned in 

the last chapter, it is possible to state that most of the pegmatite is primary spodumene 

as the Li-bearing mineral, due to the overall low concentration of Sn, with only a few 

samples of pegmatite being possibly primary petalite, or secondary Spodumene + Quartz 

as alteration from primary Petalite, since they have higher Sn concentration.  

Though not being able to differentiate the Li grade in this mineralized pegmatite, Rb and 

Nb are present as supposed in a mineralized pegmatite in concentrations superior to the 

crustal average (Selway et al, 2005). Rb’s behaviour in schist allows to explore 

pegmatites of this type at a distance of at least 5 meters which makes it usable as a 

pathfinder for this kind of pegmatites.  

The last observation made is the relatively low concentration of Ta which is unexpected 

in a pegmatite classified as LCT type, even inferior to the content of Nb which goes 

against the classification made by Cerný & Ercit (2005), though this occurrence has been 

observed previously by Lima (2000) and in other pegmatites of the Central Iberian Zone 

(eg. Roda-Robles et al (2010)).  

 

 

 

 

 

 

 



60 
 

References 

Bourke, A., Ross, P-S., 2016. Portable X-ray fluorescence measurements on 

exploration drill cores: comparing performance on unprepared cores and powders for 

“whole-rock” analysis. Geochemistry: Exploration, Environment, Analysis. Vol.16, pp 

147-157.  

Cao, Y.H., Linnen, R.L., Good, D.J., Samson, I.M., Epstein, R., 2016 The application 

of portable XRF and Benchtop SEM-EDS to Cu-Pd exploration in the Coldwell alkaline 

complex, Ontario, Canada. Geochemistry: Exploration, Environment, Analysis. Vol. 16 

(3-4), pp 193-212.  

Cao, Y., Linnen, R., Good, D., Samson., I., 2018. Applications of the combined portable 

XRF-benchtop SEM methodology to PGE exploration. Ore Geology Reviews. Vol. 101, 

pp 32-56. 

Cerný, P., Ercit, T., 2005. The classification of granitic pegmatites revisited. The 

Canadian Mineralogist. Vol. 43, pp 2005-2026. 

Christie, A.B., Simpson, M.P., Barker, R.G., Brathwaite, R.L., 2019. Exploration for 

Epithermal Au-Ag deposits in New Zealand: history and strategy. New Zealand Journal 

of Geology and Geophysics. Vol. 64 (4), pp 414-441.  

Dias, F., 2016. Lithium Mineralizations of Barroso-Alvão aplite-pegmatite field. Master’s 

thesis in Geology. Faculty of Sciences of University of Porto.  

Duée, C., Orberger, B., Maubec, N., Laperche, V., Capar, L., Bourguignon, A., 

Bourrat, X., Mendili, Y., Chateigner, D., Gascoin, S., Guen, M., Rodriguez, C., Trotet, 

F., Kadar, M., Devaux, K., Ollier, M., Pillière, H., Lefèvre, T., Harang, D., Eijkelkamp, 

F., Nolte, H., Koert, P., 2019. Impact of heterogeneities and surface roughness on 

pXRF, pIR, XRD, and Raman analyses: Challenges for on-line, real-time combined 

mineralogical and chemical analyses on drill cores and implication for “high speed” Ni-

laterite exploration. Journal of Geochemical Exploration. Vol. 198, pp 1-17.   

Fisher, L., Gazley, M.F., Baensch, A., Barnes, S.J., Cleverley, J., Duclaux, G., 2014. 

Resolution of geochemical and lithostratigraphic complexity: a workflow for application 

of portable X-ray fluorescence to mineral exploration. Geochemistry: Exploration, 

Environment, Analysis. Vol. 14, pp 149-159. 3 



61 
 

Gazley, M.F., Vry, J.K., Du Plesis, E., Handler, M.R., 2011. Application of portable X-

ray fluorescence analyses to metabasalt stratigraphy, Plutonic Gold Mine, Western 

Australia. Journal of Geochemical Exploration. Vol. 11, pp 74-80.  

Ge, L., Li, F., 2019. Review of in-situ X-ray fluorescence analysis technology in China. 

X-Ray Spectrometry. pp 1-13.  

Gonçalves, A.O., Melgarejo, J-C., Alfonso, P., Amores, S., Paniagua, A., Neto, A.B., 

Morais, E.A., Camprubí, A., 2019. The Distribution of Rare Metals in the LCT 

Pegmatites from the Giraúl Field, Angola. Minerals. Vol. 9, 580.  

Guimarães, D., Praamsma, M.L., Parsons, P.J., 2016. Evaluation of a new optic-

enabled portable X-ray fluorescence spectrometry instrument for measuring toxic 

metals/metalloids in consumer goods and cultural products. Spectrochimica Acta Part B: 

Atomic Spectroscopy. Vol. 122, pp. 192-202.  

Hall, G.E.M., Bonham-Carter, G.F., Buchar, A., 2014. Evaluation of portable X-ray 

fluorescence (pXRF) in exploration and mining: Phase 1, control reference materials. 

Geochemistry: Exploration, Environment, Analysis. Vol. 14(2), pp 99-123. 

Jochum, K.P., Garbe-Schonberg, D., Veter, M., Stoll, B., Weis, U., Weber, M., Lugli, 

F., Jentzen, A., Schiebel, R., Wassenburg, J.A., Jacob, D.E., Haug, G.H., 2019. 

Nano-Powdered Calcium Carbonate Reference Materials: Significant Progress for 

Microanalysis?. Geostandards and Geoanalytical Research. Vol. 43(4), pp 595-609.  

Jones, M. C., Williams-Thorpe, O., Potts. P. J., Webb, P. C., 2005. Using field-portable 

XRF to access geochemical variations within and between dolerite outcrops of Preseli, 

South Wales. Geostandards and Geoanalytical Research. Vol. 29 (3), pp 251-269. 

Kabacinska, Z., Krzyminiewski, R., Tadyszak, K., Coy, E., 2019. Generation of UV-

induced radiation defects in calcite. Quaternary Geology. Vol. 51, pp 24-42.  

Laiho, J.V.-P., Peramaki, P., 2005. Evaluation of portable X-ray fluorescence (PXRF) 

sample preparation methods. Special Paper of the Geological Society of Finland. Vol. 

38, pp 73-82. 

Lima, A., 2000. Estrutura, Mineralogia e Génese dos Filões Aplitopegmatíticos com 

Espodumena da Região do Barroso-Alvão. Ph. D. thesis in Sciences (Geology). Faculty 

of Sciences of University of Porto. Porto. 

Llera, A.R., Fuertes-Fuente, M., Cepedal, A., Martin-Izard, A., 2019. Barren and Li-

Sn-Ta Mineralized Pegmatites from NW Spain (Central Galicia): A Comparative Study 

of Their Mineralogy, Geochemistry, and Wallrock Metasomatism. Minerals. Vol.9, 739.  



62 
 

Marguí, E., Van Grieken, R., 2013. X-Ray Fluorescence Spectrometry and Related 

Techniques. Momentum Press. 

Marguí, E., Zawisza, B., Sitko, R., 2014. Trace and ultratrace analysis of liquid samples 

by X-ray fluorescence spectrometry. TrAC Trends in Analytical Chemistry. Vol. 53, pp. 

73-83.  

McNulty, B.A., Fox, N., Berry, R. F., Gemmel, J.B., 2018. Lithological discrimination of 

altered volcanic rocks based on systematic portable X-ray fluorescence analysis of drill 

core at the Myra Falls VHMS deposit, Canada. Journal of Geochemical Exploration. Vol. 

193. pp 1-21.  

Martins, T., 2009. Multidisciplinary study of pegmatites and associated Li and Sn-Nb-Ta 

mineralisation from the Barroso-Alvão region. Ph. D. thesis. Faculty of Sciences of 

University of Porto. 

Nakayama, K., Nakamura, T., 2014. X-Ray Fluorescence Spectroscopy for 

Geochemistry. Treatise on Geochemistry. pp. 181-194.  

Potts, P. J., 1987. X- Ray fluorescence analysis: principles and practice of wavelength 

dispersive spectrometry. In: A Handbook of Silicate Rock Analysis. Blackie & Son Ltd. 

pp. 226-285.  

Potts, P., 1987b. Energy dispersive x-ray spectrometry. In: A Handbook of Silicate Rock 

Analysis. Blackie & Son Ltd. pp. 286-325. 

Ribeiro, M. A., (1998). Estudo litogeoquímico das formações metassedimentares 

encaixantes de mineralizações em Trás-os-Montes Ocidental: Implicações 

metalogénicas. Ph. D. thesis in Geology. Faculty of Sciences of University of Porto. 

Porto. 

Roberts, N.M.W., Rasbury, E.T., Parrish, R.R., Smith, C.J., Horstwood, M.S.A., 

Condon, D.J., 2017. A calcite reference material for LA-ICP-MS U-Pb geochronology. 

Geochemistry, Geophysics, Geosystems. Vol. 18, pp 2807-2814.  

Roda-Robles, E., Vieira, R., Pesquera, A., Lima, A., 2010. Chemical variations and 

significance of phosphates from the Fregeneda-Almendra pegmatite field, Central 

Iberian Zone (Spain and Portugal). Mineralogy and Petrology. Vol. 100(1-2), pp 23-34.  

Sarala, P., 2016. Comparison of different portable XRF methods for determining till 

geochemistry. Geochemistry: Exploration, Environment, Analysis. Vol. 16 (3-4), pp. 181-

192.  



63 
 

Sarala, P., Taivalkoski, A., Valkama, J., 2015. Portable XRF: An Advanced on-site 

analysis method in till geochemical exploration. Geological Survey of Finland. Special 

Paper 57, pp 63-86.  

Seibert, F.A., Boone, J.M., 2005. X-Ray Imaging Physics for Nuclear Medicine 

Technologists. Part 2: X-Ray Interactions and Image Formation. Journal of Nuclear 

Medical Technology. Vol. 33 (1), pp. 3-18.  

Selway, J.B., Breaks, F.W., Tindle, A.G., 2005. A Review of Rare-Element (Li-Cs-Ta) 

Pegmatite Exploration Techniques for the Superior Province, Canada, and Large 

Worldwide Tantalum Deposits. Exploration and Mining Geology. Vol. 14(1-4), pp. 1-30.  

Simandl, G.J., Stone, R.S., Paradis, S., Fajber, R., Reid, H.M., Grattan, K., 2014. An 

assessment of a handheld X-ray fluorescence instrument for use in exploration and 

development with an emphasis on REEs and related specialty metals. Mineralium 

Deposita. Vol. 49(8), pp 999-1012. 

Tiddy, C.J., Hill, S.M., Giles, D., Hoek, B.G., Normington, V.J., Anand, R.R., Baudet, 

E., Custance, K., Hill, R., Johnson, A., McLennan, S., Mitchell, C., Zivak, D., Salama, 

W., Stoate, K., Wolff, K., 2019. Utilising geochemical data for the identification and 

characterisation of mineral exploration sample media within cover sequence materials. 

Australian Journal of Earth Sciences. 

Van Espen, P., Nullens, H., Adams, F., 1980. An In-depth Study of Energy-dispersive 

X-Ray Spectra. X-Ray Spectrometry. Vol. 9 (3). pp. 126-133 

 

 

List of Websites Consulted  

European Commission 2020. Critical Raw Materials Resilience: Charting a Path 

towards greater Security and Sustainability. Available at European Commission Website: 

https://ec.europa.eu/docsroom/documents/42849 (retrieved: 16/09/2020)  

 

 

 

 

 



64 
 

Appendix 

Appendix 1: LOD as provided by the manufacturer. 
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Appendix 2: Detectable elements in GeoExploration mode. 
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Appendix 3: Detectable elements in GeoMining mode.

 


