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Luc Moens (Universiteit Gent)
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Abstract 

 

In this dissertation, knowledge from social sciences and humanities was combined with that of 

natural sciences, especially Earth Sciences, to study man-made glass and faience artefacts from 

selected case studies from the Iron Age and Early Modern periods. 

The manufacture of man-made glassy materials relies on the exploitation of natural mineral 

resources. Moreover, since glassy objects inherit the chemical fingerprint of the geological 

provinces from which the raw materials used in their manufacture derive, geochemistry is essential 

in provenance studies. In fact, geochemistry can be used to pinpoint the geographical origin of an 

artefact, given the known proximity between primary or producing workshops and the favored 

silica source, but also to understand the raw material procurement strategies of glassy producing 

societies. While sand is not known to have been subjected to long-distance trade, the same cannot 

be said for other main components used in the production of man-made glassy objects, particularly 

the fluxing agents and (de)colorants or opacifiers. Earth Sciences, especially geochemistry, is, 

therefore, essential to reconstruct trade/exchange routes of both raw materials and finished glassy 

artefacts within or between different communities.  

Furthermore, the identification of the raw materials used in the production of man-made glassy 

artefacts, not only reveals how human societies adjust and interact with the environment but is 

essential to better comprehend the technological know-how required for their manipulation and 

use in the manufacture of these objects. 

Ultimately, this dissertation enabled the creation of new non-destructive and minimally invasive 

analytical methodologies that can be used to gain insights into glassy materials’ provenance and 

production technology, and to better comprehend the history and ethnography of the communities 

that produced, used, and trade or exchanged them. 
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Uma Abordagem Geoquímica para o Estudo de Materiais Vítreos Arqueológicos 

 

Resumo 

 

Nesta dissertação, o conhecimento das ciências sociais e humanas foi combinado com o das 

ciências naturais, especialmente das Ciências da Terra, para estudar artefactos de vidro e faiança 

produzidos pelo homem, usando de estudos de caso da Idade do Ferro e da Idade Moderna. 

A produção de materiais vítreos depende da exploração de recursos minerais naturais. Como os 

objetos vítreos herdam a assinatura química das províncias geológicas das quais derivam as 

matérias-primas utilizadas na sua produção, a geoquímica é essencial nos estudos de proveniência. 

Na verdade, a geoquímica pode ser usada para localizar a origem geográfica de um artefacto, dada 

a proximidade conhecida entre oficinas primárias ou de produção e a fonte de sílica preferida, mas 

também para compreender as estratégias de aquisição de matérias-primas das sociedades 

produtoras de vidro. Embora se saiba que a areia não foi alvo de comércio de longa distância, o 

mesmo não pode ser dito para outros ingredientes usados na produção de objetos vítreos, 

particularmente os fundentes e os (des)colorantes ou opacificantes. As Ciências da Terra, 

especialmente a geoquímica, são, portanto, essenciais para reconstruir rotas de comércio ou troca, 

de matérias-primas e de artefactos vítreos, dentro ou entre diferentes comunidades. 

Além disso, a identificação das matérias-primas utilizadas na produção de artefactos vítreos 

produzidos pelo Homem, não só revela como as sociedades humanas interagem com o meio 

ambiente que as rodeia, mas é essencial para compreender melhor o know-how tecnológico 

necessário para sua manipulação e uso na produção desses objetos.  

Em última análise, esta dissertação permitiu a criação de novas metodologias analíticas, não 

destrutivas e minimamente invasivas, que podem ser usadas para obter informações sobre a 

proveniência e tecnologia de produção de materiais vítreos, e para compreender melhor a história 

e etnografia das comunidades que produziram, usaram e comercializaram estes objetos. 
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Een geochemische benadering tot het onderzoek naar archeologisch glasachtig materiaal 

 

Samenvatting 

 

In deze thesis wordt kennis van de sociale en menswetenschappen gecombineerd met de 

natuurwetenschappen, vooral de aardwetenschappen, om door de mens gemaakte glazen en faience 

artefacten te bestuderen. Het werk is gebaseerd op geselecteerde case studies van de ijzertijd en 

vroege moderne periodes. 

De vervaardiging van door de mens gemaakte glasachtige materialen steunt op het onderzoek naar 

natuurlijke minerale bronnen. Bovendien, aangezien glazen objecten de chemische vingerafdruk 

overerven van de geologische bronnen waarvan de productiematerialen afkomstig zijn, is 

geochemie essentieel voor herkomstbepalingen. 

Zo kan geochemie ingezet worden om de geografische oorsprong van een artefact te bepalen 

(gebaseerd op de gekende nabijheid van de primaire productieateliers en de silica-bron), maar ook 

om de aanvoer strategieën van glas-producerende gemeenschappen te bestuderen. Daar waar voor 

het zand geen lange-afstand-handel bekend is, geldt dit niet voor de andere hoofdingrediënten voor 

de productie van objecten uit synthetisch glas (zoals flux, kleurstoffen, ontkleurders en opaak-

makers). Aardwetenschappen, en vooral geochemie, zijn daarom essentieel om handels- of 

uitwisselingsroutes te helpen reconstrueren, voor zowel de ruwe materialen als voor de afgewerkte 

glasproducten, zowel binnen als tussen gemeenschappen. 

Bovendien vertelt de identificatie van de ruwe materialen die gebruikt warden voor de productie 

van glazen artefacten niet alleen hoe gemeenschappen zich aanpassen aan en interageren met de 

omgeving, maar is dit essentieel om te begrijpen welke de technologische know-how nodig is om 

deze objecten te manipuleren en te produceren. 

Uiteindelijk heeft dit onderzoek bijgedragen tot het ontwikkelen van nieuwe niet-destructieve en 

minimaal-invasieve analytische methoden, die ingezet kunnen worden om inzichten te verwerven 

in de herkomst en productietechnologie van glazen en geglazuurde objecten, en om de 

geschiedenis en etnografie beter te begrijpen, van gemeenschappen die deze materialen 

produceerden, gebruikten, verhandelden of uitwisselden.  
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Introduction 

 

Archaeometry, also referred to as archaeological sciences, is an interdisciplinary field of study in 

which knowledge from social sciences and humanities is combined with that of natural sciences 

to study archaeological materials and man-made artworks. 

Earth Sciences have become increasingly important in archaeological studies since the 19 th century 

(e.g. [1]). The choice of raw materials used throughout time, only identifiable by geochemical 

analysis, can show how human societies adjust and interact with the environment. Understanding 

the geochemical composition of local and regional raw materials is essential to establish the use 

of local sources, and to extrapolate the existence of trade or exchange routes between different 

populations or societies. Society preferences and choices are deeply connected with changes in 

artefact style, symbolism, and usage, whereas shifts in manufacture technique and raw materials 

availability can be associated with diffusion of knowledge and the existence of trade/exchange 

routes between different societies.  

This dissertation focuses on the archaeometric analysis of man-made glassy artefacts using 

selected case-studies from the Iron Age and Early Modern periods. Each artefact will be fully 

characterized in terms of its chemical and mineralogical composition using handheld X-ray 

fluorescence (hXRF), variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS), laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS), micro-X-ray diffraction (µ-XRD) and micro-Raman spectroscopy.  

This dissertation intends to valorize the contribution of Earth Sciences to the study of human 

societies, and to determine possible geological raw material sources and the manufacturing 

techniques used to produce the artefacts studied. The ultimate goal is to better comprehend the 

socio-material relationships present in these societies and to propose probable trade/exchange 

routes of both raw materials and finished artefacts. In fact, archaeometric studies provide data that 

is essential to reconstruct trade/exchange routes and population mobility, while the technological 

skills of each society can be expressed in the practices of raw materials use. 
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1. Definition of glass 

 

Several definitions of glass, or glassy state, have been put forth throughout the years. Glass can be 

described as a non-crystalline solid as its components do not possess long-range order, being 

randomly distributed forming a disordered network and, therefore, lacking the periodicity and 

symmetry that are characteristic of crystalline materials (Figure 0.1). However, this definition is 

rather broad, and several other materials, such as xerogels, that are not in fact glass, are 

encompassed by it [2,3]. Glass has also been described as “an inorganic product of fusion which 

has cooled to a rigid condition without crystallizing” (definition given by the American Society 

for Testing and Materials [3,4]). While this definition may be sufficient when describing 

archaeological glass [4], it not only dismisses non-inorganic glasses, but uses a common but not 

unique manufacture process to define glass, thereby excluding glasses produced by polymerization 

or by precipitation from the gas phase [3].  

 

 

Figure 0.1: Schematic representation of a crystalline silicate (left) and of a silicate with the same composition in the glassy state 

(right). Adapted from Pollard & Heron (2008) [4]. 

 

Glass is also commonly described as a supercooled liquid. A supercooled liquid is formed when 

the temperature of a liquid falls below its melting or liquidus temperature (Tf), but no 

crystallization occurs (Figure 0.2) [2]. This temperature depends on the composition of the liquid 

or melt [4]. The cooling process causes an increase in viscosity, hindering the mobility of the 

atoms, and preventing their arrangement into a regular order that would confer the material a 

crystalline structure [2,4]. A glass is, therefore, formed when the temperature drops below Tg 

(Figure 0.2) without previous crystallization, the glass formation temperature, also known as 

transition or fictive temperature, which is dependent on the cooling rate of the melt [2,4].  



3 
 

 

Figure 0.2: Variation of the specific volume of a glassy and a crystal phase of the same composition as a function of temperature. 

Figure and caption from Fernández-Navarro & Villegas (2013) [2]. 

 

 

 

2. Man-made glass and glassy objects1  

Man-made glass and glassy artefacts are some of the most common materials found in 

archaeological contexts. Glass was first developed in western Asia in the second half of the 3 rd 

millennium B.C. [7], and while several historical accounts have been given of the invention of 

glass making, the most well-known is likely that of Pliny the Elder, who in Book XXXVI of 

Naturalis historia describes the following: merchants transporting nitre [possibly natron], upon 

being moored and finding no suitable stones to support their cauldrons while cooking, decided 

instead to use lumps of nitre; when firing, the nitre mixed with the beach sand created an unknown 

liquid used to produce glass [8]. Despite the fact that this story is unlikely to be true, whether the 

discovery of glass making is due to empirical knowledge gained through metallurgy, the natural 

 
1 Sub-chapter partially based on the introduction of Costa et al. (2020) [5] and Costa et al. [6]. 
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evolutionary step following the manufacture of other glassy materials such as faience2 (also 

referred to as Egyptian faience), or a combination of both, is still under debate [7]. 

Faience was first manufactured in the late 5th millennium B.C. in Mesopotamia, before spreading 

to Egypt where its production developed and flourished until the Roman period [9,10]. Faience 

production technology rapidly disseminated throughout Europe, leading to its manufacture in a 

large region including most of central and southern Europe, Russia, and Britain [10]. Faience was 

also produced in western and southern Asia, in the Indus Valley from the 3rd millennium B.C. to 

the early 2nd millennium B.C. [10,11], and in China, where it appeared in the late 2nd millennium 

B.C. [12]. In the Near East, particularly in Iran, faience is still being produced using traditional 

techniques [10]. 

Faience generally consists of a quartz-rich sand or finely ground quartz core coated with a colored 

alkaline-lime-silicate glaze [10,13–16]. Three different glazing methods can be employed in the 

production of faience objects [10,13,16,17]:  

- application glazing, in which a glazing suspension or glaze slurry (consisting of a mixture 

of water, quartz, alkali flux, lime and the chosen colorant) is applied to the faience body 

prior to drying and firing; 

- efflorescence glazing, in which quartz, alkali flux, lime and the selected colorant are mixed 

with water to form a paste which is molded into the desired shape prior to drying. As water 

evaporates, soluble alkali salts migrate to the surface of the object forming an efflorescence 

layer, which will react with the remaining components during firing forming the colored 

glaze; 

- or cementation glazing (or Qom technique), in which the faience object is shaped and dried 

before being buried in a glazing mixture consisting of quartz, alkali flux, lime, the chosen 

colorant and charcoal. After firing, the partially sintered glazing mixture can be separated 

from the newly glazed faience object. 

Efflorescence glazing is best suited for the manufacture of large objects, while application glazing 

was primarily used in the production of medium-sized objects including tiles, and cementation 

glazing was employed to mass produce small objects such as beads and rings [10,14]. Macroscopic 

evidence, such as the presence or absence of brush marks, drips and running lines and stand marks 

 
2 Not to be confused with the majolica tin-glazed earthenware produced in Faenza (northern Italy) as neither clay 

nor a tin-based glaze is used in the manufacture of these objects [9]. 
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have been used in the identification of faience glazing methods [10]. However, regardless of the 

glazing technique employed, microstructural characterization of faience objects has revealed a 

triple layered structure (Figure 0.3): 1) a quartz-rich core, also referred to as body, in which the 

grains are held in place by variable amounts of interparticle glass; 2) a buffer or interaction layer, 

in which the grains are embedded in an almost continuous glass matrix; and 3) an external quartz-

free glaze [10,13,17]. 

 

 

Figure 0.3: Structure of faience objects. Interparticle glass or glaze represented in black. Adapted from Liang et al. 2012 [17]. 

 

The production of faience glaze and glass requires the use of four main ingredients: 1) glass former; 

2) fluxing agent; 3) glass stabilizer; 4) (de)coloring and/or opacifying agents (Figure 0.4). The 

composition of a faience glaze is, therefore, akin to that of a man-made glass. 

As aforementioned, glass was first produced in the second half of the 3 rd millennium B.C., but 

despite the fact that regular production was already in place by mid-2nd millennium B.C., glass 

only became a widespread commodity, used by people from almost all social hierarchies, with the 

invention of the glass blowing technique in the 1st century B.C. [7,18]. 

Silicate glass has remained the most prevalent glass from ancient to historic times. However, the 

fluxing agents, glass stabilizers and (de)coloring agents used in glass manufacture have changed 

according to raw material availability and fashion and market preference or technological 

knowledge.  

In order to produce silicate glass, sand or other silica sources, such as crushed quartz pebbles, were 

mixed with alkaline or alkaline-earth oxides, known as glass modifiers or fluxing agents. The 
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cations of the fluxing agents create a weakness in the structure and lower its melting temperature 

[19,20]. Two main types of fluxing agents were used to produce glass – plant ash (an organic alkali 

source) and natron (a mineral alkali source). Plant ash was used in the production of the first glass 

artefacts, being gradually replaced by natron in the beginning of the 1st millennium B.C., around 

the 10th-8th century B.C. [21–24]. Natron is the general term used for complex, and generally 

polyphasic, sodium-rich evaporitic lake deposits composed primarily of trona 

(Na2CO3∙NaHCO3∙2H2O), but with significant amounts of chlorides and sulfates [25,26]. Natron 

was primarily exploited in Egypt, but sources in northern Syria, Armenia and Macedonia are also 

referenced by classical authors such as Strabo and Pliny the Elder [8,25]. By the 5th century B.C., 

natron was the most common fluxing agent used in glass production west of the Euphrates river 

[21,25]. In fact, the predominate use of natron continued in the Levant, the Mediterranean and 

Europe until approximately the 9th century A.D. [21,25]. 

 

 

Figure 0.4: Schematic representation of the four main components used in the production of faience glaze and archaeological glass. 

 

After the fall of the Roman Empire, in Europe, plant ash was gradually used to substitute natron. 

The composition of plant ash is variable and depends on the plant species chosen, the composition 

of the soil, ground water and overall environment where they grew, the plant’s growing stage, the 

part of the plant that was ashed (leaves versus woody components), and even the burning process 

[21,27]. Wood ash was first introduced in Europe in 800 A.D. [7]. This plant ash, produced by 

burning forest plants, is rich in potassium and was exclusively used in the production of the Central 

and Western European glass known as forest glass or Waldglas [7,28].  
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Halophytic plant ashes, on the other hand, are rich in soda and were first imported from the 

Levantine coast in the 13th century [7,20]. A lower quality soda plant ash, known as barilla was 

produced in Europe by burning local plants in the 17 th century onwards in Italy and Spain [20]. 

According to contemporaneous treaties, purification methods were first introduced in the 15th 

century in order to obtain purer plant ashes, free of non-soluble components [20]. Gripola di vino, 

tartar from wine barrels, was used in the Venetian glass industry as their main potash source [20]. 

The combined use of halophytic plant ashes (named allume catina by the Venetians) and gripola 

di vino is mentioned in the 1536 anonymous manuscript of Montpellier which describes several 

glass recipes [20].  

Alumina and alkaline-earth ions (generally Ca2+ and Mg2+) act as glass stabilizers, counteracting 

the structural weakness introduced by the fluxing agents and creating a more stable and durable 

glass, capable of better withstanding water damage and surface decay [19,20]. Glass stabilizers 

can be introduced deliberately or as impurities present within the sand in the form of feldspars, 

clays and calcite/aragonite (limestone or shell fragments). High amounts of calcium and 

magnesium can also be found in plant ash [21]. Lead oxides can also be used as glass stabilizers. 

Lead oxides have been used in glass production in Europe since the Iron Age [27], but the Venetian 

glass industry diffused and rebranded glass containing these compounds as vetro di piombo [20]. 

In reality, lead oxides can have a triple function, behaving as glass formers (partially or totally 

substituting silica), fluxing agents and glass stabilizers. 

Glass color is linked to the presence of small amounts of transition metal ions or metallic or 

crystalline particles within the glass structure and known as (de)coloring agents. The transition 

metal ions’ oxidation state, along with their position in the glass network are two of the main 

characteristics responsible for the final color obtained [4]. The opacity of a glass is also dependent 

on the particles dispersed within the glass matrix [19,29].  

Hence, glass composition is dependent on the raw materials used (and their purity) and the melting 

conditions present at the time of manufacture.  
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2.1. Glass color 

 

Color is among the most important properties of Cultural Heritage (CH) objects, being inherent to 

their aesthetic characteristics. However, color is also used to describe, classify, and group artefacts, 

artworks and built CH. While color perception is dependent on the light source and the observer, 

this optical property results from the interaction between light and an object. 

Color characterization is generally one of the main goals of glass studies. Summarily, glass color 

can be attributed to the presence of glass colorants – transition metal ions, metallic particles, or 

crystalline phases – within the glass matrix [4]. The concentration of the glass colorant, as well as 

its position within the glass matrix, will play a vital role in the hue obtained. 

Absorption and scattering are two of the most common color-inducing mechanisms in glass 

[30,31]. Absorption can have many origins; one of the most important takes place when electronic 

transitions occur. Electronic transitions can be inter-atomic – where a charge transfer takes place 

between differently charged atoms – or intra-atomic, when they occur within partially filled 

orbitals of an atom [31]. Inter-atomic transitions can involve a charge transfer transition from an 

anion to a cation, as is the case of the iron-sulfite amber-colored chromophore (Fe3+SO3) between 

the sulfur and the ferric ions (Figure 0.5a), or an intervalence charge transfer transition, where an 

electron is transferred from one cation to a differently charged second cation (e.g. Fe2+→Fe3+ 

responsible for imparting black hues to glass) (Figure 0.5b) [30,31]. 

Despite the fact that intra-atomic electronic transitions are much weaker than inter-atomic 

transitions, they are responsible for most hues caused by the presence of metal ions within the 

glass matrix [30]. In fact, most colors arise from d-d orbital transitions, characteristic of transition 

metal ions, also known as d-block element ions [31]. Other intra-atomic transitions, such as f-f or 

f-d transitions, only occur in rare earth element ions, which are exclusively used in the manufacture 

of contemporaneous industrial glass [31]. 

In glass, transition metal ions occupy either interstitial positions, assuming an almost octahedral 

coordination, or substitute silicon within the network attaining a tetrahedral coordination [4]. 

These ions are, thus, subjected to an external ligand field, which will cause the energy splitting of 

the d-orbitals, lowering the energy of some and increasing the energy of others (Figure 0.5c) [31]. 

While undisturbed d-orbitals have the same energy, they have different shapes and different spatial 

orientation, causing some to be more affected by the external ligand field than others [4]. The 
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interaction between the d-orbitals and the ligand field, and consequently, the splitting of the d-

orbitals, will be influenced by the coordination geometry of the ligands that surround the transition 

metal ion. Therefore, a transition metal ion will produce different colored glass when in tetrahedral 

or octahedral coordination. Likewise, a change in the ligands will cause a change in the splitting 

of the d-orbitals and, therefore, a new hue will arise – i.e. the hue obtained by any transition 

element can also change according to the nature of the glass (e.g. in predominately tetrahedrally 

coordinated silicate glass, Co2+ ions impart a characteristic dark blue hue to the glass, while in 

octahedrally coordinated phosphate glass the presence of divalent cobalt ions results in a weak 

pink tinted glass) [4,32]. 

 

 

Figure 0.5: Schematic representation of examples of different types of electronic transitions: (a) the charge transfer transition in 

sulfur-amber, (b) inter valence change transfer transition between cations of different valence, (c) d-d orbital transitions for different 

coordinated complexes. Figure and caption adapted from Möncke et al. (2014) [30]. 

 

The table below (Table 0.1) summarizes the different hues obtained by d-d orbital transitions in 

silicate glass, while also evidencing the importance of an ions’ oxidation state or valence, and 

therefore the furnace conditions, in the production of colored glass. 
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Table 0.1: Silicate glass hues obtained due to d-d orbital transitions. Adapted from de Ligny & Möncke (2019) [31]. 

Color Transition metal ion (colorant) 

Purple Mn3+ 

Dark blue Co2+ 

Light blue Fe2+ (in the absence of Fe3+) 

Turquoise Cu2+ 

Green Mixture of Fe2+ and Fe3+ 

Light yellow Fe3+ (in the absence of Fe2+) 

 

Color induced by the presence of metallic nanoparticles dispersed throughout the glass is also the 

result of light absorption. In metals, metal cations are embedded in a cloud of delocalized electrons 

[31]. The interaction between light, an external electromagnetic field, and the metal, will cause the 

latter’s free electron to resonantly oscillate inside the particle, leading to strong optical absorption 

[33]. This phenomenon, known as surface plasmon resonance, occurs when the metallic particles 

are ca. 10-100 nm in diameter [31]. Nanoparticles of metallic copper, gold and silver have all been 

used to produce colored glass. Both Au0 and Cu0 were used to produce deep red glasses; metallic 

copper imparts a darker, more brownish hue to glass, and was used to produced red glass in Europe 

as early as the Bronze Age [34,35], while the method of production of ruby-red glass, also known 

as Cassius Purple, using gold nano-particles was first described by Andreas Cassius’ in his 1685 

treatise [36]. Nanoparticles of metallic silver, on the other hand, impart a pale yellow to dark 

orange hue to glass [31]. The addition of reducing agents, such as iron or tin, and a greatly 

monitored temperature regime are essential to produce the metallic nanoparticles and control their 

size [4,31]. It is important to note that while light scattering can be neglected for nanoparticles 

smaller than 50-60 nm, for larger particles the combination of absorption and scattering will cause 

glasses to be diachronic, with different hues when observed in transmission or reflected modes, 

such as the famous 4th century Roman Lycurgus cup, which is red in transmitted light and green 

in reflected light [4,31]. 

Immiscible or crystalline colloidal phases dispersed throughout glass can also impart color. These 

phases act as scattering centers, changing glass transparency, decreasing light transmission, and 

causing a milky or opaque appearance [31]; as such, these phases are often referred to as opacifiers. 

Some, as calcium antimonates (CaSb2O6 or Ca2Sb2O7), appear white, being used to produce 

opaque white glass used, for instance, in decorations of small objects such as flasks or beads, or to 

lighten the hue of deeply colored glass; others scatter light while also imparting color such as lead-
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tin yellow, a lead stannate used to produce opaque yellow glass or to produce yellow-green hues 

when mixed with blue colorants. 

 

 

2.2.Glass sourcing 

 

Determining the provenance of glass artefacts has been the subject of many studies (e.g. [5,22–

24,37–61]). Geochemical studies, in particular, have the potential to link glass artefacts to the 

geological source of the raw materials used it their production due to their unique fingerprints [43].  

This means the term provenance refers not to the actual location of glass production, but to the 

geographical location from which the raw materials were recovered. While fluxing agents and 

(de)colorants are commonly traded between different communities, favored silica sources used in 

glass production are usually fairly local [51,62–64] and can, therefore, be used to pinpoint the 

location of glass manufacturing workshops.  

Silica sources deemed suitable for glass production are chosen based on their purity and particle 

size. The purity of a silica source depends on its origin and the type of rock from which it derives. 

Sand maturity is also dependent on transportation distance before deposition. Mature sediments 

are not only more uniform in appearance, with similar particle size and significant roundness, but 

are also composed primarily of very resistant and stable minerals such as quartz and zircon 

(ZrSiO4). However, the sands used in glass production generally contain minor amounts of 

additional minerals such as mica, clays, feldspars, and other aluminosilicates, rare earth element 

(REE) phosphates (e.g. monazite and xenotime), chromite (FeCr2O4), and iron and/or titanium 

oxides (e.g. magnetite, ilmenite and rutile) [18,40,65,66]. The presence of these non-quartz 

minerals within the silica source used in glass manufacture will be reflected in the composition of 

the glass artefacts produced. Trace elements such as Sc, Ti, V, Cr, Fe, Co, Ni and Nb can be found 

in iron-titanium oxides, while Zr and Hf are associated with zircon [40,66]. Ba and Rb can be 

present in K-bearing minerals such as clay-minerals or K-feldspars, while Sr commonly substitutes 

Ca in plagioclases and other Ca-containing minerals [66]. REE and Y are concentrated in the clay 

fraction of sands, but also in heavy minerals such as monazite and other REE phosphates, all well 

as zircon [43,66].  
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Studies have shown that the largest portion of REE found in glass can be attributed to the silica 

source, as these elements occur in insignificant concentrations in both plant ash and carbonates 

[40]. REE concentrations are also not influenced by the use of (de)colorants [44]. While other trace 

elements can be influenced by erosion and sedimentation processes, REE preserve the signature 

of the source rock [38]. Moreover, the behavior of europium (Eu) and cerium (Ce) in relation to 

the other REE reflect the redox conditions of the chemical system in which REE-containing 

minerals were formed. The fractionation of Eu and Ce relative to neighboring trivalent rare earth 

elements is known as europium and cerium anomaly, respectively [59,65]. Europium anomalies 

are a product of igneous processes such as plagioclase crystallization [38], while cerium 

fractionation can occur in marine environments during processes of cementation, lithification and 

precipitation [65].  

Besides REE patterns (e.g. [25,27,28,32-38,40,41]), Zr-Ti [57], Zr-Ti-Cr-La [60] and Zr-Sr-Ba 

[37] relationships, as well as oxygen (δ18O), lead (mainly 207Pb/206Pb and 208Pb/206Pb), neodymium 

(143Nd/144Nd) and hafnium (179Hf/177Hf) isotopic analysis (e.g. [50–55,67]), have been used to 

distinguish between different silica sources and, thus, to determine glass provenance.  

Elemental and isotopic analysis has also been successfully used to determine the source of fluxing 

agents, glass stabilizers and (de)colorants (e.g. [52,54,55,68–79]). Natron was used as a fluxing 

agent in glass production between the 10th-8th century B.C. and the 9th century A.D. [21,25]. 

Composed primarily of sodium carbonates, natron also contained variable Cl, S and B contents 

[66]. However, while only small amounts of chlorine and sulfur (ca. 1-2 wt% of Cl and SO3) can 

be incorporated into glass due to the low solubility of these elements in soda-lime-silica melts, 

boron occurs in the same order of magnitude in both natron and natron glass [21,66]. As such, 

boron isotopic ratios (11B/10B) have been used to gain insights into the natron source used to 

manufacture glass [77–79]. However, it is worth noting that while isotopic fractionation does not 

occur during glass production, the boron contents introduced by B-rich minerals present in the 

sand source, such as tourmaline, may not be negligible [78]. 

Plant ashes were also used as fluxing agents in the production of glass objects. Despite having a 

variable composition, plant ashes contain sodium and potassium in the form of carbonates, 

bicarbonates sulfites, sulfides and hydroxides, but also important calcium and magnesium 

contents, which play a significant role as glass stabilizers [21,40]. Plant ashes, and other lime-

bearing components such as limestone and shell fragments used as glass stabilizers, also contain 
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strontium [73,80]. Studies have shown that both elemental Sr content and strontium isotopic ratios 

(87Sr/86Sr) are useful tools to understand the lime sources used in glass production [73,80]. In fact, 

given the different incorporation of strontium in the calcite and aragonite structures, Sr elemental 

contents can be used to differentiate coastal shell-rich (aragonite-rich) sands, from inland 

limestone-rich (calcite-rich) sands (e.g. [43,47,73,81]). This can be complimented by 87Sr/86Sr 

ratios, as glass produced using coastal sands display the strontium isotopic composition of modern 

seawater; whereas when limestone fragments are employed, the glass’ 87Sr/86Sr ratios will be that 

of the seawater at the time of the limestone formation, modified by any digenetic alteration which 

occurred since then [73,80]. Glass strontium isotopic ratios can also be used to determine the 

source of plant ashes, as they reflect the bioavailable Sr of the geological region where the plants 

originally grew [73,75,80]. It is important to note that the contributions from natron, feldspars or 

heavy minerals present in sand to the glass strontium content is considered negligible [80]. 

Coloring and decoloring agents can be added to the glass batch as minerals, in ore form or as metal 

scapings. Therefore, there is a wide range of associated trace elements that can be used to shed 

light on the origin of glass (de)colorants [18]. Lead isotopes (e.g. [74]) and more recently antimony 

isotopic (123Sb/121Sb) analysis (e.g. [68–72]) have been used to identify ores employed in the 

production of opacifying agents or added to the glass mix as decoloring agents. 

 

 

2.3.Glass recycling 

 

Glass is an eternal recyclable solid [82], and as such can be repeatedly reused and remelted [83]. 

Glass recycling is particularly noteworthy in Roman times, being mentioned by 1st-2nd century 

A.D. Roman poets [37,83]. Numerous archaeological finds of waste glass collection points, or 

cullet dumps, and evidence of cullet transportation and trading, such as the wooden barrel 

containing over 11,000 fragments of glass vessels found in the Roman ship Iulia Felix, are 

testaments of the importance of glass recycling in the Roman period [37,83]. 

Roman glass, especially Roman tesserae, was also remelted and reused in the Early Medieval 

period as described by Theophilus’ 12th century treatise [83] and confirmed by several studies (e.g. 

[84,85]). 
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Nevertheless, determining whether glass recycling occurred continues to be challenging. While 

many trace elements, including REE, are not considered to be influenced by glass recycling, 

elevated concentrations of elements associated to glass coloring and decoloring, such as Co, Cu, 

Zn, Sn, Sb and Pb, are widely regarded as markers of recycling when their presence cannot be 

explained by the glass’ hue [18,44]. On the other hand, the presence of low concentrations of these 

(de)coloring elements, between 1 and 100 ppm, can indicate that either no or limited glass 

recycling occurred, or that cullet was carefully selected in order to “match” the composition of the 

newly made glass [44,83]. Broken glass fragments or cullet can be used as a fluxing agent, 

lowering the melting temperature of raw glass; careful selection of cullet can, therefore, greatly 

limit the identification of glass recycling. 

 

 

 

3. Analytical methods 

 

3.1. Handheld X-ray Fluorescence3  

 

X-ray fluorescence (XRF) has been used in archaeometry since the 1960s [87] and glass was 

among the first archaeological materials analyzed with this technique (e.g. [88]). X-ray 

fluorescence spectrometry uses primary X-rays (generated in an X-ray tube or by a radioactive 

source) to produce secondary (fluorescent) X-rays that are characteristic of the atoms of the 

elements present in the sample surface.  

If the energy of the primary X-rays is higher than the binding energy of the inner shell electrons, 

an electron will be removed from the inner shell. When the vacant position is occupied by an 

electron from an outer (and more energetic) shell, X-rays with an energy that corresponds to the 

energetic difference between the two shells, will be emitted. The vacancy in the outer shell will 

also be occupied by an electron. This process, which is depicted in Figure 0.6, will go on until all 

the vacancies are occupied and the atom is in the ground state.  

 

 
3 Sub-chapter based on the introduction of Costa et al. (2020) [86]. 
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Figure 0.6: Production of characteristic X-rays due to irradiation by primary X-rays. Adapted from Janssens (2013) [89]. 
 

The X-rays emitted by the sample will be characteristic of the elements present in the sample. 

However, primary X-rays affect all inner shell (K, L, M) electrons, and the electron that will 

occupy the vacancy can come from any of the outer shells. Therefore, instead of one characteristic 

energy, each element will have several characteristic energies, that are related to the location of 

the electron vacancy and the original position of the electron that occupies the vacancy. 

The need for portable and handheld XRF (hXRF) devices, while not exclusive to the art and 

archaeology market, is essential in the study of unmovable objects. Cultural heritage objects are 

frequently unavailable for transportation to laboratory facilities due to their size, location or local 

cultural heritage preservation regulations. The development of user-friendly software that requires 

little or no previous experience with XRF analysis, as well as the size, shape and weight of most 

commercial hXRF systems [87], make this non-invasive technique well suited for in situ 

measurements in non-laboratory settings such as museums and archaeological excavations. The 

“point and shoot” feature of hXRF, when combined with the low cost of the devices, can explain 

the growing use of this technique in the study of glass, among others (e.g. [46,90–99]). However, 

it is important to point out that hXRF has limited use in the analysis of multi-layered artefacts 

[100]. The existence of corrosion or weathering layers, for instance, can greatly influence the 
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results obtained [100,101]. Surface roughness can also introduce additional errors and infinite 

thickness, calculated based on X-ray penetration depth, is required [100,101]. 

Moreover, difficulties can arise during the interpretation of XRF results due to spectral 

interferences, artefact peaks and matrix effects. Bremsstrahlung, caused by the deceleration of 

electrons as they strike the anode of the X-ray tube, as well as the products of elastic scattering 

(Rayleigh scattering) and inelastic scattering (Compton scattering) are usually present in an XRF 

spectrum [102]. However, while high energy resolution is important to mitigate spectral 

interferences or overlap effects, the use of deconvolution software is also essential. 

The interaction between the X-ray fluorescence photons from the sample and the detector can also 

lead to the formation of artefact peaks. Sum peaks occur when two photons arrive at the detector 

within a sufficiently short time frame, while escape peaks occur when a portion of the energy of 

the incoming photons is reemitted by the atoms of the detector and cast away from the detector 

material. Matrix effects are caused by fluorescent radiation that is absorbed by coexisting elements 

leading to either a decreased intensity of the characteristic X-rays of the element, or to an increased 

intensity when an enhancement of fluorescent radiation occurs due to secondary radiation from the 

element itself or coexisting elements. Fortunately, most spectral interferences are, nowadays, 

successfully eliminated by corrections introduced in spectral evaluation software [102]. 

When tackling a large number of samples, hXRF, in particular, has been found to be rather useful 

in order to group materials [93,94,99] and to establish affinities between chemical elements [95]. 

However, one of the largest limitations posed by the use of hXRF is the detection of low-Z 

elements, due to the strong absorption of low energy X-rays by air and by the Be window of the 

detector. The inability of hXRF instruments to generate full vacuum hinders their capability to 

correctly detect and quantify these elements [103]. The determination of Na, for instance, an 

element commonly present in glass, is generally not feasible even when present in relatively high 

concentrations (ca. 3.5 wt.%) [103]. 
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3.2.Variable pressure scanning electron microscope coupled with energy dispersive X-ray 

spectrometry (VP-SEM-EDS) 

 

Scanning electron microscopes (SEM) use accelerated electron beams to obtain images of matter 

at high magnification. When the sample is irradiated with a high energy, thin electron beam, 

various secondary signals are produced due to the interaction of the beam with atoms at or near 

the surface of the sample (Figure 0.7). Two main processes can take place – scattering and 

absorption. Scattering may be elastic (when incident electrons are scattered by the sample without 

energy loss), producing backscattered electrons (BSEs), or, alternatively, inelastic (when electrons 

are ejected from atoms in the sample), producing secondary electrons (SEs). When absorption 

occurs, characteristic X-rays can be emitted by the elements present in the sample. Specialized 

detectors must be coupled to the SEM in order to detect each type of secondary signal emitted by 

the sample. 

 

 

Figure 0.7: Schematic diagram of some of the secondary signals that are produced due to the interaction of an electron beam with 

atoms at or near the surface of the sample. 

 

The scattering phenomena allows the generation of morphological and compositional images. 

Topographic or morphological images are obtained by operating an SEM in the SE mode, whereas 

compositional contrast images are obtained by operating in the BSE mode. The addition of an X-

ray energy dispersive spectrometer (EDS) allows the SEM to be used for element mapping and 

point or area analysis. 

Since electrons cannot travel very far in air, scanning electron microscopes are traditionally 

vacuum-based instruments, requiring the samples to be vacuum-tolerant. In case of non-
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conducting samples such as siliceous materials including glass or glazed artefacts, the samples 

should be coated or sputter-coated with a thin conductive layer (usually C or Au) to increase their 

conductivity. The development of variable pressure (VP) or environmental (E) SEM systems 

allowed the presence of air in SEM chambers and prevented the need of metallic coating. 

The penetration of the electron beam within a sample determines the minimum size of the probed 

volume, making SEM-EDS a surface-sensitive technique and causing the chemical analysis of 

small inclusions to be, on occasion, inaccurate [104]. The high detection limits of the EDS detector 

(ca. 0.1%) must also be taken into account when performing chemical analysis [104]. 

In glass studies, SEM-EDS is used to determine the object’s microstructural characteristics and 

the composition of the glass matrix, but also to ascertain the morphology, size, distribution and 

chemical composition of the crystalline inclusions which can be responsible for the artefact’s color 

and opacity.  

 

 

3.3. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

 

Laser ablation (LA) was first coupled to inductively-coupled plasma to mass spectrometry (ICP-

MS) (Figure 0.8) in 1985 [105]. This enabled the determination of major, minor and trace elements 

in solid samples in a direct, reliable, and minimally invasive way, with high sensitivity and spatial 

resolution.  

During the analysis with LA-ICP-MS, a high energy laser beam focuses on the sample placed 

within an ablation cell, causing small particles to be released from its surface. The particle-size of 

the aerosol that is formed depends on the laser parameters (e.g. wavelength and pulse length) used 

[105]. A carrier gas (generally helium) is then used to transport the ablated material to the ICP-

MS instrument. In the ICP-MS instrument, a plasma torch ionizes the ablated material. Argon is 

normally used as the plasma gas because the ionization energy of Ar is simultaneously higher than 

the first ionization potential of most chemical elements, and lower than their second ionization 

potential. Thus, the Ar plasma will create a stream of single-charged monoatomic ions that are 

transported into the interface region. The interface permits the transition from atmospheric 

pressure of the ion source to the vacuum conditions of the mass analyzer. The physical and 
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electromagnetic forces in the interface cause the separation of the existing non-ionic species from 

the remainder of the ion stream. 

 

 

Figure 0.8: Schematic LA-ICP-MS set-up [106]. 
 

In the mass analyzer, the ions are separated according to their mass-to-charge ratio (m/z). There 

are several different mass analyzers; in this dissertation a Triple Quad mass analyzer was used. 

The Triple Quad is composed of two quadrupoles and an octupole acting as a reaction/collision 

cell to eliminate polyatomic and/or isobaric interferences. A quadrupole is a mass filter comprised 

of four cylindrical metal rods of the same length and diameter. Each pair of rods is subjected to a 

radio-frequency voltage that causes the separation of ions according to their m/z value [105]. The 

detector then coverts the ions into electrical pulses and amplifies the signal with dynodes. The 

magnitude of the electrical pulses, which is related to the number of ions present in the sample, is 

then converted into concentrations by comparing the ion signal with known calibration or reference 

standards. 

Given their relatively homogeneous nature, glass artefacts were among the first archaeological 

materials studied by LA-ICP-MS in the 1990’s [107]. Being a nearly non-destructive technique 

capable of performing major to trace element analysis in a single instrument run, LA-ICP-MS has 

progressively changed from a complementary method to the primary technique used for the full 

characterization of man-made glass artefacts [107]. Recently, this technique has also been used to 

perform elemental mapping and profile analysis, enabling the visualization of the distribution of 
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colorants and opacifiers within the glass matrix and the analysis of sub-surface unaltered glass 

[108,109]. LA-ICP-MS also has the potentiality to produce valuable data for isotopic analysis, as 

demonstrated by the use of laser ablation coupled to multi-collector ICP-MS instruments (LA-

MC-ICP-MS) to determine, among other, the provenance of natron used in the manufacturing of 

Roman glass with B isotopes [79], and to distinguish between Panamanian and colonial Spanish 

glazed ceramics with Pb isotopes [110].  

While the use of LA-ICP-MS is considered quasi-non-destructive or minimally invasive, micro-

sampling in the form of ablation lines or craters is required. Caution must be taken in order to 

avoid this micro-sampling to be visible to the naked eye. 

 

 

3.4. Micro-Raman Spectroscopy 

 

When light interacts with matter, two phenomena can occur: absorption and scattering. Absorption 

takes place when the incident photon has an energy that is equivalent to the energy gap between 

the ground state of a molecule and an excited state. Scattering, on the other hand, can be elastic – 

when the scattered photon has the same energy as the incident photon – also known as Rayleigh 

scattering, or inelastic – when the scattered photon has a different energy than that of the incident 

photon. The inelastic scattering of light, commonly referred to as the Raman effect or Raman 

scattering, was first discovered and described by Sir C.V. Raman in 1928. 

In order for the Raman effect to occur, an electrical dipole moment must be induced by the 

electromagnetic field of the incident radiation. The induced dipole moment occurs due to 

molecular polarizability – the deformability of the molecule’s electron cloud by an external electric 

field. 

Two types of Raman scattering exist: Stokes – when the energy of the scattered light is higher than 

the energy of the incident photons as a result of the molecules being in the ground state – and anti-

Stokes, when the energy of the scattered light is lower than the energy of the incident photons as 

a result of the molecules being in a vibrational exited state (Figure 0.9). Since at room temperature 

most molecules are in the ground state, the Stokes Raman bands are more intense than the anti-

Stokes Raman bands [111]. 
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When performing micro-Raman spectroscopy, a monochromatic laser is used to irradiate the 

sample. The scattered radiation collected is filtered by grating systems in order to only detect the 

Raman scattering. The intensity of the scattered radiation is measured as a function of its 

wavelength, and presented in the form of a Raman spectrum, where intensity is displayed as a 

function of the Raman wavenumber [112]. The Raman wavenumber, expressed in cm-1, represents 

the energy difference between the incident and scattered radiations [112]. 

 

 

Figure 0.9: Schematic energy level diagram of Rayleigh and Raman scattering [113] 

 

The interaction of the incident laser beam with the sample can cause several interferences such as 

fluorescence. Fluorescence occurs when a molecule is excited by an incident radiation to an excited 

electronic state; the decay to the ground electronic state causes the emission of radiation with a 

lower energy than the original incident radiation [112]. Background radiation caused by ambient 

light, for instance, can also hamper the identification of the compounds present in a sample. A 

correct regulation of laser intensity is also essential to avoid modifying or damaging the sample. 

Micro-Raman spectroscopy is a relatively fast technique that can be used to analyze solids, liquids 

and gases with little or no sample preparation. Measurements can be made non-invasively and in 

situ, and the molecular information obtained is at the micrometer-scale [112].  

Micro-Raman spectroscopy has been increasingly used in the study of glasses and glazes [114–

127] as it can provide information regarding glass composition and manufacture temperature 

[114,115]. Moreover, the confocality and micrometric space resolution of micro-Raman 

spectroscopy also allow the identification of inorganic compounds dispersed in the glassy matrix 

and responsible for its color and opacity. 
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3.5. Micro-X-ray Diffraction (µ-XRD) 

 

X-ray diffraction (XRD) uses X-rays with known wavelengths to determine the lattice spacing of 

crystalline structures, in order to identify chemical compounds. A crysta l is a solid material 

consisting of atoms, molecules or ions arranged in an ordered pattern, extending in all three spatial 

directions, over very large distances (compared to the interatomic distances). When a crystal is 

irradiated by a collimated beam of monochromatic X-rays of known wavelength, the X-rays are 

diffracted, i.e., are geometrically “reflected” by the atomic layers of the crystal lattice and 

interference ensues. Diffraction occurs when each object in a periodic array scatters radiation 

coherently, producing constructive interference at specific angles. For parallel planes of atoms, 

with a space d between the planes, constructive interference only occurs when Bragg’s law (nλ = 

2d sin θ) is satisfied (Figure 0.10).  

 

 

Figure 0.10: Schematic representation of the diffraction phenomena and Bragg's law, where λ is the wavelength, d is the lattice 

spacing and θ is the diffraction angle. Adapted from Martínez-Ripoll (2020) [128]. 

 

Therefore, each crystalline compound, with specific d values, will have its own diffraction pattern. 

The characteristic position, intensity, width, and shape of the diffraction peaks in a diffraction 

pattern of a polycrystalline sample can be used to determine the different crystalline compounds 

present. This identification is performed by matching the diffractogram obtained from the sample 

with the diffraction patterns in crystalline compound databases. The intensity of the diffraction 

peaks is related to the abundance of the compound in a mix, so this technique also allows a semi-

quantification of the crystalline compounds present in a sample. 
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X-ray diffraction instruments are available in most laboratories, making this technique very 

accessible and fairly inexpensive. In archaeometry XRD is most likely the fastest, cheapest and 

most reliable technique for the identification of crystalline phases in all types of materials 

including metals, ceramics, soils, pigments, and rock and building materials [129]. 

However, conventional XRD, also known as powder X-ray diffraction, requires samples to be 

homogenized and grinded into a fine powder, forever changing the morphological characteristics 

of each sample. The development of µ-XRD in the 1980’s, in which the X-rays are positioned into 

a spot the size of tens of microns in diameter with a collimator [130], enabled the non-invasive 

analysis of small areas of artefacts and artworks, while taking advantage of the spatial resolution 

of this technique (e.g. [104,131–134]). In the study of glass and glazes, µ-XRD can be used to 

determine (de)colorants or opacifying agents present as crystalline phases dispersed inside the 

glass matrix, as well as remains of the raw materials used in the production of poor melting quality 

glass. 

 

 

 

4. Thesis roadmap 

 

Following this introductory chapter, the dissertation is subdivided in two parts. Part I – Man-made 

glass adornment objects – focuses on the geochemical and microstructural characterization of the 

Phoenician-Punic glass beads [47] and the scarabs [91] found in the Iron Age necropolis of Vinha 

das Caliças 4 (Beja, Portugal) in an attempt to better understand the influence of the Eastern and 

Central Mediterranean world in the Southwestern Iberia during the first millennium B.C. in 

Chapter 1; while in Chapter 2, a multi-analytical methodology is used to determine the provenance 

and the raw materials and technology employed in the production of the European trade beads 

from the Mbanza Kongo (Angola) [5,46]. Part II is dedicated to the development of innovative 

methodologies that can be used to study man-made glass artefacts. Chapter 3 focuses on a newly 

developed nondestructive methodology that combines micro-Raman spectroscopy and μ-XRD 

(complemented by VP-SEM-EDS) to determine the composition of glass artefacts and the 

manufacturing techniques employed in their production [135]. Chapter 4, on the other hand, 

explores an innovative multi-technique approach to the study of faience objects [6]. In the Final 
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remarks, the importance Earth Sciences, especially geochemistry, in the study of glassy materials 

is once again highlighted. The interdisciplinary approach used enabled the creation of new non-

destructive and minimally invasive analytical methodologies, which were essential to gain insights 

into glassy materials’ provenance and production technology – taking into account the available 

geological raw materials – and to better comprehend the history and ethnography of the 

communities that produced, used, and traded or exchanged these objects. 
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Chapter 1 – Evidences of Orientalism of the Portuguese Iron Age 

 

 

This chapter is based on the articles Costa et al. (2019) and Costa et al. (2020) [1,2]. 

 

 

1. Historical Context 

 

In around 1200 B.C., the Syro-Palestinian coastal area below Mount Lebanon – named Phoenicia 

by the Greeks – was home to the city-state Phoenician civilization [3,4]. The concept of 

“Phoenicians”, as people, as individuals with shared identity, shared ethnicity, cultural and 

religious beliefs is far from consensual [4]. Deriving from the Greek ϕοῖνιξ [Phoinix], meaning the 

color purple-red and, therefore, commonly linked to the export of Tyrion purple-dyed cloths, the 

term phoenician does not appear to have been used by the Phoenicians themselves [5,6]. Moreover, 

the city-state structure of this civilization, with clear political fragmentation, and fiercely 

autonomous and rival cities, may have hampered the emergence of a common national identity 

[4,5]. 

Despite their possible differences and rivalry, the coastal disposition of the Phoenician city-states 

promoted seafaring activities [3]. In fact, the Phoenicians, commonly described as fearless 

explorers and avid merchants, travelled throughout the Mediterranean establishing a thalassocratic 

civilization. True to their nature as maritime traders, the expansion of the Phoenicians, with the 

development of coastal settlements throughout the Mediterranean and Southern Iberia, was based 

on commercial enterprises. The most famous Phoenician colony was Carthage (Tunisia), 

established in the end of the 9th century B.C. and home to the Carthaginians, also referred to as 

“Punics”. 

During the 9th and 8th centuries B.C., the Phoenicians developed colonial settlements in southern 

Portugal and Spain [7,8]. However, contact between the indigenous Iberians and the Phoenicians 

may have occurred earlier, between the 11th and 10th century B.C., as evidenced by several finds 

collected in the Beira Interior region of Portugal [9].  

Phoenicians may have first settled in indigenous settlements such as Santarém, Almaraz and 

Conímbriga [9]. Bringing with them not only new materials which they intended to trade, but also 

technology unavailable to the local populations, these colonial settlers changed urban architecture 
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by introducing rectangular floor plans, adobe wall construction and building materials such as lime 

[10]. Their settlements, generally located at the mouths of rivers or in coastal regions and with a 

largely foreign population, rapidly expanded to accommodate the growing commercial activities. 

By the 6th century B.C., the power of Carthage had grown, enabling the expansion of the Punic 

civilization which took over many former autonomous Phoenician settlements as Sicily and 

Sardinia [11]. The Carthaginians also founded several new colonies in Iberia, such as Cartagena 

(or New Carthago) on the southeastern coast of Spain [7]. 

While the exact reasons for the Phoenician and Punic colonization of Iberia remain unknown, 

many have pointed out the importance of Iberia in the trans-Mediterranean Phoenician metal trade. 

The strategic position of the Phoenician and Punic settlements along navigable rivers enabled them 

to have easy access to the metallic resources of the interior (including silver, gold, copper, tin, lead 

and iron), but also to agricultural products, timber and salt [7,9]. Evidence for the production of 

purple-red Tyrian dye in Alumuñécar, Toscanos and Mezquitilla, also indicate that Iberia was an 

important source of species of dye murex; and it has also been suggested that slaves were recruited 

in Iberia to perform forced labor in mines and salt exploitation activities [9]. Therefore, it seems 

likely that other western resources, besides metals, played a role in this colonization phenomenon. 

The presence of Phoenician and Punic colonial settlements also had an impact on the indigenous 

societies and brought to light significant regional differences in terms of social, economic and 

technological development [12,13]. Wealth and resources were concentrated in the colonial 

settlements, and indigenous who lived there had access to Mediterranean goods and technological 

know-how that could only be learned through both observation and hands-on experience [12]. 

However, these “Orientalizing” inputs are generally considered to have had little dissemination in 

the interior areas, resulting in indigenous communities with limited access to colonial trade 

networks and imported Mediterranean goods [14]. In the interior areas of southern Portugal, a 

contextualized study of the imported oriental or “Orientalizing” elements has shown that these 

imports are fairly common and used to fulfill specific functional and social needs [14]. 

Mediterranean goods are frequently found in funerary contexts. The ostentation of these imported 

objects after death points to the emergence of social stratification within the Iberian civilization, 

and which is, without a doubt, influenced by the presence of Phoenician and Punic colonizers 

within the territory [12]. 
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1.1. Vinha das Caliças 4 (Beja, Portugal) 

 

The Iron Age necropolis of Vinha das Caliças 4, dated to the second half of the 6 th century B.C., 

is located in the outskirts of the town of Trigaches (Beja, southwestern Portugal) (Figure 1.1). 

Uncovered during construction works associated to the Alqueva damn, this inhumation necropolis 

is characterized by the presence of negative, dich-like structures, carved into the calcareous 

substrate and that surround some of the graves [15]. In fact, the name of the archaeological site, 

which can be loosely translated as calcareous vineyard, is a reference to calcareous geological 

formation on which it lies. 

 

 

Figure 1.1: Aerial view of the necropolis of Vinha das Caliças 4 [15]. 

 

Forty-seven graves were excavated, enabling the recovery of the osteological remains of 44 

individuals – 39 adults and 5 non-adults. Evidence found suggest these inhumations were subject 

to grave robbery during Antiquity. The postmortem fractures of the superior members and cervical 

regions indicate that the robbers were looking for precious metal adornment objects, having left 

behind bronze and iron artefacts (e.g. fibulas, bracelets, and weapons) and pottery objects. Sixteen 

of the grave excavated were found to be intact permitting the analysis of the distribution of grave 

goods. The richest assortment of grave goods was found in tombs surrounded by or within the 
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aforementioned ditch-like structures, while the graves with the less diverse, less exotic goods are 

located outside these areas [15]. 

Among a rich variety of adornment objects – bronze fibulas, rings, bracelets and belt buckles, and 

silver and gold rings, beads and pendants – it is important to highlight the presence of five scarabs 

and one scaraboid found in a female grave [1] and a total of 794 glass beads [15]. The presence of 

glass beads within the inhumations seems to have been related to the individual’s gender as no 

glass beads were found in male graves. In fact, 59% of these objects were found in adult female 

graves, 6% in a female child’s grave and 35% in graves in which the sex of the deceased could not 

be identified [14]. The glass beads found also present a variety of morphological and decorative 

features as seen in Figure 1.2. 

 

 

Figure 1.2: Examples of some of the glass beads found in the necropolis of Vinha das Caliças 4 [15]. 

 

 

2. An insight into the provenance of the Phoenician-Punic glass beads of the 

necropolis of Vinha das Caliças (Beja, Portugal) 

 

2.1. Introduction 

 

Pre-Roman glass beads, generally dated to the Iron Age, have been found in significant amounts 

in the Iberian Peninsula and Balearic Islands, especially in burial contexts [16,17]. Since these 
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artefacts cannot be used to date archaeological sites, their presence had been mostly disregarded 

until the first systematic studies were carried out in the 1990’s [18]. Most of the initial studies 

focused on typological aspects, with little or no archaeometric analysis (e.g. [19,20]). The 

occasional advanced state of glass alteration [18,21] combined with the use of surface-sensitive 

analytical techniques – generally SEM-EDS (e.g. [18,21]) – or X-ray fluorescence instruments 

(e.g. [18,20]), with their known limitations in the detection of low-Z elements, has greatly limited 

the knowledge of the chemical composition of these glass beads. More recent studies, by Garcia-

Heras et al. (2005) [16] and Van Strydonck et al. (2018) [17], revealed that Pre-Roman glass beads 

found in Soria (Northern Spain) and Mallorca (Balearic Islands, Spain) can be classified as natron 

soda-lime-silica glass. These Pre-Roman glass artefacts are thought to have been imported into the 

Iberian Peninsula from the eastern Mediterranean region [16,22], possibly by Phoenician-Punic 

merchants [17]. 

Phoenicians are generally considered to have played an important role in the production of early 

natron glass [23] and eye beads [24]. The Syro-Palestinian coast and Rhodes have both been 

suggested to be the main source of Iron Age natron glass [22,23,25–27]. However, evidence of 

natron glass production has also been uncovered in Carthage (Tunisia) dated to the 5 th century B.C. 

[28]. Therefore, due to the lack of concrete archeological evidence, the glass production model in 

place during the 1st millennium B.C. remains unknown, and the existence of primary and secondary 

workshops and their geographical location is still unclear [29], greatly hindering the determination 

of the provenance Iron Age glass. 

This study will focus on a collection of 25 glass beads recovered during the 2008 excavation 

campaign carried out in Vinha das Caliças 4. A multi-analytical minimally invasive methodology, 

including variable pressure scanning electron microscope coupled with energy dispersive X-ray 

spectrometry (VP-SEM-EDS) and laser ablation inductively coupled plasma mass spectrometry 

(LA-ICP-MS), was used to shed some light on the provenance of these glass beads. 
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2.2. Materials & Methods 

 

2.2.1. Materials 

 

Twenty-five samples recovered from eight graves of the Iron Age necropolis of Vinha das Caliças 

4 were selected for this study based on their morphological abundance and their overall 

conservation state. All glass beads, with the exception of one, were found in female graves. 

Preliminary observations determined that the presence of glass beads within the inhumations of 

Vinha das Caliças 4 was most likely related to the individual’s gender as no glass beads were found 

in male graves [14]. However, there are several cases in which the gender of the deceased could 

not be identified, such as burial 51 [15].  

The samples analyzed in this study are described in Table 1.1. 

 

Table 1.1: Summary of the analyzed samples. Samples marked with an * were previously analyzed by micro-

Raman spectroscopy and micro-X-ray diffraction by Costa et al. (2019) [30]. 

Sample Burial Typology Color Opacity 

1 6 
Cylindrical eye 

bead 

Turquoise with dark blue and white decorations. Yellow 

spherical protruding decorations can be found surrounding 

the aperture 

Opaque 

18* 13 Conical bead Amber/light brown  Transparent 

26* 51 Round bead Turquoise Opaque 

27* 54 Tubular bead Colorless Transparent 

28 54 Tubular bead Colorless Transparent 

30 54 Tubular bead Colorless Transparent 

32 54 Tubular bead Colorless Transparent 

34 54 Tubular bead Colorless Transparent 

43 5 Round bead Dark blue Opaque 

44 5 Round bead Dark blue Translucent 

45* 5 Vasiform bead Dark blue Opaque 

46 5 Round bead Dark blue Opaque 

47 32 Round bead Dark blue Opaque 

50 32 Annular bead Dark blue Translucent 

51* 56 Annular eye bead Turquoise with dark blue and white decorations Opaque 

52 56 Annular eye bead Turquoise with dark blue and white decorations Opaque 

53 56 Tubular bead Colorless Transparent 

54* 56 Round eye bead Turquoise with dark blue and white decorations Opaque 

71* 40 
Triangular prism 

bead 
Black  Opaque 

74 54 Round bead Dark blue Opaque 

75 54 Round eye bead Turquoise with dark blue and white decorations Opaque 
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Table 1.1 (cont.): Summary of the analyzed samples. Samples marked with an * were previously analyzed by 

micro-Raman spectroscopy and micro-X-ray diffraction by Costa et al. (2019) [30]. 

Sample Burial Typology Color Opacity 

76 54 Round eye bead Turquoise with dark blue and white decorations Opaque 

77* 54 Round bead Dark blue Translucent 

88 6 Round bead Dark blue Opaque 

91* 6 Annular bead Dark blue Opaque 

 

2.2.2. Methods 

 

Taking advantage of the analytical strength of a multi-technique approach, as demonstrated in 

previous studies [1,30–32], all samples were initially analyzed using a Hitachi™ S3700N SEM 

coupled to a QUANTAX EDS microanalysis system equipped with a Bruker™ XFlash 5010 SDD 

EDS Detector®. Selected samples were then analyzed using a CETAC LSX-213 G2+ laser 

ablation system coupled to an Agilent™ 8800 Triple Quad ICP-MS.  

VP-SEM-EDS measurement conditions and processing followed previous studies [1,30–32]. LA-

ICP-MS acquisition conditions, the isotopes analyzed, and their respective dwell time can be found 

in Table 1.2. ICP-MS calibration, performance monitoring and analysis post-processing 

procedures followed previous studies [31,32].  

 

Table 1.2: Acquisition conditions, isotopes analyzed by LA-ICP-MS along with their respective dwell times. 

Agilent™ 8800 Triple Quad ICP-MS 

Acquisition Mode TRA (Time Resolved Analysis) 

Scan Type MS/MS 

Plasma Parameters 

RF Power 

RF Matching 

Sample Depth 

Carrier Gas (Ar) 

Plasma Gas (Ar) 

 

1400W 

1.8 V 

4 mm 

1.01 L min-1 

15 L min-1 

Analysis Mode No gas 

Dwell time (ms)  

2 23Na; 28Si  

5 24Mg; 27Al; 39K; 43Ca; 44Ca; 56Fe, 57Fe  

10 45Sc; 47Ti; 51V; 52Cr; 55Mn; 59Co; 60Ni; 63Cu; 66Zn; 
85Rb; 88Sr; 133Cs; 137Ba; 208Pb 

20 31P; 75As; 89Y; 90Zr; 93Nb; 118Sn; 121Sb; 139La; 
140Ce; 141Pr; 146Nd; 147Sm; 153Eu; 157Gd; 159Tb; 
163Dy; 165Ho; 166Er; 169Tm; 172Yb; 175Lu; 178Hf; 
181Ta; 209Bi; 232Th; 238U 
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Table 1.2 (cont.): Acquisition conditions, isotopes analyzed by LA-ICP-MS along with their respective dwell times. 

 

 

2.3. Results and Discussion 

 

2.3.1. Chemical glass family 

 

The VP-SEM-EDS results of the glass beads analyzed can be found in Table 1.3. The high Na2O 

(commonly above 8.0 wt.%) and the relatively low K2O contents (generally ca. ≤ 1.5 wt.%) are 

indicative of soda-lime-silica glass. Based exclusively on the VP-SEM-EDS results, a significant 

number of these beads fall into the so-called low magnesium (LMG) soda-lime-silica glass 

produced using natron [33]. The presence of S and Cl, the latter detected in almost all samples, 

supports the use of natron as a fluxing agent [26].  

The occasionally low Na2O contents (ca. ≤ 5.0 wt.%), when combined with microscopic signs of 

glass decay visible by VP-SEM, such as the presence of a network of small cracks on the glass 

surface, suggests that an important number of glass beads have suffered processes of glass 

alteration. Evidence of glass decay in glass beads from the necropolis of Vinha das Caliças 4 has 

already been reported [30]. Glass preservation is dependent on the pH of the surrounding 

environment. Glass alteration occurs by means of two reaction processes: selective leaching – 

favored at pH < 9 and in which water removes alkali ions (e.g., Na+ and K+) and transition metal 

cations from the glass – and uniform dissolution – favored at pH > 9 and which eventually leads 

to the complete dissolution of the silicate network [34–36]. The process of selective leaching 

Laser Ablation System - CETAC LSX-213 G2+ 

Laser Energy Output 100% 

Analysis Mode Spot Analysis 

Spot Size 

Repetition Rate 

Burst Count 

He carrier flow 

50 µm 

20 Hz 

600 

1 L min-1 

Run 

 

Gas Blank 

Ablation 

Washout 

 

55 s 

15 s 

30 s 

10 s 
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results in a dealkalinized silica-rich glass layer. Bunker et al. (1983) determined that the 

concentration of K remaining in the dealkalinized glass layer depends on the pH of the solution, 

as higher quantities of potassium are retained in basic solutions [34]. This may explain the 

relatively high K2O contents (ca. 2.0-4.0 wt.%) found in several glass beads. 

Given the surface-sensitive nature of SEM-EDS – a technique with an analysis depth of 

approximately 1–2 μm [37] – soda and potash contents were also accessed by LA-ICP-MS. The 

first 4-5 seconds of ablation were discarded in order to account for the presence of a dealkalinized 

Si-rich glass layer. A ternary diagram of the normalized concentrations of Na2O, K2O + MgO and 

CaO obtained by LA-ICP-MS (Figure 1.3), confirms that natron was used in the production of all 

the glass beads analyzed. These results are consistent with other Phoenician-Punic glass beads 

studied by Arletti et al. (2012), Eremin et al. (2012), García-Heras et al. (2005), Truffa Giachet et 

al. (2019) and Van Strydonck et al. (2018) [16,17,24,26,28]. 

 

 

 

Figure 1.3: Ternary diagram of the normalized Na2O, MgO + K2O and CaO contents of the Phoenician-Punic glass of Vinha das 

Caliças 4 analyzed by LA-ICP-MS. The four main chemical glass types are evidenced by the ellipses [38].  
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Table 1.3: Chemical analyses (oxides wt.%) obtained by VP-SEM-EDS (Abbreviations: DB = blue; W = white; T = turquoise; Y = yellow; n.d. = not detected). 

 Dark blue White 

 1 DB 43 44 45 46 47 50 51 DB 52 DB 54 DB 74 75 DB 76 DB 77 88 91 1 W 51 W 52 W 54 W 75 W 76 W 

Na2O 10.8 11.8 8.6 15.4 11.4 7.6 5.9 13.5 7.6 2.6 8.0 15.4 12.1 14.9 3.3 1.2 6.3 13.3 2.8 1.8 14.4 4.0 

MgO 0.4 0.8 0.5 1.2 0.7 1.1 0.1 1.1 1.0 1.1 1.0 0.8 0.9 0.3 0.1 0.1 0.8 1.6 0.6 n.d. 1.3 1.1 

Al2O3 4.7 4.7 5.3 4.0 3.6 7.9 5.1 4.1 10.0 16.4 8.1 3.0 10.5 2.5 7.8 13.0 10.9 5.2 9.8 9.0 4.1 10.0 

SiO2 63.5 65.3 64.2 62.5 65.5 70.6 61.9 66.6 60.8 65.7 68.3 62.7 54.0 64.4 69.3 69.4 63.0 62.1 45.9 35.4 66.3 47.4 

P2O5 n.d. n.d. 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

SO3 0.6 0.8 0.2 0.6 0.6 0.2 0.9 1.3 1.5 n.d. n.d. 0.6 0.9 0.5 1.0 0.7 0.6 n.d. n.d. n.d. n.d. n.d. 

Cl 0.7 1.6 1.2 1.3 1.4 1.2 1.5 0.6 0.9 0.3 0.9 0.9 1.3 1.6 1.1 0.8 0.7 0.6 0.5 0.1 n.d. 0.3 

K2O 3.3 0.9 2.6 1.0 1.0 0.9 1.5 1.2 3.9 0.6 1.2 1.0 2.3 0.6 0.7 0.4 2.6 1.1 1.5 n.d. 1.3 n.d. 

CaO 11.0 12.0 13.2 12.3 13.6 8.6 15.0 9.9 9.8 10.4 9.2 12.9 9.4 14.3 12.5 11.5 13.7 15.4 12.4 15.4 12.0 11.9 

TiO2 0.9 0.6 1.0 0.6 0.8 n.d. 2.1 0.1 1.3 1.0 n.d. n.d. 6.1 n.d. 0.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

FeO 2.8 1.5 3.1 1.2 1.4 1.4 6.0 1.6 1.9 2.0 3.3 2.0 2.5 0.9 3.3 2.9 1.5 0.8 1.1 1.0 0.6 3.9 

CoO 1.4 n.d. n.d. n.d. n.d. 0.6 n.d. n.d. n.d. n.d. n.d. 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

CuO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2 1.2 n.d. n.d. 0.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sb2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 25.2 18.1 13.9 28.3 11.8 21.5 

PbO2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.4 11.7 8.9 1.8 n.d. 
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Table 1.3 (cont.): Chemical analyses (oxides wt.%) obtained by VP-SEM-EDS (Abbreviations: DB = blue; W = white; T = turquoise; Y = yellow; n.d. = not detected). 

 Turquoise Yellow Black Colorless Amber 

 1 T 26 51 T 52 T 54 T 75 T 76 T 1 Y 71 27 34 32 28 30 53 18 

Na2O 7.8 13.3 5.1 5.2 3.5 14.2 7.3 2.9 10.5 2.9 13.3 3.9 4.3 12.1 11.7 2.3 

MgO 0.3 0.8 0.1 1.1 0.9 0.7 0.3 1.4 0.6 n.d. 1.1 0.9 1.0 1.2 1.0 0.4 

Al2O3 6.1 3.5 7.1 12.5 15.0 3.2 6.4 15.0 1.8 6.4 4.5 12.4 10.0 4.3 3.7 0.8 

SiO2 67.1 68.0 71.6 60.9 61.7 64.8 62.0 62.0 62.4 75.3 67.9 73.3 72.6 68.6 69.3 76.0 

P2O5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

SO3 1.2 0.4 1.0 0.8 0.5 0.7 0.9 0.4 0.8 n.d. n.d. n.d. n.d. n.d. 1.1 0.5 

Cl 0.8 1.3 0.6 1.0 0.6 1.1 1.0 0.9 1.5 1.3 1.2 0.5 1.0 1.2 1.1 2.0 

K2O 3.9 1.1 1.3 2.6 1.1 1.3 2.0 0.8 0.4 2.2 0.8 0.5 1.3 0.5 1.2 0.8 

CaO 11.4 11.1 12.4 11.2 12.5 13.3 12.5 10.5 11.6 11.4 10.5 7.0 8.5 11.3 10.1 16.9 

TiO2 0.0 n.d. n.d. 1.7 2.1 n.d. 3.1 1.2 n.d. 0.0 n.d. n.d. n.d. n.d. n.d. n.d. 

FeO 1.5 0.5 0.8 1.5 1.0 0.7 2.2 5.0 10.4 0.5 0.7 1.6 1.3 0.8 0.8 0.2 

CoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

CuO 2.4 3.4 1.4 1.7 1.2 2.1 2.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sb2O3 5.5 n.d. 64.6 n.d. n.d. n.d. n.d. 8.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

PbO2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 31.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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2.3.2. (De)colorants & Opacifiers 

 

In glass, color and opacity is linked to the presence of minor amounts of transition metal ions and 

metallic and non-metallic particles dispersed within the glass’ structure. The color that is produced 

by a metallic ion depends, not only on its oxidation state, but also on its position in the glass 

structure. Therefore, the color of glass depends on the redox conditions in the furnace, as well as 

the nature of the coordination sphere around the coloring ion [39]. 

The glass found in Vinha das Caliças 4 can be separated into seven main groups according to its 

color: colorless, dark blue, turquoise, white, yellow, black, and amber. In the samples characterized 

in this study, white and yellow glasses were used exclusively to produce decorative motifs. 

While most glass colorants are added deliberately to the glass mix in order to impart a specific hue 

to the glass, the presence of impurities in the raw materials used in glass manufacture, especially 

impurities within the silica source, can influence and alter the glass’ final color. In order to 

counteract the coloring effect of impurities, such as the ubiquitous iron oxides, glassmakers would 

either carefully select specific raw materials known to have low amounts of impurities, use 

extremely oxidizing furnace conditions, or add decolorants such as manganese or antimony-

bearing minerals [40].  

The analysis of six of the colorless tubular glass beads found in the necropolis of Vinha das Caliças 

4 by LA-ICP-MS revealed extremely low iron contents (ca. 0.2 wt.%). Insignificant Mn 

concentrations (averaging 109 ppm) could point to the use of fairly pure raw materials and 

controlled redox conditions in the manufacture of these glass beads. However, given the fairly 

high antimony values (ca. 0.6 wt.%), similar to those found in the dark blue and black glasses, the 

use of antimony-bearing minerals as decolorants cannot be excluded. The use of antimony as a 

decolorant has been reported by Blomme et al. (2017) in glass artefacts dated to the 8th-4th century 

B.C. and recovered in Pieria (Greece) [23]. 

Despite the fact that cobalt was detected by VP-SEM-EDS in only three dark blue glasses (Table 

1.3), LA-ICP-MS revealed that this transition element is responsible for the characteristic hue of 

all the dark blue glass of Vinha das Caliças 4. Cobalt, thought to have first been used as a colorant 

for vitreous materials in the Late Bronze Age (ca. 16 th century B.C.), is an extremely powerful 

coloring agent imparting blue or blue-purple hues to glass at concentrations as low as CoO = ~50 
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ppm [41,42]. LA-ICP-MS of the dark blue glasses revealed Co values between 767 ppm in sample 

43 and 4806 ppm in the dark blue glass of sample 52, with an average value of 1982 ppm.  

In nature, cobalt is generally associated with copper, nickel, lead, zinc, iron, manganese, arsenic, 

silver and gold, being commonly exploited as a by-product of Cu, Pb, Ag and Au mining [41–44]. 

The minor and trace elements associated with this transition metal are, therefore, essential in the 

determination of the source of cobalt used by glass craftsman. A careful examination of the LA-

ICP-MS results revealed that cobalt was associated with Ni, As, Fe, Cu, and U in the dark blue 

glasses studied (Figure 1.4). Variable correlations between cobalt and Sn, Zn, Pb and Bi, were also 

found (Figure 1.4 and Figure A1 – Appendix A). These results may indicate that the Co used in 

the production of these blue glass beads came from the Erzgebirge/Krušnohoří mining district, one 

of the main cobalt sources used in glass and glaze manufacture starting from the 14th century B.C. 

[41]. However, similar deposits can be found within the Mediterranean basin, such as the 

polymetallic veins found in Piedmont and Sardinia (Italy), which are known to have been exploited 

in the 18th and 20th centuries, respectfully [45], and the Bou Azzer El-Graara area (Morocco), with 

known mining activity since 1928 [46]. The lack of a correlation between cobalt and Mn, Al, and 

Mg (Figure A2 – Appendix A) excludes the use of cobaltiferous alum deposits from Egypt in the 

production of the glass beads of Vinha das Caliças 4 [42,47]. Manganese, possibly in the form of 

pyrolusite (MnO2), appears to have been deliberately added to the glass batch that produced sample 

47 perhaps to produce a darker, more purplish hue, due to the incorporation of Mn3+ ions in the 

glass matrix [48]. 

The Erzgebirge/Krušnohoří mining region, a large area comprising Saxony (Germany) and north-

western Czech Republic, is home to a wide variety of hydrothermal polymetallic vein ore deposits, 

including five-element Ni-Co-As-Ag-Bi(-U) deposits, Fe-Mn veins and Sn-W and Zn-Pb-Cu 

mineralization [49]. The known paragenetic sequence of five-element hydrothermal deposits, 

which includes the formation of iron, copper, lead and zinc sulfides at different stages, as well as 

the gradational transition between sulfide-rich stages and the Ni-Co arsenide-silver stage [50] 

could explain the variable correlation of cobalt with both Zn and Pb in the dark blue glasses found 

in Vinha das Caliças 4. The intersection between cobalt-bearing and tin-bearing veins, which has 

been described by Bastin (1939) [51], could also account for the variable Co-Sn correlation, while 

the variability of Bi contents in glass manufactured with cobalt from the Erzgebirge/Krušnohoří 

mining district has been described by other authors [32,52]. However, the exploitation of similar 
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deposits found within the Mediterranean basin for the production of the glass beads of Vinha das 

Caliças 4 cannot be excluded.  

 

 

Figure 1.4: Elemental bi-plots evidencing that cobalt is associated with Ni, As, Fe, Cu, and U in the dark blue glasses of Vinha 

das Caliças 4. Variable correlations were also found between cobalt and Sn, Zn, Pb and Bi (Figure A1 – Appendix A).  
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Comparison between the cobalt-blue glass beads of Vinha das Caliças 4 and other contemporary 

Phoenician-Punic glass beads studied by Truffa Giachet et al. (2019) and Van Strydonck et al. 

(2018) [17,24] revealed several similarities (Figure A1 – Appendix A), which could indicate that 

the same cobalt source was used in the manufacture of these vitreous artefacts. The higher Ni, As 

and Sn contents found in the beads studied by Van Strydonck et al. (2018) [17] may be related to 

different raw material selection or sorting or the exploit of similar cobalt-bearing vein deposits. 

As seen in Table 1.3, the turquoise glass is characterized by significant copper contents. Divalent 

copper ions are known to impart blue-green or turquoise hues to glass when displayed in octahedral 

coordination within the glass matrix [39]. Both tin and arsenic were found to be associated to 

copper in the turquoise glass of Vinha das Caliças 4 (Figure 1.5). The presence of tin in glass is 

generally associated to the use of tin-rich bronze scrapings as the copper source, as reported in 

Egyptian, Phoenician-Punic and Roman glass (e.g. [24,53,54]). Arsenic commonly occurs in both 

copper and lead ores, from which it is primarily exploited [55], and has been found in low 

concentrations (ca. 0.01-0.62 wt. %) in many archaeological bronze artefacts from the 

Mediterranean basin (e.g. [56]). The relationship between Cu, As and Sn was also found in the 

turquoise glass Iron Age artefacts studied by Panighello et al. (2012) [27] and in the turquoise 

glass of the Phoenician-Punic eye bead studied by Truffa Giachet et al. (2019) [24] (Figure A3 – 

Appendix A), which may suggest that these artefacts were produced in the same workshop or city. 

 

 

Figure 1.5: a) Sn-Cu plot and b) As-Cu plot evidencing the relationship between Cu, As and Sn found in the turquoise glass of 

Vinha das Caliças 4. 

 

VP-SEM-EDS analysis also revealed the presence of crystals enriched in both calcium and 

antimony dispersed throughout the turquoise glass (Figure 1.6), indicating the use of calcium 
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antimonates as opacifying agents. Calcium antimonates have been used in glassmaking since the 

2nd millennium B.C. [26]. Orthorhombic (Ca2Sb2O7) and hexagonal (CaSb2O6) calcium 

antimonate phases were previously identified in the turquoise glass artefacts found in Vinha das 

Caliças 4 [30]. The random distribution of the calcium antimonate crystals within the glass matrix 

(Figure 1.6), and lack of rosary shaped aggregates, indicates that these opacifiers are the result of 

an in situ crystallization process, in which antimony was deliberately introduced as an oxide or a 

sulfide to the glass mix [57]. Ex situ crystallization, on the other hand, in which calcium antimonate 

crystals are synthesized before being added to a translucent glass, was found to have been used by 

Egyptian glassworkers [57], which may exclude an Egyptian origin for the turquoise glass of Vinha 

das Caliças 4.  

 

 

Figure 1.6: VP-SEM image of sample 26, a turquoise-colored glass bead. The white particles were found to be enriched in both 
calcium and antimony (data not shown) indicating the use of calcium antimonates as opacifying agents. The random distribution 

of the crystals, lack of rosary shaped aggregates and predominance of isolated crystals or small crystalline aggregates suggest that 

these were produced by in situ crystallization. 

 

The white color and opacity of the white glass decorations of the eye beads recovered from Vinha 

das Caliças 4 can be attributed to the use of calcium antimonates (Figure 1.7), in accordance to 

what was previously reported for the glass beads found in this necropolis [30]. As in the case of 

the turquoise glass, the calcium antimonate crystals are randomly distributed with a predominance 

of isolated crystals or small crystalline aggregates – an indication of in situ crystallization. As 

previously reported [30], VP-SEM-EDS also revealed the incorporation of minor amounts of lead 

in the structure of the calcium antimonate crystals. Lead has been found to facilitate the 

crystallization of Ca2Sb2O7 [58], and its presence has been reported in white glass from the Roman 
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period (e.g. [59]). Small amounts of lead have also been found in the white glass of the Phoenician-

Punic beads analyzed by Truffa Giachet et al. (2019) and Van Strydonck et al. (2018) [17,24]. 

While lead was found in most of the white decorations analyzed in this study by VP-SEM-EDS 

and LA-ICP-MS, its absence in the white glass of samples 1 and 76 confirms that the presence of 

this element in not a requirement for the formation of calcium antimonate phases. 

 

 

Figure 1.7: Elemental map obtained by VP-SEM-EDS of sample 51, a turquoise eye bead with dark blue and white decorations, 

showing the distribution of Si and Sb. The white glass is characterized by the presence of large amounts of calcium antimonate 

crystals (seen in white on the left). 

 

Yellow decorations are only present in sample 1. Typologically similar beads have been reported 

by Ruano Ruiz (1995) [19], but they are still considered to be fairly uncommon [14]. Given the 

unique nature of this glass bead, it was not subjected to LA-ICP-MS. VP-SEM-EDS revealed that 

the color and opacity of the yellow decorations is linked to the presence of a large number of 

crystals enriched in both lead and antimony dispersed throughout the glass matrix (Figure 1.8), 

indicating the use of lead antimonate. Lead antimonate (Pb2Sb2O7), also referred to as bindheimite 

– the mineral equivalent (Pb2Sb2O6(O,OH)) – was used as a colorant and opacifier in glass 

production since the 3rd millennium B.C. [60] and has been found in yellow decorations in 

Phoenician-Punic glass beads from Mozia [26] and Carthage [28]. Micro-X-ray diffraction 

analyses (Figure A4 – Appendix A) confirmed the use of bindheimite in the manufacture of the 

yellow decorations of this glass bead. 
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Figure 1.8: a) VP-SEM image of the yellow glass of sample 1. The white areas were found to be lead antimonate (bindheimite) 

crystals; b) point analysis of one of the bindheimite crystals. 

 

As previously reported [30], iron, in the form of the iron-sulfur chromophore and in ionic form, is 

responsible for the color of the amber and black glass beads (18 and 71, respectively). 

 

2.3.3. Glass Provenance 

 

Provenance studies are based on the principle that each raw material source has a unique chemical 

fingerprint that is characteristic of the geological region from which they derive. As the glass 

inherits the chemical fingerprint of the raw materials from which it is produced, certain elements 

have the potential to be used as proxies for the glass’ provenance [23,32]. Sand, being one of the 

main ingredients in glass production, can be used to infer the geographical location of the 

workshop where the glass was manufactured, as favored silica sources are thought to be located in 

the vicinity of glass production centers [61]. 

Many authors have used trace element and rare earth element (REE) analysis to successfully 

distinguish between different silica sources (e.g., [17,23,24,27,29,31,32,62–68]). While sands used 

in glass production are composed primarily of quartz, they also contain minor amounts of 

additional minerals – e.g. aluminosilicates (including feldspars, micas and clays), iron and/or 

titanium oxides, chromite, zircon and REE phosphates – which can account of the presence of 

trace elements such as Ba, Rb and Sr, found in feldspars and other K- or Ca-containing minerals; 

Ti, V, Cr, Fe present in iron-titanium oxides; Zr and Hf, associated with zircon; and rare earth 

elements and Y present in clays, zircon and REE phosphates [23,32,63,69,70]. 

The chondrite-normalized REE patterns of the glass beads analyzed (Figure 1.9) showed 

remarkable similarities between all samples, regardless of their color. REE patterns have 
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previously been employed to differentiate silica sources used in glass production (e.g. 

[23,31,32,63,65,66,68]). Studies have found that sand is responsible for the largest portion of rare 

earth elements in glass, and the REE concentrations introduced by the soda and lime sources are 

considered to be negligible [63]. REE concentrations in glass are also not influenced by the use of 

(de)colorants [65]. The chondrite-normalized REE patterns of the glass beads of Vinha das Caliças 

4 are characterized by an enrichment in light rare earth elements (LREEs) when compared to the 

high rare earth elements (HREEs) and negative Eu-anomalies (Eu/Eu* = 0.76-0.91) (Table A1 – 

Appendix A). The negative Eu-anomalies, in conjunction with the LREE enrichment, indicate the 

use of sand derived from the weathering of upper continental crust granite-type rocks [31,64].  

 

 

Figure 1.9: Chondrite-normalized [71] REE patterns of the Phoenician-Punic glass beads of Vinha das Caliças 4. The dark blue, 

turquoise, white and colorless glasses analyzed by LA-ICP-MS are represented as average values. 

 

The somewhat jagged appearance of chondrite-normalized REE patterns of samples 18 and 71, 

amber and black-colored glass beads, respectively, could be interpreted as an artifact caused by 

the low abundance of these elements and the short dwell times used to acquire the data of each 

isotope. However, a careful examination of the trace element concentrations of the glass from 

Vinha das Caliças 4 (Figure 1.10) revealed that samples 18 and 71 have very different trace 

element patterns than the remainder of the glass beads analyzed. As seen in Figure 1.10, the dark 

blue, turquoise, white and colorless glass have similar trace element compositions. Samples 18 

and 71, on the other hand, have low Rb and Ba contents, suggesting that the sand source used was 
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depleted in K-feldspars and other K-bearing minerals; their high Zr, Hf, Nb, Ta, Ti, and Cr (and V 

in sample 71) values also point to the use of a sand with a significant heavy mineral content, as 

these elements can be related to the presence of zircon (ZrSiO4), iron or titanium oxides, such as 

rutile (TiO2) or ilmenite (FeTiO3), chromite (FeCr2O4) and minerals from the columbite 

((Fe,Mn)Nb2O6)-tantalite ((Mn,Fe)(Ta,Nb)2O6) series. These results are consistent with the use of 

sand deriving from granite-type rocks, with high amounts of heavy minerals and low K-feldspar 

content. 

 

 

Figure 1.10: Chondrite-normalized [71] trace element composition of the glass beads of Vinha das Caliças 4. While the dark blue, 
white, turquoise and colorless glass have similar compositions, samples 18 and 71 are enriched in Ti, V, Cr, Zr, Hf and Ta and 

depleted in Rb and Ba, when compared to the remaining glasses analyzed. The dark blue, turquoise, white and colorless glasses  

analyzed by LA-ICP-MS are represented as average values. 

 

Zirconium and strontium have been used by several authors to distinguish and group Iron Age 

glass [17,23,24,27]. While Zr is incorporated into the glass due to the aforementioned presence of 

zircon within the sand source, Sr commonly replaces Ca in calcite and other Ca-containing 

minerals [70] and is, therefore, associated to the lime source used to stabilize the glass. Both Sr 

contents [23,27,72] and CaO/Sr ratios [29] have been used in an attempt to distinguish between 

the use of limestone and shell fragments. Since the incorporation of Sr is easier in the structure of 

aragonite than that of calcite, coastal sands have higher Sr values, than inland sand [73]. As seen 

in Table A2 (Appendix A), both the Sr values, generally above 300 ppm, and the CaO/Sr ratios, 

usually below or around 200, are consistent with the use of coastal sands [27,29,72]. It is important 

to note that strontium contents in glass are not influenced by the use of natron [72]. 
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Glass produced using Mediterranean sand has been found to have low Zr and high Sr contents 

[23]. This feature was used by Truffa Giachet et al. (2019) and Van Strydonck et al. (2018) [17,24] 

to differentiate the Levantine glass and the Egyptian glass used to produce the Phoenician-Punic 

beads studied by these authors. In Figure 1.11, the chondrite-normalized Sr and Zr values of the 

glass beads of Vinha das Caliças 4 are compared with those of the Phoenician-Punic glass beads 

studied by Truffa Giachet et al. (2019) and Van Strydonck et al. (2018) [17,24], but also with other 

Iron Age natron-based glass artefacts found in Europe [23,27,29,62,68,74]. The blue, turquoise, 

white and colorless glass of Vinha das Caliças 4 seems to have been manufactured in the Levant 

region, while the black and amber colored beads (samples 71 and 18, respectively) may have been 

produced in Egypt.  

 

 

Figure 1.11: Chondrite-normalized [71] Sr and Zr values of the glass beads of Vinha das Caliças 4, as well as those of the 
Phoenician-Punic glass beads studied by Truffa Giachet et al. (2019) and Van Strydonck et al. (2018) [17,24], and of other Iron 

Age natron-based glass artefacts found in Europe [23,27,29,62,68,74]. The blue, turquoise, white and colorless glass of Vinha das 

Caliças 4 seems to have been manufactured in the Levant region, while the black and amber colored beads (samples 71 and 18, 

respectively) may have been produced in Egypt.  
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As seen in Figure 1.11, a glass’ color or age does not seem to be directly linked to its production 

location – for example while all the values for the glass studied by Gallo et al. (2014) [74] are from 

blue-colored glass, samples 6 and 7 (the first dated to the late 4th century B.C. and the second to 

the 3rd century B.C.) seem to have been produced in Egypt, while sample 4 (2nd half of the 4th - 

late 3rd century B.C.) appears to be from the Levant. The existence of an intermediate composition, 

possibly created by mixing glasses of both the Levant and Egypt as postulated by Truffa Giachet 

et al. (2019) [24] and including among others sample 53 from Vinha das Caliças 4, cannot, 

however, be conclusively defined. 

 

 

2.4. Conclusions 

 

A multi-technique, minimally invasive, approach, including VP-SEM-EDS and LA-ICP-MS, was 

used to study collection of 25 Phoenician-Punic glass beads found in the Iron Age necropolis of 

Vinha das Caliças 4 (Beja, Portugal). 

The determination of the chemical glass type revealed that natron was used in the manufacture of 

these glass beads, in agreement with what was previously reported for similar artefacts. Dark blue 

and turquoise glass were colored using cobalt ions and copper ions, respectively. The minor and 

trace elements associated with cobalt suggest that this coloring agent may have been procured from 

the Erzgebirge/Krušnohoří mining region, one of the main cobalt sources used in glass and glaze 

manufacture starting from the 14th century B.C., or from a similar cobalt-rich deposit located 

within the Mediterranean basin. The relationship between Cu, As and Sn was also found in the 

turquoise glass, on the other hand, pointed to the use of bronze scrapings as the copper source. 

This tin-rich bronze seems to have contained minor arsenic contents, which is in agreement with 

the composition of many bronze artefacts from the Mediterranean basin reported in literature.  

Calcium antimonate phases were used as opacifying agents in both the turquoise and the white 

glass. Morphological evidence suggest that these phases were produced by in situ crystallization, 

as opposed to ex situ crystallization favored by the Egyptian glass makers. 

Trace element and rare earth element analysis revealed that the dark blue, turquoise, white and 

colorless glass of Vinha das Caliças 4 was most likely produced in the Levant region using coastal 
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sand with contributions from the weathering of upper continental crust granite-type rocks. LA-

ICP-MS results also suggest that samples 18 and 71, an amber and a black bead, respectively, were 

manufactured in Egypt using sand with considerable amounts of heavy minerals, including zircon, 

iron, titanium and chromium oxides and minerals from the columbite-tantalite series. This sand is 

also most likely depleted in K-feldspars and other K-rich minerals. 

As glass beads are commonly manufactured in secondary glass workshops, exact production 

location of these glass beads remains unknown. However, the maritime trade of this kind of objects 

is well known since the Late Bronze Age, as highlighted by the vitreous beads found inside 

Canaanite jars of the Uluburun shipwreck [75]. This trade is known to have reached the Iberian 

Peninsula, as evidenced by the beads found in Atalaia, Ourique [76], but also those found in the 

NW [77,78], and in Beiras [79], Moita da Ladra [80] and Vila Franca de Xira [81] in the Tagus 

estuary. These finds, as well as others from Central and South Portugal Iron Age sites, including 

Vinha das Caliças 4, support the existence of a connection that linked the East and the West 

through vitreous goods.  

The results of this study suggest the existence of primary glass workshops in both the Levant and 

Egypt. Moreover, the procurement of cobalt ores from specific geological provinces are a strong 

evidence of the existence of large-scale trade routes of both raw materials and finished artefacts in 

the Iron Age. The finished artefacts trade routes included not only the Mediterranean world, but 

also sub-Saharan Africa and Southern Iberia.  

 

 

  

3. Micro-analytical study of the scarabs of Vinha das Caliças (Portugal) 

 

3.1. Introduction 

 

Egyptian faience was first produced in Egypt in the 4 th millennium B.C. [82–85]. The 

manufacturing process used in the production of this glazed quartz fritz rapidly spread through 

Central and Western Europe and soon Egyptian faience was produced in a large region, from the 

Near East to Britain [86]. In the Near East, especially in Iran, this technique is still used now-a-

days to produce small objects such as beads and small figurines [82,83,86]. 
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Ancient Egyptian faience consists of a finely ground quartz or sand core (or body), typically coated 

with an alkaline-lime-silicate glaze [82,83,85–87]. Traditionally colored either turquoise or black, 

due to the addition of copper (Cu2+) or manganese (Mn2+), respectively, the glaze color became 

more diversified in the mid-Eighteenth Dynasty (1550 – 1295 B.C.) due to the introduction of new 

colorants such as cobalt and lead antimonate [83,88,89]. Microstructural characterization of 

faience artifacts has revealed the presence of three layers: 1) an external quartz-free glaze layer; 

2) a glaze-body interface layer (also known as “buffer layer”), which consists of quartz or sand 

grains surrounded by glass; 3) a body of crushed quartz or sand held together by varying amounts 

of glass [85,86]. Identification of the glaze application technique – application, efflorescence or 

cementation (Qom technique) [84–86,90] – relies on macroscopic or microstructural evidences. 

The first are not always visible in broken or weathered artifacts, while the second require the 

visualization of the layered structure, generally through the preparation of polished cross-sections, 

followed by scanning electron microscopy [82–87,90,91] .  

In this study, we propose a multi-analytical, non-destructive methodology to determine the 

chemical composition and microstructural aspects of five scarabs and one scaraboid found in a 

female grave of the Iron Age necropolis (6th century B.C.) of Vinha das Caliças 4 (Beja, Portugal) 

[15]. These six vitreous artifacts, thought to be made of faience, were analyzed using handheld X-

ray fluorescence (h-XRF), variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS) and micro X-ray diffraction (µ-XRD). The results 

will shed light on their manufacture and provide insights into their probable provenance. 

 

3.1.1. Scarabs in Portugal 

 

Scarabs are one of the most characteristic amulets of the pre-classical world and are found 

throughout the Mediterranean, especially in funerary contexts. Usually Egyptian, scarabs were 

produced since the Old Kingdom (3rd to 6th Dynasty), but their use only became widespread in the 

First Intermediate Period and extended to include all of the Pharaonic period [92]. Scarabs, molded 

or carved using a wide range of materials including glass, faience, stone or metal, were produced 

in many centers in Egypt, including Naukratis [93], but also in cities in the Levant region. The 

diffusion of the use of scarabs to other Mediterranean communities, particularly to the Phoenician-

Punic communities, is well documented and proven by their abundant presence in the eastern 
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Phoenician cities, but also in Carthage, Sardinia, Ibiza, and in the south of the Iberian peninsula, 

with 27 registered copies in Portugal [15,94–96] 

The original symbolism of the scarab, associated to afterlife and rebirth, justifies the magical and 

religious significance attributed to its representations. The scarab’s base was filled with images 

and myths in hieroglyphs, while the back side, concave, depicted the shape of the beetle, with the 

head, chest, wings and legs of the animal represented with a greater or lesser degree of naturalism. 

When the distinct oval shape is present, but there is an absence of beetle-like characteristics 

displayed on the backside, these amulets are classified as scaraboids. The scarabs and scaraboids 

were also generally perforated longitudinally in order to be used as pendants, or to be fitted into 

swivel-head rings. In addition to their ascription to the magical and/or religious world, they were 

also used as seals, evidencing that they were connected with property, functioning as symbols of 

power, and linked, therefore, to elevated social status.  

The presence of scarabs in the present Portuguese territory must be understood within the 

framework of the settlement of Phoenician communities on the coast line from the 8th century B.C. 

onwards [12]. These Phoenician communities, whose influence extended well into the center of 

the country, gave rise to a diversified, but markedly oriental, world. The presence of scarabs in 

inland Iberia are also a clear indication of Far West’s deep contacts with the Mediterranean world 

and demonstrate the progressive development of the social differentiation that these contacts 

provided. 

 

3.2. Materials and Methods 

 

3.2.1. Materials 

 

Five scarabs and one scaraboid were recovered from a female grave during the 2008 excavation 

campaign carried out in Vinha das Caliças 4. A brief description of each sample including color, 

the inscription present on their base and their possible origin can be found in Table 1.4. No sample 

preparation was performed beyond the removal of loosely adhering soil to avoid damaging the 

artefacts. Sampling was not permitted due to their uniqueness.  
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3.2.2. Handheld X-ray fluorescence (h-XRF) 

 

A handheld XRF Bruker™ Tracer III SD® with a silicon-drift (SDD) detector (XFlash ®) and a 

Rh-target delivering a polychromatic X-ray beam of 3 x 3 mm was used for in-situ XRF analysis. 

Spectra were recorded using a voltage of 40 kV and a current intensity of 35 μA, as well as vacuum 

conditions, during a 90-second live-time count. All spectra were recorded using the S1PXRF 

software (Bruker™) and processed using the Artax (Bruker™) software in order to obtain semi-

quantitative data. 

Each sample was analyzed in three different locations, and the generated net areas of the 

fluorescence lines were normalized to the counts of the Rh Kα lines [97]. Given the overall state 

of degradation of the glaze layer of the objects, the typical analysis depth of h-XRF instruments 

[98], the general thickness of the glaze layer of other faience artifacts described in the literature 

(100-400 µm; e.g. [83,87]), and the information provided by VP-SEM-EDS, a truly superficial 

technique, it is safe to assume that the XRF beam is penetrating and providing information of the 

entire layered structure of the samples in this study. 

 

3.2.3. Variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS) 

 

VP-SEM-EDS analyses were carried out using a Hitachi™ S3700N SEM coupled to a Bruker™ 

XFlash 5010 SDD EDS Detector® with an energy resolution of 124eV in the MnKα line. The  

samples were analyzed at low vacuum (40 Pa) and with an accelerating voltage of 20 kV. The 

compositional data was acquired using the Esprit1.9 software and a standardless quantification 

[99]. The SEM images were acquired in the backscattering mode. 

 

3.2.4. Micro-X-ray Diffraction (-XRD) 

 

-XRD patterns were recorded with a Bruker™ D8 Discover®, using Cu Kα radiation, operating 

at a 2θ angular range of 3-75°, step size of 0.05° and a step time of 1 sec in a LYNXEYE linear 

detector, acting as 192 individual detectors. A Göebel mirror and a 1 mm collimator direct a small 
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parallel X-ray beam onto the sample. Identification of crystalline phases was performed using the 

DIFFRAC.SUITE EVA® software and the ICDD PDF-2 database. 

 

 

3.3. Results and Discussion 

 

A careful macroscopic observation of the five scarabs and one scaraboid revealed signs of glass 

deterioration, such as color alteration and partial or total absence of vitreous luster. Evidence of 

glass deterioration were also observed by VP-SEM, as all samples (with the exception of sample 

3) display simultaneously areas with vitreous texture and areas with granular texture (Figure 1.13). 

This microstructure suggests that they are in fact faience objects, consisting of a white body of 

crushed sand, held together by interparticle glass, and covered by a colored glaze, which has 

deteriorated due to the burial conditions, disappearing completely in sample 3. In accordance with 

these finds, VP-SEM-EDS analysis was performed in several regions of each sample (Table 1.5) 

in an attempt to understand the process of glass alteration that these samples were subjected to.  

The results of the VP-SEM-EDS analysis, shown in Table 1.5, revealed that the blue-green glaze, 

present in samples 1, 2, 4, 5 and 6, has significant lead content (PbO ≥ 6.5 wt.%). Lead was also 

found to be present in all samples, including sample 3, by handheld XRF (Figure 1.14a). It is 

important to highlight that SEM-EDS is a surface-sensitive technique, having an analysis depth of 

approximately 1-2 µm [37], while h-XRF is a bulk technique with an analysis depth of a few 

millimeters depending on the material’s absorption coefficient [98,100]. In this case, h-XRF 

provides information from the entire layered structure of the six faience samples. As the 

interparticle glass and the glaze have the same composition, the presence of Pb in sample 3, which 

no longer displays a glazed layer, can be explained by the lead-rich composition of the glass that 

holds together the crushed sand grains in the faience body. Semi-quantitative analysis of lead-

alkaline-silicate glazed Egyptian faience has only been described by Mao (2000) [87]. In this paper 

the author claims that the addition of Pb, used to lower the melting temperature and to enhance the 

optical brilliance of the glaze, was a technological development of the Ptolemaic period (305 – 30 

B.C.). However, Charleston (1960) [101] affirms that the earliest lead-rich glass, dated to 

approximately 1400 B.C., was found in Nippur (Mesopotamia), while Lucas (1936) [102] states 

that lead-rich glazed Egyptian faience (Variant F) was introduced as early as the 22nd Dynasty (ca. 
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943 – 716 B.C.). The introduction of lead in the production of Egyptian faience in the 22nd Dynasty 

is further confirmed by Frelih et al. (2015) [103] and references within. The high lead contents 

found in Egyptian faience and Egyptian glass have been associated with the addition of an excess 

of lead oxides during the introduction of lead antimonate [104] or via the copper source [105,106], 

as Egyptian bronze has been found to have significant lead content [107].  

Since the Bruker™ Tracer III-SD is limited to the detection of elements with Z > 11, alkali content 

cannot be assessed using this technique. This, however, is not a limitation of VP-SEM-EDS. The 

low Na2O contents of the blue-green glaze seen in Table 1.5, much lower for those reported for 

typical Egyptian soda-rich glaze (e.g. [83] – ranging from 3.74% in coarse body interparticle glass 

to 15.60% in the interaction layer glass phase of outer surfaces) and even for lead-alkaline glaze 

from the Ptolemaic period (underglaze Na2O values range from 1.8% (with evidences of alteration) 

to 10.3%, see [87]), suggest that the glaze suffered dealkalinization. The preservation of 

archaeological glass is greatly dependent on glass composition and burial conditions. In fact, glass 

weathering can be described as a two-step process, which is controlled by the pH of the burial 

environment. Selective leaching, the process in which water reacts with the glass removing alkali 

ions (Na+ and K+) but also transition metal cations, is favored at pH < 9, while uniform dissolution 

(dissolution of the silicate network) prevails at pH > 9 [36,108]. The marked absence of glaze in 

several regions of the samples and its complete absence in sample 3, suggested that both processes 

took place. The dealkalinized silica-rich glass layer formed after selective leaching then suffered 

uniform dissolution, exposing first the buffer layer and then the body of the samples to the 

elements. 
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Table 1.4: Brief description of each sample including color, the inscription present on their base and their possible origin, 
accompanied by a photograph. Note that samples 2, 3, 4, 5 and 6 are considered to be scarabs, while sample 1 has been classified 

as a scaraboid. 

Sample 

number 
Photograph Color Inscription 

Possible 

origin 

1 

 

Blue-green The name Petubastis Naukratis 

2 

 

White with blue-green areas The name Petubastis Naukratis 

3 

 

White The name Petubastis Naukratis 

4 

 

Blue-green Anthropomorphic figures Unknown 

5 

 

Blue-green with cream-

colored areas 

A lion lying down below a 

Sun 
Unknown 

6 

 

Blue-green Anthropomorphic figures Unknown 
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Figure 1.12: VP-SEM image of sample 2 which displays simultaneously areas with vitreous texture (orange arrows) and areas with 

granular texture (blue arrows). 

 

 

 

Figure 1.13: a) h-XRF Si-Pb plot evidencing the significant amounts of Pb that are present in all samples; b) h-XRF Si-Cu plot 

indicating that all scarabs have significant copper contents with the exception of scarab 3; c) h-XRF Pb-Sb plot; d) hXRF Sb-Sn 

plot. The relationship between Pb, Sb and Sn seen in plots c) and d) suggests the use of ternary Pb-Sb-Sn oxides as the main 

opacifying agents in this scarab assemblage. 

 

 

The whitish regions of the glass generally have higher Na2O contents (Table 1.5). As these regions 

are dominated by sand grains, the alkali content is most likely related to the feldspathic component 
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of the sand. In fact, µ-XRD results revealed that the body of all samples were composed of 

feldspathic sand, with quartz being accompanied by plagioclases in samples 2, 3 and 6 and 

plagioclases and K-feldspars in samples 1, 4 and 5 (Figure 1.15). 

 

Figure 1.14: Diffractogram of scarab 5, identifying quartz (q), albite (a), orthoclase (o) and bindheimite (b) as its main constituents. 
 

The combination of h-XRF and VP-SEM-EDS analysis revealed significant amounts of copper in 

the blue-green glaze of samples 1, 2, 4, 5 and 6 (Figure 1.14b and Table 1.5). Minor amounts of 

Cu were also detected in sample 3 by h-XRF (Figure 1.14b). Copper ions (Cu2+) are known to 

impart a turquoise color to glass when in octahedral coordination [39]. The detection of minor 

amounts of copper in sample 3 can be explained by the composition of the interstitial glass present 

in the faience body.  

A careful examination of the h-XRF results also revealed an association between lead, antimony 

and tin (Figures 1.14c and 1.14d), suggesting the use of a ternary Pb-Sb-Sn oxide as the main 

opacifying agent. While ternary Pb-Sb-Sn oxides have only been detected in post-15th century 

artefacts (e.g. [60,109]), recent studies have shown that the pyrochlore structure of bindheimite 

(Pb2Sb2O7) can accommodate very small amounts of tin [60] which may increase such findings in 

earlier glass productions in the near future. Bindheimite, a yellow-colored opacifier used since the 

3rd millennium B.C. [60] and introduced in the Egyptian faience production in the mid-Eighteenth 

Dynasty [83,88,89], was identified in all samples by µ-XRD (e.g. Figure 1.15). The use of a ternary 

Pb-Sb-Sn oxide as an opacifier was further confirmed by VP-SEM-EDS (Figure 1.16). However, 

point analysis and elemental mapping (Figure B1 – Appendix B) also showed the presence of tin 

particles not associated to the lead-antimony aggregates. The presence of tin in Egyptian faience 
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and Egyptian glass has often been attributed to the use of tin-rich bronze scrapings as the copper 

source (e.g. [53,106]). However, tin could also have been introduced via the lead or antimony 

source, and the intentional addition of metallic tin or cassiterite has been suggested for post-19th-

20th Dynasty Egyptian faience to produce glossier glazes with deeper hues [106]. Tin might also 

have facilitated the crystallization of the lead antimonate bindheimite as suggested by Lahlil et al. 

(2011) [60]. 

 

 

Figure 1.15: a) VP-SEM image of scarab 1. The white areas were found to be ternary Pb-Sb-Sn oxide aggregates; b) point analysis 

of one of the ternary Pb-Sb-Sn oxide aggregates. 
 

The final greenish-turquoise hue of the glaze was in all likelihood achieved by combining the 

copper colorant with the yellow opacifier as suggested by other authors [60,109]. 

VP-SEM-EDS also revealed the presence of crystalline aggregates enriched in lead and vanadium 

in sample 4 (Figure 1.17) and sample 6. Vanadium was not detected by h-XRF which can be 

justified by the inclusions size (ca. 10-20 µm) and localized gathering of these aggregates that 

make their contribution to the overall concentration rather low and below the detection limits of 

this technique. The presence of lead-vanadium crystals was only detected in Egyptian faience by 

Griffiths (2006) and their source remains unclear [110]. The identification of these aggregates in 

the two scarabs depicting anthropomorphic figures (samples 4 and 6) does, however, suggest a 

common origin. 
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Table 1.5: Elemental composition of the five scarabs and one scaraboid obtained by VP-SEM-EDS. The blue-green columns correspond to the composition of the glaze, while the 
whitish/cream-colored columns correspond to the composition of the buffer layer. Sample 3, which is heavily degraded, no longer displays the glaze and buffer layers so the 

composition displayed corresponds to the body. Please note that the Ag2O and SO3 concentrations found in the blue-green glaze of sample 5 are the result of fine silver particles 

found on the glaze’s surface. (Abbreviations: n.d. = not detected). 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 

 Blue-green Blue-green Whitish Body Blue-green Whitish Blue-green Cream-colored Blue-green 

Na2O 1.4 n.d. 2.4 0.9 n.d. 1.6 1.1 0.5 0.7 

MgO 1.2 1.0 1.2 0.5 0.8 1.5 0.5 0.4 0.2 

Al2O3 3.5 4.7 6.3 2.8 2.5 4.0 2.3 2.1 2.3 

SiO2 75.8 78.1 73.7 83.9 70.0 72.5 83.0 71.5 60.6 

SO3 n.d. n.d. n.d. n.d. n.d. n.d. 0.6 n.d. n.d. 

K2O n.d. n.d. 0.9 n.d. n.d. n.d. 0.5 n.d. n.d. 

CaO 2.6 3.6 5.7 1.7 2.1 3.4 1.8 2.8 4.3 

TiO2 0.9 n.d. 0.7 1.0 n.d. n.d. n.d. 0.6 n.d. 

FeO 1.3 1.2 1.5 2.1 2.1 3.6 1.1 1.8 5.5 

CuO 3.2 1.6 0.7 n.d. 8.4 2.7 1.4 2.9 4.9 

Ag2O n.d. n.d. n.d. n.d. n.d. n.d. 1.2 n.d. n.d. 

SnO2 3.1 n.d. n.d. n.d. 2.4 3.3 n.d. n.d. 5.0 

PbO 7.0 9.8 6.8 7.2 11.6 7.4 6.5 17.2 16.4 
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Figure 1.16: VP-SEM image of scarab 4. The white areas were found to be aggregates enriched in V and Pb; b) point analysis of 

one of the aggregates enriched in V and Pb. 
 

The use of VP-SEM-EDS also allowed the detection of small Ag particles on the surface of all the 

samples (Figure B2 – Appendix B). This seems to suggest that, as in the case of the scarabs found 

in Mealha Nova and Favela Nova [94,95], these amulets were part of jewelry items made of silver. 

 

3.4. Conclusions 

 

The five scarabs and one scaraboid found in a female grave of the Iron Age necropolis (6 th century 

B.C.) of Vinha das Caliças 4 (Beja, Portugal) were analyzed using a non-destructive, micro-

analytical methodology in order to determine their morphology and mineralogical and chemical 

composition. The use of a non-destructive and non-invasive methodology was a particular 

requirement of this study due to the unique nature of these artefacts. 

Microstructural characterization by VP-SEM, preceded by macroscopic observation, revealed that 

all samples were composed of a white body of crushed sand covered by a colored glaze showing 

evident signs of glass deterioration and disappearing completely in sample 3. 

Chemical analysis revealed that all samples were originally glazed using a lead-rich alkaline-

silicate blue-green glass that suffered selective leaching followed by uniform dissolution, exposing 

first the buffer layer and then the body of the samples to the elements. As the concentration of lead 

in these samples cannot be explained exclusively by the use of Pb-rich opacifying agents, 

understanding the presence and source of lead present in these samples will be the object of future 

studies. 
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VP-SEM-EDS, h-XRF and µ-XRD results show that blue-green color of the glaze was produced 

by using copper ions (Cu2+) in conjunction with the lead antimonate bindheimite, a yellow-colored 

opacifier. Differences in the amount of bindheimite used in the manufacture of the glaze can 

account for the more bluish or more greenish hues of the different samples. The introduction of 

small amounts of tin in the structure of bindheimite, and subsequent production of a ternary Pb-

Sb-Sn oxide was most likely accidental. Tin, which was most likely added with the copper source, 

is known to facilitate the crystallization of bindheimite.  

VP-SEM-EDS also revealed the presence of crystalline aggregates enriched in lead and vanadium 

in samples 4 and 6. While the detection of aggregates in the two scarabs depicting anthropomorphic 

figures suggests a common origin, their provenance remains unclear. 

The composition of the body of all samples was determined by µ-XRD. This non-destructive 

technique that allows the identification of the crystalline phases present in a sample revealed that 

crushed feldspathic sand is the main component of the body.   

While the results are consistent with the five scarabs and one scaraboid being manufactured in 

Egypt, most likely in the same production center, the creation of a database of scarab composition, 

analyzed under similar conditions, throughout the Mediterranean is essential to confirm the 

provenance of these artefacts and will be the object of future works. Nevertheless, this study, the 

first archaeometric study of scarabs found in the Iberian peninsula, has greatly contributed to the 

understanding of the influence of the Eastern and Central Mediterranean world in the Southwestern 

Iberia during the first millennium B.C.. 
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Chapter 2 – European trade beads from the Kongo Kingdom 

 

 

This chapter is based on the articles Costa et al. (2019) and Costa et al. (2020) [1,2]. 

 

 

1. Historical context 

 

The Kongo kingdom, an independent state from approximately the 14 th to 19th century A.D., was 

one of the largest constituted polities in sub-Saharan Africa, covering an area that extended from 

northern Angola to western Democratic Republic of the Congo [3–6]. The Portuguese navigator 

Diogo Cão first came into contact with the Kongo kingdom when he reached the mouth of the 

Congo river in 1483 [4].  

Thornton (2001) [3] estimated the founding date of the Kongo Kingdom to around 1390, taking 

into consideration the oral tradition documented as Kinglists (mvila) and the accounts written by 

Europeans in the 16th and 17th centuries A.D. [3]. This author has since attempted to reconstruct 

the history of the Kongo Kingdom further in time (ca. 1280-1300), making it follow the existence 

of the “Seven Kingdoms of Kongo dia Nlaza”, a former polity that may have been fully 

incorporated into the kingdom by the 16th century A.D. [4]. 

The Kongo Kingdom was founded by Lukeni lua Nimi (Lukeni son of Nimi, born ca. 1367-1402), 

the fourth child of Nimi a Nzima, and the first to hold the title of ntinu [3]. Lukeni lua Nimi may 

have died fairly young as he was succeeded by two of his cousins before his son, Nkuwu a Ntinu 

(born ca. 1402-1417), was allowed to inherit his title [3]. Nkuwu a Ntinu’s son Nzinga a Nkuwu, 

born around 1437, was king upon the arrival of the Portuguese in 1483 [3,4]. Contact with the 

Portuguese had a huge impact on the Kongolese society, and many Portuguese practices were 

readily adopted, especially religion and literacy [7–9]. Nzinga a Nkuwu was baptized on the 3rd of 

May of 1491 [8], taking the name of King João I, as a tribute to his “brother” the King of Portugal 

João II [3,7]. 

The first description of the Kongo kingdom was written by Diogo Lopes, the kingdom’s 

ambassador in Rome, in 1588 [3,4]. This account, which no longer exists in its original form, was 

reworked and published by Filippo Pifetta three years later, and does not mention any king before 
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João I [3]. According to Lopes, the Kongo kingdom was divided into six provinces: Mbamba, 

Soyo, Nsundi, Mpangu, Mbata and Mpemba [3]. However, when requesting priests to be sent to 

his kingdom in 1526, King Afonso I (Mvemba a Nzinga [7]) mentions six provinces with different 

names than those defined by Lopes, and clearly states that this list was not comprehensive [4].  

A brief account of the history if the provinces described by Lopes will follow. It is important to 

note that Lopes’ account suggests that the early Kongo kingdom “was formed by voluntarily and 

compulsory agglomeration of neighboring states around a central core” [3]. 

Mbata, Kongo’s eastern province, was once an independent kingdom that joined Kongo  freely 

during the reign of Nimi a Nzima. This is perhaps the reason why it was so important and had a 

higher degree of independence than any other province. The duke of Mbata (Mwene Mbata) was 

chosen by the king from his own family and was given the title of “the grandfather of the king of 

Kongo” (or the “Lord uncle of the king of Kongo” depending on the source and the translation). 

If the royal line should unexpectedly end, the duke of Mbata would be the natural successor. Mbata 

was also allowed to conquer adjoining regions and add them to its domain. Records show that by 

1648 the title of the Mwene Mbata included the regions of Nzolo, Zombo and Kundi. This 

expansion was obtained not only by military campaigns, but also by the submission of smaller 

kingdoms whose noble elite usually maintained high positions within the local political scheme 

[3]. 

Nsundi, once a small independent kingdom, was conquered by force and left in the care of the first 

son and likely successor of the King, receiving the title of Mwene Nsundi. As in the case of Mbata, 

this province was allowed to conquer the territories surrounding it and maintain them under direct 

control. The late 15th century A.D. military campaigns, which included Portuguese soldiers 

fighting under the command of king João I’s son and future king Afonso I, permitted the province 

to grow northeastwards into Nsanga and Masing [3]. 

Of Mpangu, little is known besides the fact that this kingdom was added to Kongo by force after 

the conquest of Nsundi [3]. Likewise, Mbamba, home to the “Ambundos”, is thought to have been 

conquered in the late 15th century A.D. [3]. The constant battles along Mbamba’s borders allowed 

king Afonso I and his successors to bear the title of Lord of the Ambundos [3]. It is important to 

note the duality of the King-Lord titles, which were also used by the Portuguese king – the king 

title included the territories under direct control of the crown, while the lord titles referred to 

regions in which the king held some power, such as the commercial monopoly [7]. According to 
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Thornton (2001) [3], king Afonso I was also lord of Ndongo (Angola), Quyssama (Kisama, south 

of Kwanza) and Matamba, among others. 

The annexation of Soyo was not described in Lopes’ account [3]. He does mention that the Mwene 

Soyo at the time was of royal blood, most likely an uncle of the king Afonso I, which suggests that 

the province was conquered by force and that the governing elite was replaced, as usual, by the 

king’s loyal family [3]. The accounts written by Rui de Pina in 1492 and 1515 mention that the 

duke of Soyo, brother of the Queen of Kongo, was baptized on the 3rd of April of 1491, Easter day, 

receiving the name of Manuel [8]. Soyo is also known to have adjoined several smaller states, as 

well as the district of Mombalas [3]. This province played an important role in the political 

struggles that led to Kongo’s civil wars in the 17th century A.D. [3]. 

Mpemba is referred to by Lopes as the homeland of the Kings of Kongo and the original territory 

to which all provinces were added [3]. The historical information collected by the Capuchin 

missionary Giovanni Antonio Cavazzi da Montecuccolo in the 17 th century A.D., names Mpemba 

Kasi, a small northern province, as the first territory conquered by Lukeni lua Nimi, and therefore 

the birthplace of the kingdom [3]. The Capuchin missionary Girolamo da Montesarchio who 

visited Mpemba Kasi in the 1650’s remarks that the female ruler of that province held the title of 

“Mother of the King of Kongo” [3]. However, it is important to note that the kikongo word ngundi 

can be translated as both mother and origin [3]. According to Thornton (2001) [3], inconsistencies 

in the geographical knowledge of the kingdom suggests that either “Lopes or Piafetta conflated 

Mpemba […] with Mpemba Kasi […] thus putting both Lopes and the later Capuchins in 

agreement over the original core of Kongo”. Seventeenth century kings, on the other hand, refer 

to Vungu (or Bungo) as their homeland. Vungu may have been the capital of a confederation of 

small polities [4]. In the account written by the Jesuit priest Mateus Cardoso, Motino Bene [or 

Wene], meaning the “king indeed” or the “true king”, is named as the first ruler of Vungu, being 

responsible for the initial conquest of territories that would later constitute the Kongo Kingdom, a 

little over a century before the kingdom’s founder Lukeni lua Nimi [4]. While Motino Bene is 

most likely a title and not a single individual, this points to 1274 as the origin of the Kongo 

kingdom [4]. However, Lukeni lua Nimi, the man responsible for the conquest of the kingdom’s 

capital Mbanza Kongo, is still considered to be its founder [4]. Cardoso also mentions king Pedro 

II’s grief that the kingdom’s homeland – Vungu – was destroyed by Jaga4 invaders, in 1624 [3]. 

 
4 “A generic Kikongo term applied to rootless people who often lived by raiding” [1]. 
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Vungu is located across the Congo River from Mpemba Kasi and local traditions describe a river 

crossing that allowed the conquest of Mpemba Kasi. However, this crossing is not mentioned by 

Lopes [3]. 

The region of Mbanza Kongo is thought to have been conquered immediately after Mpemba Kasi. 

Before the foundation of the Kongo kingdom, Mbanza Kongo was the residence of Mani Cabunga 

(or Mwene Kabunga), a high religious personage, or kitome, associated to the cult of local deities 

and guardian spirits [3,10]. The itome (plural of kitome) were responsible for the communication 

between the world of living and the world of dead, but more importantly were the religious officials 

of the regional communities; and their presence was required in order for anyone to ascertain their 

power as governor of a certain region [9]. In fact, Mwene Vunda, the political or literal descendent 

of Mwene Kabunga, played an important role in the coronation of every king [3,9]. 

Mbanza Kongo, the kingdom’s capital, is located on a plateau, 600 m above the sea level in modern 

northern Angola. It is considered to be the oldest continuously occupied large settlement (or 

Mbanza in Kikongo) in West Central Africa if one excludes the brief thirty years of abandonment 

caused by the civil wars of the 17th and 18th centuries A.D. [10,11]. Its size was significant even 

in the 15th century A.D., as proven by its comparison with the Portuguese city of Évora in written 

accounts from 1491 [10]. The city, also referred to as São Salvador, was initially built around a 

central plaza, “where justice was carried out, visitors were received, coronations were proclaimed 

and carried out”, that was, alongside the complex of buildings of the royal palace, surrounded by 

a defensive palisade [10].   

The architecture of the city was significantly altered by the introduction of masonry, a trade known 

only to the Portuguese visitors. The Kongolese traditionally built their dwellings out of wood and 

woven and thatched grass, regardless of their social status. Wealth was displayed by the use of 

cloth wall hangings and smaller material items. This type of architecture reflected the population’s 

constant movement and mobility, with the buildings being easily abandoned or destroyed 

following the owner’s migration. According to Thornton (2000) [10], “Kongolese law did not 

recognize private property in land [meaning] that the whole population, from the nobility to 

peasants, were not attached by property claims to particular pieces of land”. This, of course, 

facilitated population migration between the different regions within the kingdom [10]. 

King Afonso I (born ca. 1457), who succeeded his father, King João I, in 1509, is considered to be 

the most important king with regards to the Portuguese-Kongolese relationship. His goal was to 
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mimic the Portuguese royal court and the occidental ways and was therefore responsible for the 

centralization of government and for spreading Christianity throughout the kingdom [9]. He also 

hoped to transform Mbanza Kongo into a stone city, having ordered the construction of a defensive 

stone wall (15-20 feet high and 2 feet and 6 inches to three feet thick), several stone churches and 

a stone royal palace. He is also credited for putting together a group of local people capable of 

building and repairing stone buildings [10]. 

As aforementioned, the city of Mbanza Kongo was an important religious center even before the 

formation of the Kongo kingdom. Knowing this, king Afonso I ordered the construction of the 

stone church of Our Lady of Victory, in 1526, on top of the tombs of the early kings in Mbanza 

Kongo, therefore linking the ancient cult of their ancestors to the new religion [10]. 

The capital São Salvador/Mbanza Kongo reached its height during the reign of king Garcia II 

(1641-1661). The steady increase in population, augmented by the continuous flow of slaves from 

the expansion wars taking place since the reign of king Afonso I [3,10], allowed the population to 

reach an astonishing 60 000 to 75 000 people in second half of the 17 th century A.D. [9,11]. The 

city, no longer contained within its stone walls, spread around a 10 km radius from the plateau and 

included the many farmlands and noble palaces [10]. The walled city continued, however, to 

maintain its status as the center of government, justice and wealth. 

With the increase in population, there was also a change in the city’s layout. While the main plaza 

continued to dominate the center of the city, the cathedral was built within this prominent location, 

emphasizing the importance of the Christian religion. The palace, no longer made of stone, as that 

one was abandoned by king Garcia II, was located on one side of the plaza, opposite to the small 

walled Portuguese town. Various stone churches and chapels were dispersed in the city, belonging 

to different Christian orders. There was also a Jesuit college, though its exact location is 

undocumented [10].  

A civil war broke out following the death of António I, son of king Garcia II, in the battle of 

Mbwilla in 1665. His possible successors were from within two factions of the royal family, the 

Kimpanzu, supported by the Mwene Soyo, and the Kinlaza, based in the Marquisate of Nkondo 

and in the district of Bula [10]. Between 1665 and 1694 there were no less than fourteen pretenders 

to the throne [9]. 

The battles over the control of the city of São Salvador/Mbanza Kongo lead to its abandonment in 

1678 after a final raid carried out by the pretender Pedro III, supported by the Kinzala faction 
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[10,11]. The residents abandoned the city, taking advantage of the ephemeral nature of the 

building’s construction, while those compelled by their political superiors followed their leaders 

as they left São Salvador/Mbanza Kongo. The struggle to conquer the capital continued as several 

pretenders to the throne attempted to reoccupy it in order to be formally crowned and recognized 

as king. Manuel I, supported by the Kimpanzu faction, was crowned in São Salvador/Mbanza 

Kongo in 1690, but was quickly forced to retreat to a safer location [10]. João II from the Kinlaza 

faction also briefly occupied the city in 1696, and later that same year, Pedro IV from the Água 

Rosada5 faction occupied São Salvador/Mbanza Kongo, but was forced to retreat before his 

crowning ceremony due to the eminent approach of João II’s army [10]. Pedro IV announced a 

step-by-step plan to retake and repopulate the capital in 1698. Slowly, his followers migrated 

closer to the abandoned capital, building villages and planting harvests, until a safe corridor to São 

Salvador/Mbanza Kongo was in place in 1703 [10]. However, the reoccupation of São 

Salvador/Mbanza Kongo was precipitated by the appearance of D. Beatriz Kimpa Vita, a prophet 

who claimed to be possessed by Saint Anthony, in August 1704. The followers of her movement, 

known as antonianism [9], entered the city in 1705, after both Pedro IV and João II rebuffed her 

support. Finally, Pedro IV was able to take control of the capital in 1709 [10,11] and, in an attempt 

to end the civil wars, made an alliance with his rival factions. As per agreed, after his death, the 

Kimpanzu leader Manuel II was crowned in 1718, and then succeeded by king Garcia IV from the 

northern Kinlaza faction in 1743 [10]. 

Unfortunately, the civil wars continued well into the 18th century A.D. between the Kimpanzu and 

the two Kinlaza factions. Each faction controlled a section of Kongo and regularly conducted 

military assaults on the capital, from their regional base, in an attempt to gain control over the 

entire kingdom. São Salvador/Mbanza Kongo was taken by Pedro V from the Kimpanzu faction 

in 1763, but he was quickly overthrown by Álvaro IX from the northern Kinlaza faction. Following 

Álvaro IX’s death in 1779, a major battle took place outside the city, in 1781, opposing Pedro V’s 

appointed regent from the Kimpanzu faction and José I from the Kinlaza southern branch. The 

victory of José I was so significant that his brother Afonso V was allowed to succeed him, 

unopposed, in 1785. The death of king Afonso V, considered by many to have been poisoned, led 

to a new time of political instability. The subsequent power struggle was mediated by the Água 

Rosada faction, involved a regency held by Prince Pedro Água Rosada and Sardonia of Kibangu, 

 
5 A new faction from Kibangu composed of decedents from both Kimpanzu and Kinlaza factions [10]. 
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and ended with a new arrangement under king Henrique I in the 1790’s. This agreement involved 

the end of the centralized government, in place since the reign of Afonso I. The power transfer 

from capital to the faction strongholds meant that the occupation of the São Salvador/Mbanza 

Kongo became somewhat symbolic. King Henrique I (faction unknown), crowned in 1794, was 

required to meet regularly with his special advisor, known as the “outside king” (rei de fora), that 

was chosen from one of the other factions, and who had special powers in the decision making. 

From within the third faction came the holder of the title of Mwene Vunda, a high religious 

personage, with equally important powers as the “outside king”. King Henrique’s successor king 

Garcia V from the Água Rosada faction, crowned ca. 1802-1803, broke the arrangement, giving 

his faction complete control over the Kongo kingdom. His death in 1830 was followed by yet 

another power struggle, won first by André II from the northern branch of the Kinlaza faction, 

before he was readily overthrown in 1843 by Henrique II from the newly formed Kivuzi6 faction 

[10]. 

It is important to note that the British Empire started pressuring other European kingdoms to end 

slave trade around 1839. The slave trade in Kongo was controlled by the state, and the loss of this 

important commercial enterprise, led to the search for new trade products. The export of ivory and 

later wild rubber became increasingly more important to the kingdom’s economic stability. 

However, the rubber trade required much more manpower than the slave trade and caused massive 

population migration. The population flowed eastwards, creating of new villages along the trade 

routes, which worked as storage points. These small villages were tied together by kinship relations 

and formed clans or kandas. The power in the Kongo kingdom became increasingly decentralized 

as the importance of the trading clans grew. By the 1850’s these clans had rewritten the history of 

the kingdom, claiming to have originated in São Salvador/Mbanza Kongo. However, the capital 

maintained its position as the sacred city during the remainder of the 19th century A.D. [3,10]. 

The Kivuzi fragmented after the death of Henrique II in 1857, forming several smaller factions. 

One of these small factions, the Kimpanzu’a Nkanga briefly came into power with Álvaro XIII 

Ndongo, but he was quickly overthrown in 1860 by the remaining Kivuzi leader, Pedro VI, who 

was aided by the Portuguese after he pledged his alliance to the Portuguese crown. The Portuguese 

fort and garrison present in São Salvador/Mbanza Kongo until 1866, helped king Pedro VI control 

 
6 A new faction formed from the Água Rosada and the southern branch of the Kinlaza faction [10]. 
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the fragmented Kongo kingdom. The population of the capital, however, did not survive the civil 

wars, dropping to less than 400 people in 1868. Pedro VI’s efforts to return the capital to its former 

glory by inviting merchants and new religious orders to establish themselves in the city allowed 

the population to reach 3500 people by the second half of the 1880’s [10]. 

Knowing the instability of his own reign, Pedro VI sought to reaffirm his alliance to the 

Portuguese. The Portuguese, pressured by the Conference of Berlin in 1884-85 and by the Congo 

Free State that pointed out the lack of “effective occupation”, a condition imposed by the 

Conference to European nations that wanted to maintain their rights over their colonial lands, had 

a great interest in the alliance with the Kongo kingdom. King Pedro VI first annulled the existing 

treaties with the Congo Free State, in 1884, and then in 1888 renewed his bond of vassalage to the 

King of Portugal, D. Luís I. Portuguese soldiers were welcomed back into São Salvador/Mbanza 

Kongo and a Portuguese administrator was appointed to the kingdom. The Portuguese began to 

collect trade taxes and rent from the foreigners living in Kongo, both of which were, until then, an 

exclusive right of the King of Kongo. Álvaro XIV succeeded in 1891 due to the Portuguese 

military presence.  

As the Kongo kingdom effectively became a part of the Portuguese colony of Angola, the 

population of the city of São Salvador/Mbanza Kongo begun to diminish, reaching 1200 

inhabitants in 1896. The King’s power, on the other hand, flourished, as  the Portuguese 

reestablished the King’s authority in all parts of the kingdom, collected taxes on his behalf and 

recruited a large labor force for the Portuguese export houses [10].  

In the first two decades of the 20th century A.D., São Salvador/Mbanza Kongo became an 

administrative capital with a high economic importance, under the domain of an increasingly 

authoritarian and colonial Portuguese regime. 
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2. Multi-analytical approach to the study of the European glass beads found in the 

tombs of Kulumbimbi (Mbanza Kongo, Angola) 

 

2.1. Introduction 

 

The Church of São Salvador (Figure 2.1a), currently known as Kulumbimbi, is a formerly Jesuit 

stone church built in 1548 and dedicated to Jesus the Savior [10]. The church was destroyed during 

the Jaga invasions of the capital that took place during the reign of Kongo king Álvaro I (1568-

1587 [10]), but was later rebuilt and elevated to the status of Cathedral in 1596 [12]. The current 

name Kulumbimbi, which originated in the oral traditions, means “what remained of the ancestors” 

in Kikongo [12]. Today the church ruins are one of a very short list of still standing architectural 

remains of the old kingdom’s capital. 

 

 

Figure 2.1: a) Ruins of Kulumbimbi (Mbanza Kongo, Angola) in 2014; b) detailed image of the female remains found in burial 1. 

This 22-year-old woman had almost 3000 beads around her neck, wrists and ankles. 
 

The recent addition (July 2017) of Mbanza Kongo to the UNESCO World Heritage List highlights 

the importance of the Kongo kingdom and of its capital in human history as a major interaction 

point between Africa and Europe from the late 15th century A.D. onwards. 

This study focuses on a collection of over 3,000 glass beads recovered during the 2014 excavation 

campaign in the ruins of Kulumbimbi. European-manufactured glass beads were among the exotic 

goods brought to the Kongo kingdom via the oceanic trade routes most likely introduced by the 

Portuguese in the end of the 16th century A.D.. The glass beads, used as adornments or amulets, 

were a symbol of wealth, social status and political, cultural and religious affiliation [13,14]. Glass 
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beads were also used as currency [14,15]. The study of European trade beads can, therefore, shed 

light on economic interactions and consumption patterns on a chronological level [13]. 

The presence of European beads in the capital of the Kongo kingdom is convincing evidence of 

the existence of a transatlantic triangular trading system, in place between the 16 th and 19th century 

A.D., that allowed the presence of European manufactured products in Africa, the trade of African 

slaves to America and of raw materials from America and Africa to Europe. Therefore, this work 

must contribute knowledge of the commerce between Europe and western central Africa, by:  

- Identifying the European production regions of these manufactured products; 

- Recognizing the technology and the materials used in the beads production. 

Although glass usage and technology has changed throughout time, glass is typically made of four 

main components: 1) glass formers or vitrifiers, 2) glass modifiers or fluxing agents, 3) glass 

stabilizers, 4) opacifiers and glass coloring and/or decoloring agents. Silica, either in the form of 

sand, or coarse quartz pebbles is the most common glass former. The fluxing agent, usually an 

alkaline oxide (e.g. an evaporitic deposit raw material), or plant ash, was used to lower the melting 

temperature, while glass stabilizers, such as lime, were added to make the mixture more stable and 

resistant to deterioration [16,17]. 

The use of distinct glass recipes and different raw material sources causes glass composition to 

change according to its provenance. The development of minimally invasive analytical techniques 

capable of accurately and precisely determining trace element concentrations, such as LA-ICP-

MS, greatly contributed to ancient glass studies. In fact, chemical characterization of glass 

artefacts, with a high emphasis on trace element analysis, particularly rare earth element (REE) 

concentrations, has been successfully carried out to determine the nature and provenance of the 

raw materials used in their manufacture and to attribute their production to a specific workshop or 

region (e.g. [18–30]). De Raedt et al. (2001) [15], for instance, has successfully used European 

shale normalized-REE patterns to distinguish between Venetian glass vessels and façon-de-Venise 

vessels made in Antwerp, while Saitowitz (1996) [14] used chondrite-normalized REE patterns to 

confirm the existence of trade networks between southern Africa, Egypt and the Islamic mercantile 

network in ca. 900-1200 A.D.. 

Despite the fact that European trade beads were vital in the economic and societal interactions 

throughout Africa, most analytical studies focus on assemblages found in North America [31–37]. 

The chemical characterization of European trade beads found in African contexts is rare [20,38–
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41], as most works focus on glass beads from the Islamic mercantile network or the Indian Ocean 

trade [18,22,23,25,26,38,39,42–45].  

To determine the composition of European glass beads from Kulumbimbi, a multi-analytical 

minimally invasive methodology was applied, which includes handheld X-ray fluorescence 

(hXRF), variable pressure scanning electron microscope coupled with energy dispersive X-ray 

spectrometry (VP-SEM-EDS), micro-Raman spectroscopy and laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS). The results were interpreted considering the probable 

provenance, raw materials used and technology available in the production of these artefacts. 

Special effort was made to understand the processes of glass coloring and opacification. 

 

 

2.2. Materials and Methods 

 

2.2.1. Materials 

 

Three thousand three hundred and sixty-seven glass beads were recovered from four tombs during 

the 2014 excavation campaign carried out in the ruins of Kulumbimbi (Mbanza Kongo, Angola) 

by M. Conceição Lopes (University of Coimbra, Portugal), and Christophe Mbida and Raymond 

Assombang (University of Yaoundé I, Cameroon). The morphological characteristics of each glass 

bead, including color, size and manufacturing technique were assessed by the archaeological team. 

These characteristics allowed the glass beads to be subdivided into typological groups. A detailed 

list of each typological group including untested possible origin and date can be found in Table C1 

(Appendix C). One burial, which contained the remains of a 22-year-old woman (Figure 2.1b), 

had both glass beads (2903) and Pusula depauperata shell beads (67), while the remaining three 

tombs (burials 2-4) contained only glass beads. 

Three hundred glass beads (ca. 10% of the total number of specimens recovered) were analyzed 

in situ by handheld x-ray fluorescence (hXRF). A smaller selection of 30 glass beads was then 

selected to be transported to Europe for laboratory analyses. 
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2.2.2. Handheld X-ray fluorescence (h-XRF) 

 

A handheld XRF Bruker™ Tracer III SD® with a silicon-drift (SDD) detector (XFlash ®) and a 

Rh-target delivering a polychromatic X-ray beam of 3 x 3 mm was used for in-situ XRF analysis. 

Spectra were recorded using a voltage of 40 kV; a current intensity of 35 μA was applied, as well 

as vacuum conditions, during a 120-second real-time count. All spectra were recorded using the 

S1PXRF software (Bruker™) and processed using the Artax (Bruker™) software in order to obtain 

semi-quantitative data. 

Each sample was analyzed in one or more locations according to their size and to their color – 

mono-colored or multi-colored. The generated net areas of the fluorescence lines were normalized 

to the counts of the Rh Kα lines [46]. 

 

2.2.3. Variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS) 

 

VP-SEM-EDS analyses were carried out using a Hitachi™ S3700N SEM coupled to a Bruker™ 

XFlash 5010 SDD EDS Detector® with an energy resolution of 124eV in the MnKα line. The 

samples were analyzed at low vacuum (40 Pa) and with an accelerating voltage of 20 kV. The 

variable pressure approach allows imaging and chemical analysis without the need of coating. The 

compositional data was acquired using the Esprit1.9 software and a standardless quantification. 

The SEM images were acquired in the backscattering mode. 

 

2.2.4. Micro-Raman Spectroscopy 

 

Raman spectra were recorded using a Bruker™ Optics SENTERRA dispersive Raman 

spectrometer coupled with a BX51 Olympus™ microscope. The instrument is equipped with a 

green Nd:YAG laser (532 nm) and a red diode laser (785 nm).  At least three spectra per sample 

were acquired, using both lasers, at high resolution (3–5 cm-1) and in the range of 60–2750 cm-1 

and 80–2642 cm-1 for the 532 nm and 785 nm lasers, respectively. The system uses a thermo-

electrically cooled CCD detector, operating at -65 °C. The power of each laser and the instrument 

itself is controlled by the Bruker™ OPUS software. The measuring time, laser power, and number 
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of accumulations were set to obtain a good signal-to-noise ratio. The 20× objective was used for 

all the samples, with a spot size of approximately 10 μm. 

The collected Raman spectra were further processed in GRAMS (ThermoFisher Scientific™). In  

order to characterize the glass matrix, a 4-segment liner baseline was subtracted using fixed points 

at approximately 200, 700, 800 and 1200 cm-1 [38,40,47–50]. The glass massifs were subsequently 

subjected to curve fitting in order to allow for reproducible results and for comparison with 

published data. 

 

2.2.5. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

 

LA-ICP-MS analyses were conducted using a CETAC LSX-213 G2+ laser ablation system coupled 

to an Agilent™ 8800 Triple Quad ICP-MS. The glass beads were mounted on the ablation cell 

without any previous sample preparation. A 100 m spot size with a frequency of 20 Hz and a 

laser output energy of 80 % (3 mJ/pulse at 100%) was used to analyze 8-12 spots in each multi-

colored glass beads, four in each glass color, while the mono-colored glass beads were analyzed 

in 4 different locations. Each spot had a total acquisition time of 60 s, including a 10 s washout. 

Helium, with a flow of 1 L/min, was used as a carrier gas in the LA system and the ICP-MS data 

was acquired in MS/MS mode. The NIST 612 glass standard was used for the calibration of the 

ICP-MS prior the analysis. Fractionation was monitored using the 238U/232Th ratio, while oxide 

formation was measured using the 248ThO/232Th ratio. Equipment sensibility was also examined. 

The NIST 612 glass standard was analyzed at the beginning and end of each sequence and at 6-10 

spot intervals for drift determination and correction if needed. The isotopes that were analyzed and 

their respective dwell times can be found in Table 2.1. Data of two different Ca, Fe and Zn isotopes 

were acquired and used to determine possible instrumental interferences. Elemental concentrations 

were determined using off-line calculations and data reduction with the GLITTER software, 

using NIST 612 as primary reference material (recommended concentrations reported by [51]) and 

SiO2 as an internal standard for the samples and reference material. The first 4 or 5 seconds of 

ablation were discarded to eliminate the interference of surface contamination and weathering.  
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Table 2.1: Isotopes analyzed by LA-ICP-MS and their respective dwell times. 

Dwell time (ms) Isotope 

5 23Na; 27Al; 28Si; 39K; 44Ca; 55Mn; 56Fe 

10 
11B; 24Mg; 43Ca; 47Ti; 52Cr; 55Mn; 57Fe; 59Co; 60Ni; 63Cu; 66Zn; 67Zn; 

75As; 85Rb; 88Sr; 89Y; 90Zr; 118Sn; 121Sb; 208Pb 

20 

31P; 45Sc; 51V; 93Nb; 133Cs; 137Ba; 139La; 140Ce; 141Pr; 146Nd; 147Sm; 
153Eu; 157Gd; 159Tb; 163Dy; 165Ho; 166Er; 169Tm; 172Yb; 175Lu; 178Hf; 
181Ta; 209Bi; 232Th; 238U 

 

 

2.3. Results and Discussion 

 

Due to the high number of samples and analytical techniques employed in this study, this section 

has been subdivided according to the methodology used. The importance of each analytical 

technique has been highlighted, as well as their unique shortcomings. 

 

2.3.1. Handheld X-ray fluorescence (hXRF) and variable pressure scanning electron 

microscope coupled with energy dispersive X-ray spectrometry (VP-SEM-EDS) 

 

The handheld XRF measurements were performed in Mbanza Kongo, northern Angola. This 

technique has proven to be a fairly inexpensive, fast and efficient technique to use when dealing 

with a large number of samples [52–54] in difficult analytical conditions. This non-destructive 

technique is therefore commonly employed in the study of large assemblages in order to screen 

and group materials for further sub-sampling and analysis using other techniques [52,54]. Since 

the Bruker™ Tracer III-SD is limited to the detection of elements with Z > 11, a clear distinction 

between glass types, generally based on the type of fluxing agent used in their manufacture, is not 

possible using this technique. Nonetheless, the use of bulk composition to produce elemental bi-

plots allows a better understanding of the data collected and can be used, as a first approach, to 

determine differences between glass beads from the same typology, and affinities between 

chemical elements or different glass beads typologies. 

Complementary, VP-SEM-EDS was used to perform a microstructural and micro-analytical 

characterization, to initially classify the beads according to glass type – soda-rich, potash-rich or 

mixed alkali glass – and to access the lead content. Point analysis and elemental mapping was also 
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used to identify the chemical composition of the inclusions present in the glass beads. It is 

important to note that SEM-EDS is a surface-sensitive technique, having an analysis depth of 

approximately 1-2 µm [55], whereas hXRF has an analysis depth of a few microns to a few 

millimeters depending on the material’s absorption coefficient [56–58]. Moreover, as both systems 

use an X-ray energy dispersive spectrometer to obtain the chemical composition of the beads, the 

data are complementary. 

 

2.3.1.1. Blue glass beads (types 1, 8, 12, 13, 22 and 24) 

 

The VP-SEM-EDS analysis revealed that the glass beads from types 1, 8, 12 and 13 are composed 

of potash-rich glass while the glass beads from type 22 and 24 consist of mixed alkali glass (Table 

C2 – Appendix C). 

Significant amounts of Co were detected by hXRF in the blue beads from types 8, 12, 13, 22 and 

24 (Figure 2.2a). Relatively smaller amounts of cobalt are also present in the pale blue beads 

classified as type 1 (Figure 2.2a). Co(II) ions are among the most common coloring agents present 

in ancient glass [59]. The presence of this transition metal ion in a tetrahedral coordination [60,61] 

imparts a dark blue hue to the glass [31,33,36,41,59,61–65]. Moreover, even when present in small 

concentrations, due to their high absorption coefficient, cobalt ions produce a distinct blue color 

[36,59,65]. It is important to note that the glass beads classified as type 24 are enriched 

simultaneously in cobalt and copper, causing them to have a lighter blue hue (Figure 2.2a). While 

the addiction of Cu could have been unintentional, this transition element’s divalent ion, in an 

octahedral coordination [60], is known to impart a turquoise color to glass [41,61,66]. 

Cobalt, although relatively common in nature, is generally exploited as a by-product of the 

extraction of nickel, silver, gold, lead and zinc [67]. Cobalt can also be exploited from arsenic-rich 

and Fe-rich minerals [67]. Many studies have attempted to uncover the provenance of the cobalt 

blue pigments or glass colorants based on the association between Co and other minor and trace 

elements [33,62,64,68–71]. However, the use of different techniques with different detection limits 

has made it very difficult to establish a true chronology of cobalt use, and, unfortunately, many 

sources remain unknown [70].  

A careful examination of the hXRF results revealed that cobalt was associated with: a) Ni and As 

in types 12 and 13; b) Ni, Zn and Pb, in type 1; c) Cu, Ni, Zn, Fe and Cr in type 24; and d) Ni, As, 
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Zn, Fe, and Bi in types 8 and 22 (Figure C1 – Appendix C). According to Dayton (1981) [72] and 

Gratuze et al. (1992) [68], the parageneses of Co-Ni-As minerals can be found in the Schneeberg 

mines (Erzgebirge, Germany). The cobalt-bearing minerals extracted from this region are thought 

to have been used between the end of the 15 th and the 18th centuries A.D. [33,69,71]. The glass 

beads from types 12 and 13 have been associated to the Bohemian glass production of the 19 th 

century A.D.. While an earlier manufacture date cannot be excluded [35], it is important to note 

that Gratuze & Janssens (2004) [64] mention a cobalt ore of unknown provenance used in the 19 th 

century A.D. having a chemical association of Co-Ni-As. 

The chemical association of Co-Zn-Pb has been linked to the Freiberg district (Saxony, Germany) 

[68,69,71]. Although Co-Ni veins are less abundant in this district, they are nonetheless present 

[73]. The polymetallic veins present in the Freiburg region are a known source of cobalt used 

between the 13th and 15th centuries A.D. [69,71]. The type 1 pale blue glass beads display the Co-

Ni-Zn-Pb chemical association; however, since the glass beads are thought to have been produced 

at a later date, between 1680 and 1890, it is possible that a different colorant source was used. 

Finally, to our knowledge, the chemical association Co-Ni-As-Zn-Fe-Bi found in the glass beads 

from types 8 and 22, and the association between cobalt and Cu, Ni, Zn, Fe, Cr and As found in 

the type 24 glass beads have not been mentioned in any other glass studies. 

The amount of As present in the type 8 glass beads (Figure 2.2b), detected by both hXRF and VP-

SEM-EDS (Table C2 – Appendix C), cannot be explained exclusively by the Co colorant. The 

chronology of opacifiers developed by Hancock et al. (1997) [32] could suggest that these glass 

beads were produced between the very late 18th century and the early 20th century A.D.. However, 

Hancock et al. (1997) [32] used neutron activation analysis to determine the composition of the 

glass beads in their study, and these authors later suggested that the glass beads studied were, in 

fact, leaded [37]. Kenyon et al. (1995) [31] mentions that As could be used to remove air bubbles 

from the glassy melt in order to produce a clearer, more transparent glass. However, since these 

glass beads are opaque and there is an obvious enrichment and association between Ca and P, 

suggesting that calcium phosphates were used as opacifying agents, the use of As as a fining agent 

seems implausible. Arsenic is also a known decolorant [74]. 

 



103 
 

 

Figure 2.2: a) hXRF Co-Cu plot indicating that the blue glass beads from types 1, 8, 12, 13 and 22 are enriched in Co, while the 
blue type 24 glass beads are enriched in Co and Cu; b) hXRF Pb-As plot indicating that both Pb and As were used in the production 

of the glass beads from types 2, 3 or 4, 5, 6, 7, 9, 10, 11, 14, 15, 17 and 19; c) hXRF Sb-Ca evidencing that the glass beads from 

types 22, 25, 46 and 47 are simultaneously enriched in Sb and Ca; d) hXRF Pb-Sn plot showing the combined use of Pb and Sn to 

opacify the type 5 glass beads; e) hXRF Mn-Fe plot corroborating the use of these two elements in the production of the black type 
16, 20 and 23 glass beads; f) hXRF Cu-Fe plot substantiating the use of Cu and Fe to produce the green glass present in the type 5 

and 46 glass beads. 

 

While the exact purpose of the introduction of As remains unknown, calcium phosphate, generally 

introduced in the form of burnt bones, has been used as an opacifier since the 5 th century AD and 

is commonly mentioned in Venetian recipe books since the 14th century A.D. [17,75]. Calcium 

phosphates were also most likely used to opacify the glass beads from type 1 and 13 since the VP-

SEM-EDS analysis revealed an enrichment in both Ca and P in these glass beads (Table C2 – 

Appendix C). 
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The type 8 glass beads also have minor amounts of barium detected by hXRF (Figure C1 – 

Appendix C). Barium occurs in large deposits throughout the world mostly as barium sulfate 

(barite; [76]). In fact, barite has been found as a heavy mineral in glass-making sand [77]. 

However, barium has also been known to substitute calcium in carbonates [78] and even in apatite 

(calcium phosphate) without any significant changes in the crystalline structure [79]. The lack of 

correlation between Ca and Ba suggests that the latter is the result of the use of impure sands rich 

in barite. 

The hXRF Sb-Ca plot (Figure 2.2c), on the other hand, revealed that calcium antimonates were 

used as opacifying agents in the manufacture of the type 22 blue beads. Calcium antimonates have 

been used in glass production since the 15th century B.C. [17,75,80]. Opacifying agents could not 

be detected in the blue glass beads from types 12 and 24 because they are transparent. 

 

2.3.1.2. Red and red-on-white glass beads (type 2, 3 or 4, 6, 7, 9, 10, 11, 14, 15 

and 19) 

 

Red glass can be produced by the addition of metallic gold [17,35,60,81] or metallic copper (nano-

) particles [17,34,59,60,81–83]. The metallic copper particles disperse the light, rendering the glass 

opaque [82]. Many authors have shown that cuprous oxide (Cu2O) can also be used to impart a 

ruby color to the glass, commonly referred to as “sealing wax red” [17,20,34,65,81,83,84]. Finally, 

since the development of cadmium red pigments in 1892 [85–87], these pigments have been used 

to produce both red glass [17,88] and red glass beads [41,87]. 

An initial assessment of the hXRF data of the red and red-on-white glass beads revealed detectable 

amounts of copper, accompanied by significant amounts of lead. The enrichment in lead is very 

significant (commonly reaching 40-50 wt.% according to VP-SEM-EDS data; Table C2 – 

Appendix C) indicating that this element is acting as a glass former. The production of red glass 

by dispersing cuprite crystals in a lead-rich glass matrix has been reported by Licenziati & 

Calligaro (2016) [65]. However, it is important to note that no red-coloring elements were detected 

in any of the red or red-on-white glass beads by VP-SEM-EDS. Therefore, the use of other 

colorants such as trace amounts of metallic gold, as reported by Burgess & Dussubieux (2007) 

[35], cannot be excluded. 
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Lead is particularly important in glass production since it can assume different roles; it can act as 

a glass former and modifier, but it can also interact with other elements present in the glass melt, 

causing the precipitation of crystals that influence both color and transparency [17]. VP-SEM-EDS 

analysis showed that all red and red-on-white beads were enriched in both lead and arsenic (Table 

C2 – Appendix C). In fact, the hXRF Pb-As plot (Figure 2.2c) revealed a clear association between 

these two elements, which suggests that lead arsenates were used as the main opacifying agents. 

Lead arsenates were developed by the Venetian glass industry in the late 16 th century A.D. 

[38,39,89,90], but were only broadly used since the 19th century A.D. [38,39].  

The hXRF Pb-Sn plot (Figure 2.2d), on the other hand, shows that lead arsenates were not the only 

opacifiers used in the manufacture of the red and red-on-white glass beads. In fact, these beads are 

also enriched in tin, which could indicate the combined use of cassiterite (SnO2) and lead arsenates. 

The presence of both tin oxide and lead arsenates has been reported in 19 th century A.D. enamels 

[50,91]. Lead arsenates were introduced in the Limoges production in the 18 th century A.D., 

gradually substituting cassiterite, although the combined use of these opacifiers has been found in 

many 19th century A.D. artefacts [50,91]. The first use of cassiterite in glass production can be 

traced to the 4th century A.D. [75,80]. 

Several of the red-on-white glass beads were broken in half, which allowed the acquisition of 

elemental data from their white core by VP-SEM-EDS. All white glass present in the red and red-

on-white glass beads was found to be lead-rich (Pb ~ 50-65 wt.%; Table C2 – Appendix C). The 

presence of lead arsenates can account for the glass’ white hue. 

 

2.3.1.3. Black glass (types 16, 20 and 23) 

 

The VP-SEM-EDS analysis revealed that the glass beads from types 16, 20 and 23 are composed 

of soda-rich glass (Table C2 – Appendix C). 

The hXRF results of the black beads classified as types 16, 20 and 23 revealed significant amounts 

of Mn and Fe in their composition (Figure 2.2e). The enrichment in both manganese and iron was 

further confirmed by VP-SEM-EDS (Table C2 – Appendix C). Combining metallic ions such as 

iron and manganese has been used to produce black hues [41,92].  

Elements associated to opacifying agents were not detected in these glass beads by hXRF (Figures 

2.2b, 2.2c and 2.2d) or VP-SEM-EDS (Table C2 – Appendix C). 
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2.3.1.4. Green glass beads (type 46) 

 

The green glass beads from type 46 are composed of lead-rich glass as shown by both the hXRF 

(Figures 2.2b and 2.2d) and VP-SEM-EDS data (ca. 49 wt.%; Table C2 – Appendix C). Significant 

amounts of copper and iron were also detected by these two analytical techniques (Figure 2.2f and 

Table C2 – Appendix C). According to Burgess & Dussubieux (2007) [35], although copper ions 

in their divalent state are generally used to produce turquoise glass, when they are dispersed in a 

lead-containing glass, the resulting hue is green. La Delfa et al. (2008) [93] determined that the 

amount of lead greatly influences the final green hue of a glass, when maintaining a stable Cu 

concentration. Iron, on the other hand, can be used to produce a wide range of colored glass, from 

yellow and amber/brown colors to green [41,59,61,63,66]. Since the ferric ion can be a blue 

chromophore and the ferrous ions can impart a yellow color, the final hue will be linked to the 

Fe(II)/Fe(III) ratio present in the glass [41,59,66]. In this case, iron was most likely introduced 

unwillingly, as an impurity in the copper or sand source, although its use to obtain a specific green 

hue cannot be excluded. 

The hXRF Pb-Sn plot (Figure 2.2d) shows that there is an association between these two elements 

in the green type 46 glass beads, suggesting the use of lead stannate. Lead stannate or lead-tin 

yellow, was introduced as a colorant and opacifier in the 4th century A.D. [30,75,80] and was used 

to produce yellow opaque glass or to produce yellow-green hues when mixed with blue colorants 

[43,59,90,94].  

 

2.3.1.5. Green glass beads with white and brownish-red stripes (type 5) 

 

The multi-colored beads classified as type 5 are thought to be of Venetian origin, although their 

manufacture date is unknown. These beads are mostly composed of green glass but have three sets 

of reddish-brown stripes flanked by two white stripes.  

The VP-SEM-EDS analysis revealed that the green body and the reddish-brown stripes consist of 

mixed alkali glass, with significant amounts of lead (12-30 wt.%), while the white stripes are 

composed of lead-rich glass (61 wt.% Pb) (Table C2 – Appendix C). Arsenic was also detected in 

both the green and white glass, which due to the aforementioned presence of lead, suggests the use 

of lead arsenates as the main opacifiers. In fact, the hXRF Pb-As plot (Figure 2.2b) shows a clear 
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association between these two elements in the type 5 glass beads. The presence of lead arsenates 

in the type 5 glass beads indicates a manufacture date after the late 16 th century A.D. [38,39,89,90].  

A careful examination of the hXRF (Figure 2.2b, 2.2c and 2.2d) results also revealed an association 

between lead, antimony and tin, suggesting the use of a ternary Pb-Sb-Sn oxide. Lead antimonates 

have been used alongside calcium antimonates since the 15 th century B.C. [17,75,80]. The first has 

also been used as a colorant, imparting a characteristic opaque yellow color to the glass [17,75,95]. 

Tin-based opacifiers, are thought to have been introduced by the Roman glass-making industry in 

the 4th century A.D., gradually substituting antimony-based opacifiers [30,75,80]. However, recent 

studies have shown that the pyrochlore structure of lead antimonates, commonly referred to as 

Pb2Sb2O7, allows other elements, such as tin, to substitute antimony [95–99]. These pyrochlores 

or ternary Pb-Sb-Sn oxides, have been found in yellow Roman glass, being responsible for both 

their color and their opacification [30,95,97,100,101], and are thought to have been artificially 

produced and added to the molten glass  [30,95,101]. This is consistent with the production of the 

Muranese yellow opacifier anime (or anima); 18th and 19th century A.D. Venetian glassmaking 

treaties describe how a synthesized lead-tin yellow pigment was mixed with antimony sulfide, 

minium (Pb3O4) and sand to obtain this yellow pigment which was later added to the glass 

[90,95,97,101]. Ternary Pb-Sb-Sn oxides have also been found in late 15th-early 16th century A.D. 

enameled Venetian glass objects [94], 17th century A.D. paintings [102], 18th century A.D. tesserae 

[99] and 18th century A.D. Nevers lampworking glasses [95,97]. 

Significant amounts of copper, together with minor amounts of iron were detected in the green 

glass. As previously mentioned, Cu(II) imparts a turquoise color to glass, while iron can be added 

to produce specific hues depending on the Fe(II)/Fe(III) ratio [41,61,66]. The presence of the 

yellow ternary Pb-Sb-Sn opacifier, suggests that the final green hue was obtained by combining 

the copper and iron blue colorants with the yellow opacifier as suggested by other authors 

[65,90,94,95,103,104]. 

The reddish-brown stripes were found to be enriched in iron, which has been known to produce 

similar reddish hues [41,63]. The white glass’ color can be explained by the presence of lead 

arsenates. 
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2.3.1.6. White glass beads (types 25 and 47) 

 

The VP-SEM-EDS analysis revealed that the white beads classified as types 25 and 47 are 

composed of mixed alkali glass (Table C2 – Appendix C). The glass beads from type 25 were 

found to be extremely porous. Most likely due to the burial conditions, aluminosilicates now fill 

these pores, giving the glass beads a more yellowish hue. The hXRF Sb-Ca plot (Figure 2.2c), 

revealed an association between these two elements, suggesting that calcium antimonates were 

used as opacifying agents in the manufacture of the type 25 white beads. In fact, VP-SEM-EDS 

analysis showed that calcium antimonate crystals were abundantly dispersed throughout the glass 

matrix (Figure 2.3). As previously mentioned, calcium antimonates have been used in glassmaking 

since the 15th century B.C. [17,75,80]. 

 

 

Figure 2.3: a) VP-SEM image of the type 25 glass beads. The white areas were found to be calcium antimonate aggregates; b) 

point analysis of one of the calcium antimonate aggregates. 
 

Antimony and calcium were also found to be associated in the type 47 glass beads. Calcium 

antimonate aggregates were also found in these beads by VP-SEM-EDS. 

 

2.3.1.7. White glass beads with blue and pink stripes (Type 17) 

 

The multi-colored beads classified as type 17 are thought to be of Venetian origin and 

manufactured between the 18th and 19th century A.D.. These beads are white with two navy and 

two pink stripes. VP-SEM-EDS analysis revealed that navy and pink stripes consist of mixed alkali 

glass, with significant amounts of lead (ca. 32-37 wt.%), while the white glass is lead-rich (Pb > 

55 wt.%) (Table C2 – Appendix C). Arsenic was also detected in all the glass colors, which due to 
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the aforementioned presence of lead, suggests the use of lead arsenates as the main opacifiers. In 

fact, the hXRF Pb-As plot (Figure 2.2b) shows a clear association between these two elements in 

the type 17 glass beads. It is also worth noting that the glass beads from types 15 and 17, although 

contemporary, have different As contents, suggesting the use of different recipes in their 

manufacture.  

No colorants were identified by VP-SEM-EDS in the blue and pink stripes. However, blue stripes 

have the distinctive navy-blue hue characteristic of Co(II)-colored glass, and it is possible that the 

pink hue was produced by adding minor amounts of copper or gold to produce a red hue that 

became pinkish when combined with the initial white glass. 

Handheld XRF analysis also revealed an association between lead and tin, suggesting the use of 

lead stannate or lead-tin yellow as a second opacifier. Lead stannate imparts a yellow color to the 

glass, but as it is combined with the white lead arsenates, can account for the creamy white hue of 

the type 17 glass beads. It can also be responsible for the lighter blue hue of the blue stripes and 

the slight orange undertone of the pink stripes. 

 

2.3.2. Micro-Raman Spectroscopy 

 

Silicate glass, the most common type of archaeological glass, can be described as a disordered 3D 

network of SiO4 tetrahedra, where the oxygen ions act as bridges between the different tetrahedral 

[40,48,49,105,106]. The Raman spectrum of a glass can, thus, be seen as the signature of the 

silicate network, with two large massifs, corresponding to the bending and stretching modes of the 

Si-O bonds, centered at approximately 500 cm-1 and 1000 cm-1, respectively [40,48,49,105,106]. 

The introduction of glass modifiers induces the breakdown of the siloxane bands, creating non-

bridging oxygens (NBOs). The arrangements of the SiO4 tetrahedra can be described according to 

the number of NBOs from Q0 (isolated tetrahedral with 4 NBOs) to Q4 (pure SiO2 with zero NBOs). 

The degree of polymerization of the network decreases with the increase of the amount of 

modifiers, and, therefore, the amount of NBOs [49]. The degree of polymerization or 

polymerization index (IP) can be calculated as the ratio between the bending and stretching areas 

(IP=A500/A1000) [38,40,44,48,49,105,106]. Colomban (2003) [105] developed an empirical 

relationship between the IP and the firing temperature of glass. Micro-Raman spectroscopy due to 

its confocality and micrometric spatial resolution, also allows the identification of inorganic 
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compounds dispersed in the glassy matrix and responsible for its color and opacity [38–

41,49,50,61,65,75,89,98,105–108]. 

The calculated IP and their respective firing temperature can be found in Table 2.2. It is important 

to note that the polymerization index has not been calculated when inorganic phases were found 

to be superimposed on the glass Raman signature. The inorganic phases acting as colorants and/or 

opacifiers, as well as the remains of the raw materials used in the production of poor melting 

quality glass, identified by micro-Raman spectroscopy can be found in Table 2.3. 

 

Table 2.2: Polymerization index and corresponding firing temperature after Colomban (2003) [105]. The polymerization index 

was not calculated when inorganic phases were found to be superimposed on the glass Raman signature. 

Glass bead type Color Polymerization index (IP) Estimated firing temperature (°C) 

5 

Green 0.60 800 

White - - 

Reddish-brown - - 

12 Blue 0.93 1000 

20 Black 0.71 800-1000 

22 Pale blue 0.92 1000 

23 Black 0.75 800-1000 

24 Blue 0.97 1000 

 

Table 2.3: Inorganic phases (coloring agents, opacifiers and other crystalline phases) identified by micro-Raman spectroscopy. 

Characteristic band positions are indicated. 

Inorganic 

phase 
Raman signature Glass bead type (glass color) References 

Anglesite 

(PbSO4) 
978-979 cm-1 1 (pale blue), 12 (blue), 13 (blue) [109–113] 

Bindhemite 

(Pb2Sb2O7) 
138, 334, 511 cm-1 3 or 4 (crème) [65,89,107,108] 

Calcium 

antimonate 
(Ca2Sb2O7) 

481, 634 cm-1 

483, 634 cm-1 

25 (white) 

47 (white) 
[38–41,61,65,89,98,108] 

Calcium 

phosphate (PO4
3-

 

vibrations) 

959 cm-1 
1 (pale blue), 7 (white), 8 (blue), 

13 (blue) 
[38–41,75,106,112–115] 

Cassiterite 

(SnO2) 

477, 637, 782 cm-1 

479, 638, 783 cm-1 

634-637 cm-1 

3 or 4 (white) 

7 (white) 

17 (white) 

[40,41,49,50,65,108,116] 

Quartz (SiO2) 465 cm-1 16 (black) [41,89,105,112,113] 
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Table 2.3 (cont.): Inorganic phases (coloring agents, opacifiers and other crystalline phases) identified by micro-Raman 

spectroscopy. Characteristic band positions are indicated. 

Inorganic 

phase 
Raman signature Glass bead type (glass color) References 

Lead arsenates 814-831 cm-1 

2 (red), 3 or 4 (red), 5 (white), 5 

(reddish-brown), 6 (white), 6 

(red), 7 (white), 7 (red), 9 

(white), 9 (red), 10 (white), 10 

(red), 11 (white), 11 (red), 14 

(red), 15 (red), 17 (white), 17 

(pink), 17 (blue), 19 (white), 19 
(red) 

[38–40,50,89,117–120] 

Microcline 

(KAlSi3O8) 
475, 513 cm-1 46 (green) [113] 

Orthoclase 

(KAlSi3O8) 
478 cm-1 16 (black) [113] 

Rutile (TiO2) 444 cm-1 16 (black) [89,112,113] 

Unidentified 

sulfate phases 

(SO4
2-

 

vibrations) 

618, 981, 1141 cm-1 

981-982 cm-1 

8 (blue) 

2 (red), 3-4 (red), 7 (red), 9 

(white), 9 (red), 10 (red), 11 

(red), 12 (blue), 15 (red) 

[40,113,121] 

Titanium 

dioxide (TiO2) 
140-150 cm-1 

1 (pale blue), 5 (white), 9 (red), 

9 (white), 12 (blue), 13 (blue), 

16 (black), 17 (pink), 17 (blue), 

47 (white), 20 (black, 22 (pale 

blue), 23 (black), 24 (blue), 25 

(white) 

[41,112,122–126] 

Titanium 

dioxide (TiO2) 

or Litharge 

(PbO) 

147 cm-1 

2 (red), 3 or 4 (white), 6 (white), 

7 (red), 10 (red), 17 (white), 19 

(red) 

[41,111,127,128] 

α-Wollastonite 

(CaSiO3) 
985 cm-1 7 (white), 14 (red) [106] 

 

2.3.3. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

 

Following the VP-SEM-EDS and micro-Raman spectroscopy analysis, a sub-sampling was 

performed in order to diminish the total number of samples. The possible origin and date of 

manufacture, as well as the number of samples available per type was taken into account. When a 

large number of samples from the same glass bead type was available, two specimens (a and b) 

were chosen to test for homogeneity and consistency between visually identical glass beads.  
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2.3.3.1. Chemical glass types 

 

The ternary diagram of the normalized concentrations of Na2O, MgO + K2O and CaO has been 

used to define the main chemical glass types based on their alkali metal source [64,129,130]. 

Figure 2.4 shows that all the glass beads in this study fall into one of the following chemical glass 

types: the soda-lime plant ash glass (II), the mixed alkali soda-potash glass (III) or the potash-lime 

plant ash glass (IV) [64]. 

 

 

Figure 2.4: Ternary diagram of the normalized Na2O, MgO + K2O and CaO contents of the glass beads analyzed by LA-ICP-MS. 
Four main chemical glass types are evidenced by the ellipses [62]. 
 

The Venetian red and red-on-white glass beads from types 2, 3 or 4, 7, 10, 14 and 15, as well as 

the pink stripe from type 17, were found to be composed of mixed soda-potash glass (group III), 

while the remaining Venetian glass beads, type 5 and 17, fall either within the soda-lime plant ash 
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compositional window (group II) or in between the two compositional groups. It is important to 

note that the type 17 glass beads appear to have been produced using two distinct recipes since the 

white and blue stripes fall under the compositional window of plant ash soda-lime glass (group II), 

while the pink stripes have a mixed soda-potash composition (group III). The Venetian glass 

making industry traditionally used soda plant ash as their main glass modifier [17,101,131]. These 

halophytic plant ashes, known as allume catina, were imported from the Levantine coast since the 

13th century A.D. [17,131] and are commonly mentioned in treaties from the 16th and 17th centuries 

A.D. [17]. Lower quality soda plant ash (barilla) imported from Spain or produced by burning 

local plants was used from the 17th century A.D. onwards [17]. However, potash plant ashes, 

produced by burning inland plants, were occasionally used since the 15 th century A.D. [17]. 

Recipes from the 16th and 17th centuries A.D. also mention tartar from wine barrels (gripola di 

vino) as a possible potash source [17]. The uncharacteristically high K concentrations found in all 

the Venetian glass beads can be explained by the use of low quality plant ash [35], or by the 

combined use of allume catina  and gripola di vino as mentioned in the 1536 anonymous 

manuscript of Montpellier [17]. 

The glass beads from types 1, 8, 12 and 13, on the other hand, are composed of potash-lime plant 

ash glass (group IV). Potash-lime crystal glass was developed in Bohemia in 1676 by Johan 

Kunckel and increasingly gained popularity as an alternative to the Venetian cristallo glass [101]. 

However, the development of the first potash-lime glasses can be traced to the northern and central 

European production centers [131]. These glasshouses were founded during the Roman empire 

and were located in heavily forested areas to allow easy access to furnace fuel [131]. After the fall 

of the Roman empire, the knowledge of glass making was not lost, but since the import of mineral 

soda (natron, the main fluxing agent used in the production of Roman glass) ceased, glass makers 

started to used wood ash as the primary glass for glass production around 800 A.D. [131]. This 

glass, produced throughout the Middle Ages, is known as forest glass (or Waldglas). It is therefore 

likely, that the type 8 blue glass beads were produced in Central Europe, although the exact 

location of their manufacture remains unknown. 

The glass beads of unknown origin and date, types 16, 20, 23, 25 and 47 and types 22, 24 and 46, 

fall within the soda-lime glass compositional group and in the intermediate region between the II 

and III compositional groups, respectively. While these compositions could suggest a Venetian 

origin, it is important to note that although the Venetian recipes were considered to be a guild 
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secret, Venetian glass-makers travelled across Europe, opening their own glasshouses in Flanders 

and London [132], making it impossible to pinpoint the production centers of these glasses based 

solely on their chemical glass type. 

 

2.3.3.2. Glass provenance 

 

The raw materials used to manufacture glass generally contain small amounts of impurities that 

are characteristic of the region from which they were obtained. Since glass composition reflects 

the chemical signature of the raw materials used in its manufacture, trace element analyses have 

been widely used to determine glass provenance (e.g. [18–20,22–26,28–30,45,133]). 

An important amount of impurities is introduced via the silica source. Sand generally contains 

accessory minerals such as feldspars, zircon, aluminosilicates, Fe-Ti oxides and clay minerals 

[134]. Trace element distribution in particular can provide information on the silica source [24,28–

30,133–135]. 

The chondrite-normalized [136] trace element composition (Figure 2.5 and Table C3 – Appendix 

C) highlights the heterogeneity of the sands employed in the production of the glass beads in this 

study. Based on their compositional profiles, the beads have been subdivided into four groups. 

Group 1 is composed of the Venetian red and red-on-white glass beads (types 2, 3 or 4, 7, 10, 14 

and 15), the white and pink stripes of the glass beads from type 17 and the white stripes from type 

5. This group is characterized by having similar Rb and Sr values. The presence of only Venetian 

red, white and pink glass in this group is noteworthy as it suggests that the same raw material 

sources were used to make all these different colors. 

The glass beads from Bohemia (types 12 and 13) constitute group 2. These beads have low Sr 

values, accompanied by high Rb values. The highest values of Zr and Hf can also be found in these 

glass beads. Rb+ has an ionic radius similar to K+, which allows this element to be incorporated in 

the structure of K-bearing minerals such as clay-minerals or K-feldspars [137]. Zr and Hf on the 

other hand are most likely present in the heavy mineral zircon (ZrSiO4), indicating that a mature 

sand, composed primarily of quartz, but with significant amounts of heavy minerals and an 

important clay fraction was used in the glass production [138]. 
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Figure 2.5: Chondrite-normalized [134] trace element composition of the glass beads analyzed by LA-ICP-MS. A detailed 

explanation of the different groups can be found in the text. 
 

Group 3 is composed exclusively of the Bavarian glass beads from type 1. These beads, like the 

ones in the previous group, are characterized by high Rb and low Sr values. However, they present 

the lowest values of Zr, Y and Hf. In general, low concentrations of trace elements indicate the use 

of high purity sand sources [134]. As previously mentioned, potash plant ash was used to 

manufacture these glass beads, which most likely resulted in the visible enrichment in Rb. 

The glass beads with unknown provenance and manufacture date types 16, 20, 22, 23, 24, 25, 46 

and 47, as well as the green and reddish-brown glass from the type 5 Venetian glass beads, 

constitute group 4. This group is characterized by low Rb and high Sr values, accompanied by 

variable Ba amounts. The group has, therefore, been sub-divided into low Ba (group 4a) and high 

Ba (group 4b). Only the black beads from types 16, 20 and 23 constitute group 4b. While Ba could 

have been added unintentionally as an impurity in the silica source, a careful examination of the 

LA-ICP-MS results revealed a correlation between Mn and Ba in these three bead types, 

suggesting that a mixture of pyrolusite (MnO2) and psilomelane ((BaH2O)2Mn5O10) was used to 

impart the black hue to the glass [134]. 

Two of the glass samples did not fit into any of the previously described compositional groups: 

the blue stripes of the type 17 glass beads, and the type 8 glass beads. The blue stripes of the 17 

glass beads have a compositional profile similar to that of group 4a; however, this glass is greatly 

enriched in Y. The glass beads from type 8, on the other hand, present a compositional profile 

similar to that of group 3, but are enriched in Ba. As previously mentioned, the significant barium 
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values found in the type 8 glass beads are most likely linked to the presence of barite in the silica 

source. 

The largest portion of rare earth elements (REE) found in glass can be attributed to the silica 

source, as these elements occur in insignificant concentrations in both plant ash and carbonates 

[28]. The chondrite-normalized [136] rare earth element data revealed the presence of five groups 

of samples with different REE patterns (Figure 2.6 and Figure C2 – Appendix C): groups A to E. 

Table C3 (Appendix C) contains the chondrite-normalized [136] rare earth element concentrations 

of the glass beads analyzed by LA-ICP-MS. 

 

 

Figure 2.6: Chondrite-normalized [134] representative REE patterns of the glass beads analyzed by LA-ICP-MS. A detailed 
explanation of the different groups can be found in the text. The chondrite-normalized [134] REE patterns of each glass beads 

analyzed by LA-ICP-MS can be found in Figure C2 (Appendix C). 
 

Despite the fact that REE usually have a uniform trivalent charge, Eu and Ce can be found in 

different oxidation states according to the redox conditions of the surrounding environment. Under 

reductive conditions, Eu assumes the bi-valence state, while Ce3+ becomes Ce4+ under oxidizing 

conditions. The Eu- and Ce-anomalies are, therefore, a measure of this redox-sensitive behavior 

[25], and fractionation relative to neighboring trivalent rare earth elements [139]. The formulas 

used to calculate the Eu- and Ce-anomalies can be found in Saitowitz (1996) and Robertshaw et 

al. (2006) [18,25]. 

Group A, which is similar to trace elements group 1, is composed of the Venetian glass beads from 

types 2, 3 or 4, 7, 10, 14, 15, and the pink and white stripes of type 17. The glass beads from type 

46 which have unknown origin and manufacture date are also included in this group. Group A is 
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characterized by an enrichment in light rare earth elements (LREEs) when compared to the high 

rare earth elements (HREEs) and negative Eu-anomalies (Eu/Eu* = 0.61-0.76). A negative Eu-

anomaly is formed by the separation of Eu2+ from Eu3+ in melts and the precipitation of Eu in its 

divalent state in plagioclase, substituting calcium. As sand inherits the Eu-anomaly from the source 

rock, the negative Eu-anomalies, in conjunction with the LREE enrichment, indicate the use of 

sand derived from the weathering of upper continental crust granite-type rocks [29,140]. 

Group B, which corresponds to trace element group 2, includes the Bohemian glass beads from 

types 12 and 13; it is characterized by a depletion of HREEs relative to LREEs and significant 

negative Eu-anomalies (Eu/Eu* = 0.31-0.41). This group also has higher absolute REE abundance 

than Group A. The significant negative Eu-anomalies combined with the heavy REE absolute 

abundance indicate the use of sand sources that contain significant amounts of monazite and other 

REE minerals, such as the Paleozoic and Mesozoic sandstones found in Germany and studied by 

Wedepohl et al. (2011) [29]. 

Group C, which corresponds to trace element group 3, is composed exclusively by the Bavarian 

glass beads from type 1. This group is also characterized by an enrichment in LREEs when 

compared to HREEs and negative Eu-anomalies (Eu/Eu* = 0.62), indicating the use of sand 

derived from the weathering of upper continental crust rocks [29,140]. The lower absolute REE 

abundance, when compared with Group A, might suggest the introduction of a sand purifying 

procedure to eliminate heavy minerals and clays, as these minerals have the highest rare earth 

element abundance in sand [134]. 

Group D contains some of the glasses from the trace element group 4 such as the green and reddish-

brown glass from the type 5 Venetian glass beads, as well as types 16, 20, 22 and 24 with unknown 

origin and manufacture date. This group has once again similar REE patterns to those of Group A, 

but with higher absolute REE abundance. It is characterized by a depletion of HREEs relative to 

LREEs and negative Eu-anomalies (Eu/Eu* = 0.65-0.76). These REE patterns, in conjunction with 

the high REE abundance, suggest the use of immature sands derived from granite-type rocks. 

Group E is composed of the white glass from the type 5 Venetian glass beads, as well as types 25 

and 47 with unknown origin and manufacture date. This group is characterized by an enrichment 

in LREEs when compared to HREEs, but has Eu-anomalies with values closer to 1 (Eu/Eu* = 

0.82-0.85). The negative Eu-anomalies, combined with the LREE enrichment, indicate the use of 

sand resulting from the weathering of granite-type rocks [29,140]. 
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Three of the glass samples did not fit into any of the previously described compositional groups: 

the glass beads from types 8 and 23, and the blue stripes of the Venetian type 17 glass beads. The 

glass beads from type 8 are characterized by having a very slight enrichment in LREEs relative to 

HREEs and the absence of an Eu-anomaly (Eu/Eu* = 1.0). The glass beads from type 23 on the 

other hand, display similar REE patterns to those of Group D, but with negative Ce-anomalies 

(Ce/Ce* = 0.73). The presence of negative Ce-anomalies in the black glass beads from type 23 is 

most likely linked to the use of pyrolusite or psilomelane sources deriving from hydrothermal or 

diagenetic ferro-manganese crusts or nodules [141]. 

The REE pattern of the blue stripes of the Venetian type 17 glass beads shows an enrichment in 

middle rare earth elements (MREEs) when compared to the LREEs. This unusual REE pattern has 

been found, together with significant Y concentrations, in Egyptian and Mycenaean glass made 

from Egyptian cobalt-rich alum [133]. However, a careful examination of the LA-ICP-MS results 

revealed that cobalt was correlated with As, Ni, Bi, U and Fe, an association which is found in the 

Schneeberg region (Erzgebirge, Germany), while the cobalt-rich alum deposits of Egyptian origin 

have a chemical association of Co-Ni-Zn-Mg-Al [64]. This suggests the production of a synthetic 

cobalt-rich alum, most likely unintentionally obtained by using alumiosilicate-rich sands to 

produce zaffera, a cobalt blue glass coloring agent obtained by diluting a mixture of calcinated 

cobaltite and smaltite (from the Schneeberg mines) in siliceous sand [17]. 

 

 

2.4. Conclusions 

 

A multi-analytical minimally invasive methodology was applied to study the morphology, the 

phase inclusions and the chemical composition of the glass bead assemblage found during the 2014 

excavations carried out in the ruins of Kulumbimbi, Mbanza Kongo (Angola). The glass beads 

were initially subjected to a careful typological classification. The micro-analytical approach that 

followed provided compositional data from the mono and multi-colored glass beads.  

The chemical data indicates that the glass beads can be separated based on their fluxing agent 

source into three of the main glass types described by Gratuze & Janssens (2004) [64]: soda-lime 

plant ash glass, mixed alkali glass and potash-lime glass. All previously assigned Venetian glass 

beads can be described as soda-lime plant ash or mixed alkali glass. The high potassium 
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concentrations found suggest that variable quality plant ash or a combination of allume catina and 

gripola di vino was being employed in the 18th to early 20th century A.D. Venetian glass bead 

production. 

The major and trace element composition of the glass beads allowed the development of groups 

indicating different European provenances and different production methodologies (Table 2.4). 

 

Table 2.4: Summary table highlighting the chemical composition and probable provenance of the glass bead types analyzed by 

LA-ICP-MS. 

Bead 

type 
Color Fluxing agent Trace element group 

Rare earth 

element group 

Probable 

provenance 

1 Light blue 
Potash-rich plant 

ash 
Group 3 Group C Bavaria 

2 Red 
Variable quality 

(mixed) plant ash 
Group 1 Group A Venice 

3 or 4 
Red Variable quality 

(mixed) plant ash 
Group 1 Group A Venice 

White 

5 

Green Soda-rich plant ash Group 4a Group D 

Venice 
Reddish-

brown 
Soda-rich plant ash Group 4a Group D 

White Soda-rich plant ash Group 1 Group E 

7 
Red Variable quality 

(mixed) plant ash 
Group 1 Group A Venice 

White 

8 Blue 
Potash-rich plant 

ash 

Similar to group 3, but 

enriched in Ba 

Absence of Eu-

anomaly 

Unknown, Central 

Europe? 

10 
Red Variable quality 

(mixed) plant ash 
Group 1 Group A Venice 

White 

12 Blue 
Potash-rich plant 

ash 
Group 2 Group B Bohemia 

13 Blue 
Potash-rich plant 

ash 
Group 2 Group B Bohemia 

14 
Red Variable quality 

(mixed) plant ash 
Group 1 Group A Venice 

White 

15 Red 
Variable quality 

(mixed) plant ash 
Group 1 Group A Venice 

16 Black Soda-rich plant ash Group 4b Group D Venice 

17 

Pink 
Variable quality 

(mixed) plant ash 
Group 1 Group A 

Venice White Soda-rich plant ash Group 1 Group A 

Blue Soda-rich plant ash 
Similar to group 4a but 

with high Y values 

Enrichment in 

MREEs 

20 Black Soda-rich plant ash Group 4b Group D Venice 

22 Blue Soda-rich plant ash Group 4a Group D Venice 

23 Black Soda-rich plant ash Group 4b 
Negative Ce-

anomalies 
Unknown 

24 Blue Soda-rich plant ash Group 4a Group D Venice 

25 White Soda-rich plant ash Group 4a Group E Venice 

46 Green Soda-rich plant ash Group 4a Group A Venice 

47 White Soda-rich plant ash Group 4a Group E Venice 
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Lead arsenates and cassiterite were used to opacify the Venetian glass beads from types 2, 3 or 4, 

6, 7, 9, 10, 11, 14, 15 and 19. Lead arsenates combined with lead stannate was also found in the 

type 5 glass beads. These opacifiers when combined with copper ions imparted an emerald green 

hue to the glass. Iron was found to be the chromophore responsible for the color of the reddish-

brown stripes present in the type 5 glass beads, while VP-SEM-EDS revealed that cobalt was used 

to produce blue stripes found in the type 17 glass beads.  

The chondrite-normalized rare earth element patterns revealed that the Venetian glass beads 

(Group A), which seem to have been fired at a temperature of approximately 800 °C, were made 

from a sand derived from the weathering of upper continental crust granite-type rocks. The 

chondrite-normalized trace element distribution, on the other hand, allowed the red, pink and white 

Venetian glass from types 2, 3 or 4, 7, 10, 14, 15 and 17 to be separated from the other glass hues. 

The higher Ca and Sr values found in the type 5 Venetian glass beads can be explained by the use 

of purer allume catina, as halophytic plant ash is enriched in calcium. 

The blue glass beads from Central Europe (types 1, 12 and 13) were found to be composed of 

potash-lime plant ash glass. Handheld XRF data indicate that cobalt ions were used to produce the 

blue hues of the glass beads from types 1 and 13, while calcium phosphate was used as the main 

opacifying agent. Micro-Raman spectroscopy, on the other hand, revealed that the type 12 beads 

were fired at a temperature of around 1000 °C. LA-ICP-MS data showed that chondrite-normalized 

trace element distribution and chondrite-normalized REE patterns can be used to distinguish 

between the Bavarian (type 1) and the Bohemian (type 12 and 13) glass beads. The Bohemian 

glass beads seem to have been produced using a mature sand, composed primarily of quartz, but 

with significant amounts of heavy minerals such as monazite, while the Bavarian glass beads were 

manufactured using high purity sands. 

Based on their chondrite-normalized trace element distribution and chondrite-normalized REE 

patterns the glass beads from types 16, 20, 22, 24, 25, 46 and 47, with previously unknown origin 

and manufacture date, are thought to have been produced in Venice. These glass beads also consist 

of soda-lime plant ash glass or mixed alkali glass, with variable potash contents, and high Ca and 

Sr values. Moreover, they seem to have been manufactured using sand derived from weathering 

of granite-type rocks and fired at temperatures between 800 and 1000 °C (values calculated for 

types 20, 22 and 24). The black beads from types 16 and 20, however, must be singled out due to 

their enrichment in Ba. The LA-ICP-MS results revealed a linear correlation between Mn and Ba 
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in these glass bead types, suggesting that a mixture of pyrolusite (MnO2) and psilomelane 

((BaH2O)2Mn5O10) was used to impart the black hue to the glass. The type 16 glass beads also 

show evidence of being composed of poor melting quality glass due to the identification of quartz 

and feldspar mineral phases by micro-Raman spectroscopy. 

The origin of the glass beads from types 8 and 23 remain unknown. The blue glass beads from 

type 8 might have been produced in Central Europe since they can be characterized as potash-lime 

plant ash glass. However, they contain significant amounts of barium, suggesting the use of a 

barite-rich silica source, and very high As concentrations. These beads were opacified using 

calcium phosphate, and cobalt ions were used to produce the blue color. 

The black type 23 glass beads were colored using a mixture of pyrolusite and psilomelane most 

likely originating from hydrothermal or diagenetic ferro-manganese crusts or nodules, as indicated 

by their negative Ce-anomaly. These beads were fired at a temperature between 800 and 1000 °C.  

This archaeometric study shows that the during the 17 th-19th centuries A.D., Mbanza Kongo was 

completely integrated in the Atlantic commerce routes with access to specific European beads 

productions. Therefore, the tombs of Kulumbimbi are also a window to an ancient African society 

closely connected to European societies.  

 

 

 

3. Determining the provenance of the European glass beads of Lumbu (Mbanza 

Kongo, Angola) 

 

3.1. Introduction 

 

Glass beads have been found in many archaeological sites in sub-Saharan Africa dated to the last 

2000-3000 years [23]. These artefacts are usually testaments of trade networks between sub-

Saharan African societies and glass working communities located in North Africa and Eurasia 

[45]. In African societies, glass beads were commonly used as adornments or amulets to symbolize 

wealth, social status and political, cultural and religious affiliation [13]. These objects were also 

used as currency [15]. 
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Despite the increasing number of glass bead assemblages found in sub-Saharan Africa, studies 

with trace element analysis are rare. In fact, most works focus on glass beads from the Islamic 

mercantile network or the Indian Ocean trade [18,22,23,25,26,42,43,45,142], with barely any 

studies regarding European trade beads [1,20,143]. Koleini et al. (2019) recently authored a 

general overview of all glass beads found in Sub-Saharan Africa that have been subjected to 

archaeometric studies [144]. 

In this study, a multi-analytical minimally invasive methodology, which included handheld X-ray 

fluorescence (hXRF), variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS), micro-Raman spectroscopy and laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS), was used to analyze a collection of 

glass beads found in Lumbu (Mbanza Kongo, Angola).  

 

 

3.2. Materials and Methods 

 

3.2.1. Materials 

 

Located in Mbanza Kongo, the capital of the Kongo Kingdom [145,146], Lumbu is thought to be 

either the site of the Royal palace [147], or an area used by the King to hold public audiences when 

important state matters were being decided [148]. The archaeological excavations carried out in 

2014 by S. da Silva Domingos (CNIC, Angola), and Christophe Mbida and Raymond Assombang 

(University of Yaoundé I, Cameroon), uncovered a collection of 52 glass beads along with an 

assortment of locally produced and Portuguese pottery and clay pipe fragments. 

A total of 21 glass beads were analyzed in this study. The glass beads were initially separated 

based on morphological characteristics into typological groups. A detailed description of each 

typological group including color, size, manufacturing technique and probable origin and 

production date (when known), can be found in Table D1 (Appendix D). 

 

3.2.2. Methods 

 

The methodology used in this study follows the one proposed by Costa et al. [1]. 
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3.2.2.1. Handheld X-ray fluorescence (h-XRF) 

 

Handheld XRF measurements were acquired in-situ in Mbanza Kongo (Angola) using a Bruker™ 

Tracer III SD® XRF with a silicon-drift XFlash ® detector (SDD) and a Rh-target delivering a 

polychromatic X-ray beam of 3 x 3 mm. Spectra were recorded in vacuum conditions during a 

120-second real-time count, using a voltage of 40 kV and a current intensity of 35 μA. All spectra 

were recorded using the S1PXRF software (Bruker™) and processed using the Artax (Bruker™) 

software in order to obtain semi-quantitative data. 

Each sample was analyzed in one or more locations according to their size and color – mono-

colored vs. multi-colored. The generated net areas of the fluorescence lines were normalized to the 

counts of the Rh Kα lines [1,149]. 

Only a limited number of samples could be transported to Europe for further analysis. Therefore, 

the use of hXRF was essential to identify and discriminate compositional groups and select the 

beads to be analyzed by VP-SEM-EDS, LA-ICP-MS and micro-Raman spectroscopy. 

 

 

3.2.2.2. Variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS) 

 

VP-SEM-EDS was performed using a Hitachi™ S3700N SEM coupled to a QUANTAX EDS 

microanalysis system equipped with a Bruker™ XFlash 5010 SDD EDS Detector® with 129 eV 

spectral resolution at FWHM/Mn Kα. The samples were analyzed at low vacuum (40 Pa) and with 

an accelerating voltage of 20 kV and a 10-12 mm working distance. The variable pressure approach 

allows imaging and chemical analysis without the need of coating. The SEM images were acquired 

in the backscattering mode. The EDS data was processed in the Espirit1.9 software using the 

standardless tools [1,149,150].  
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3.2.2.3. Micro-Raman Spectroscopy 

 

A Bruker™ Optics SENTERRA dispersive Raman spectrometer coupled with a BX51 Olympus™ 

microscope was used to record the Raman spectra. The system uses a thermo-electrically cooled 

CCD detector, operating at -65 °C. At least three spectra per sample were acquired using a 

Nd:YAG laser (532 nm) at high resolution (3–5 cm-1) and in the range of 60–2750 cm-1. The 20× 

objective was used for all the samples, with a spot size of approximately 10 μm. The measuring 

time, laser power, and number of accumulations were set to obtain a good signal-to-noise ratio 

using the Bruker™ OPUS software.  

The collected Raman spectra were further processed using the GRAMS software (ThermoFisher 

Scientific™). Following previous authors (e.g. [1,38,47,48,150]), a 4-segment linear baseline was 

subtracted using fixed points at approximately 200, 700, 800 and 1200 cm-1 to characterize the 

glass matrix. The glass massifs were subsequently subjected to curve fitting in order to allow for 

reproducible results and for comparison with published data. 

 

3.2.2.4. Laser ablation inductively coupled plasma mass spectrometry (LA-

ICP-MS) 

 

LA-ICP-MS analyses were conducted using a CETAC LSX-213 G2+ laser ablation system 

coupled to an Agilent™ 8800 Triple Quad ICP-MS. The glass beads were mounted on the ablation 

cell without any previous sample preparation. A 100 µm spot size with a frequency of 20 Hz and 

a laser output energy of 80 % (3 mJ/pulse at 100%) was used to analyze 4-12 spots in glass beads 

(4 distinct locations were analyzed in each color in the case of multi-colored beads). Each spot had 

a total acquisition time of 75 s, including a 10 s washout. Helium, with a flow of 1 L/min, was 

used as a carrier gas in the LA system and the ICP-MS data was acquired in MS/MS mode. The 

NIST 612 glass standard was used for the calibration of the ICP-MS prior the analysis. 

Fractionation and oxide formation were monitored using the 238U/232Th ratio and the 248ThO/232Th 

ratio, respectively. The NIST 612 glass standard was analyzed at the beginning and end of each 

sequence and at 20-24 spot intervals for drift determination and correction if needed. The isotopes 

that were analyzed and their respective dwell times can be found in Table 2.5. Data of two different 

Fe and Zn isotopes were acquired and used to determine possible instrumental interferences. 
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Elemental concentrations were determined using off-line calculations and data reduction with the 

GLITTER® software, using NIST 612 as primary reference material (recommended 

concentrations reported by [51]) and SiO2 as an internal standard for the samples and reference 

material. The first 4 or 5 seconds of ablation were discarded to eliminate the interference of surface 

contamination and weathering.  

 

Table 2.5: Isotopes analyzed by LA-ICP-MS and their respective dwell times. 

Dwell time (ms) Isotope 

5 23Na; 27Al; 28Si; 39K; 44Ca; 56Fe 

10 
11B; 24Mg; 47Ti; 52Cr; 55Mn; 57Fe; 59Co; 60Ni; 63Cu; 66Zn; 67Zn; 75As; 
85Rb; 88Sr; 89Y; 90Zr; 118Sn; 121Sb; 208Pb 

20 

31P; 45Sc; 51V; 93Nb; 107Ag; 133Cs; 137Ba; 139La; 140Ce; 141Pr; 146Nd; 
147Sm; 153Eu; 157Gd; 159Tb; 163Dy; 165Ho; 166Er; 169Tm; 172Yb; 175Lu; 
178Hf; 181Ta; 197Au; 209Bi; 232Th; 238U 

 

 

3.3. Results and Discussions 

 

3.3.1. Chemical glass types 

 

VP-SEM-EDS results displayed in Table 2.6 revealed that several glass bead types have significant 

lead content. In fact, according to the glass type classification devised by Schalm et al. [151], the 

white and red glass of the type 36 beads can be classified as lead glass (PbO > 15 wt.%). However, 

as previously mentioned, lead can assume different roles within a glass; it can act as a glass former, 

fluxing agent and glass stabilizer, but it can also interact with other elements present in the glass 

melt, causing the precipitation of crystals that influence both color and transparency [17]. Caution 

must be exercised when classifying artefacts as being composed of lead glass, as understanding 

the behavior assumed by this element is essential to correctly define glass type. This aspect will 

be further discussed in the following sections. 

A comparison between the Na2O and K2O concentrations determined by VP-SEM-EDS and LA-

ICP-MS (Table 2.7) revealed that an important number of glass beads have suffered processes of 

glass alteration. Glass alteration is controlled by the pH of the burial environment and can be 

described by two reaction processes: selective leaching and uniform dissolution [152,153]. In 
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selective leaching water reacts with the glass removing alkali ions (Na+ and K+) and transition 

metal cations, resulting in dealkalinized silica-rich glass. The results shown in Table 2.7 highlight 

the surface-sensitive nature of SEM-EDS – a technique with an analysis depth of approximately 

1–2 μm [55] – and the importance of discarding the first 4-5 seconds of ablation in LA-ICP-MS. 

The presence of a network of small cracks on the glass surface, often accompanied by glass 

detachment, are microscopic signs of glass decay which were found by VP-SEM (Figure 2.7).  

 

 

Figure 2.7: VP-SEM image of a type 31 glass bead showing evidence of glass decay: presence of a network of small cracks on the 

glass surface. 
 

The ternary diagram of the normalized concentrations of Na2O, MgO + K2O and CaO (Figure 2.8) 

has been used to define the main chemical glass types based on their alkali metal source (e.g. [64]). 

Figure 2.8 shows that all the glass beads in this study fall into one of the following chemical glass 

types: soda-lime plant ash glass (II) or mixed alkali soda-potash glass (III) [64]. 

The glass beads from types 31, 38 and 40 have been previously attributed to the Venetian glass 

industry (Table D1 – Appendix D). As seen in Figure 2.8, The glass beads from types 38 and 40 

fall within the compositional window of plant ash soda-lime glass (group II). These results are 

consistent with the use of halophytic plant ashes, known as allume catina, as the main fluxing 

agent. Allume catina was imported from the Levantine coast since the 13th century A.D. [17,131] 

and is commonly mentioned in Venetian treaties from the 16 th and 17th centuries A.D. [17]. The 

glass beads from type 31, on the other hand, have an intermediate composition between groups II 

and III (Figure 2.8), which could indicate that a lower quality soda plant ash, such as barilla, or 

the combined use of allume catina and gripola di vino may have been used to produce them. 

Previous studies of European trade beads found in Angola determined that halophytic plant ashes, 
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as well as variable quality plant ash or a combination of allume catina and gripola di vino was 

employed in the 18th to early 20th century A.D. Venetian glass bead production [1]. 

Glass beads produced in Central Europe (Bohemia and Bavaria) and found in Angola were 

previously studied by Costa et al. [1]. Their results, which indicated that potash plant ash (or wood 

ash) was used to produce these glass beads [1], were consistent with what is known of the medieval 

and early modern Central European glass production (e.g. [135,154,155]). The use of potash in the 

Bohemian glass industry, in particular, is well known and described in li terature (e.g. [155]). 

However, the glass beads from types 26 and 28, previously attributed to the Bohemian production 

(Table D1 – Appendix D), did not fall within the of potash-lime plant ash compositional group 

(group IV; Figure 2.8). Instead, the beads from type 26 can be classified as soda-lime glass (group 

II), while the glass beads from type 28 fall into the mixed alkali soda-potash compositional group 

(group III). Evidence of the use of different fluxing agents in the Bohemian glass industry have 

not been found in the literature. However, Cílová & Woitsch [155] mention that potash trade 

during the 17th to the 19th century A.D. expanded, and that Central European glass produced at the 

time was “often made of a mixture of materials (among them, potash) from different origins”. 

Therefore, based merely on chemical glass type, a non-Bohemian origin for the glass beads of type 

26 and 28 cannot be excluded. 

As seen in Figure 2.8, the glass beads of unknown origin (Table D1 – Appendix D) fall into two 

categories: 1) the soda-lime glass compositional group (group II; types 30, 32, 33, 39, 41, 42, 43 

and 45); 2) the mixed alkali soda-potash compositional group (group III; type 36). These results 

indicate that the glass beads from types 30, 32, 39, 41, 42, 43 and 45 were produced using 

halophytic plant ashes, whereas barilla, a lower quality soda plant ash, or the combined use of 

allume catina and gripola di vino may have been used to produce the 36 glass beads. While the 

composition of these glass beads could suggest a Venetian origin, it is important to note that 

although the Venetian recipes were considered to be a guild secret, a number of Venetian glass-

makers opened their own glasshouses in Flanders and London [132], making it impossible to 

identify the production centers of these glasses based solely on their chemical glass type. 

Moreover, the reported mixing of fluxing agents used in Central Europe in the 17 th-19th centuries 

A.D. hinders the determination of the manufacture region responsible for the production of the 36 

glass beads. 
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Figure 2.8: Ternary diagram of the normalized Na2O, MgO + K2O and CaO contents of the glass beads analyzed by LA-ICP-MS. 

Four main chemical glass types are evidenced by the ellipses [62]. 

 

3.3.2. Glass (de)colorants and opacifying agents 

 

3.3.2.1. Blue glass beads (types 26, 28, 30, 32, 33, 41 and 43) 

 

The blue glass beads found in Lumbu can be divided into two groups according to the main 

colorant responsible for their blue hue. Significant amounts of Co were by hXRF in the blue beads 

from types 26, 28, 32 and 43, while Cu was found to be responsible for the blue hues of the beads 

from types 30, 33 and 41 (Figure 2.9a). Copper (Cu2+) and cobalt (Co2+) are among the most 

common coloring agents used in glass production [59]. In their divalent state, both of these 

transition metal ions impart blue hues to glass [66]; cobalt colored glass has a deep blue hue, 

whereas Cu2+ ions impart a turquoise color to glass. While the concentration in which these 

metallic ions are present will influence the final hue, it is important to note that Co2+ ions possess 

a high absorption coefficient, allowing small concentrations (CoO ~ 0.1%) to produce a distinct 

dark blue color [59]. In fact, as seen in Table 2.6, cobalt could not be detected by VP-SEM-EDS 

in the beads from types 32 and 43. This can be explained by the low detection limits of the 

instrument (~ 0.1% [156]). LA-ICP-MS revealed that the Co concentrations the blue beads from 

types 32 and 43 are approximately 689 ppm and 911 ppm, respectively. 
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Cobalt is generally exploited as a by-product of copper, nickel, silver, gold, lead or zinc extraction 

[67,157], but it can also be associated iron and/or arsenic minerals [67]. Determining the 

provenance of cobalt relies, therefore, on the minor and trace elements that are associated with this 

transition metal. Many studies have focused on determining the provenance of cobalt blue 

pigments used in glass and glaze production (e.g. [64,71,158,159]). However, the use of different 

analytical techniques and the small number of samples analyzed limits the development of a 

chronology of cobalt sources used throughout history. Moreover, many pigment/colorant sources 

remain unknown [64,71]. A careful examination of the hXRF and LA-ICP-MS results revealed 

that cobalt was associated with Ni, As and Zn in the blue glass beads from types 26, 28, 32 and 43 

(Figures D1 and D2 – Appendix D). Variable correlations between cobalt and Fe, Cr, Bi, Ag, U 

and Mn were also found (Figures D1 and D2 – Appendix D). These results suggest that the cobalt 

used in the production of these blue glass beads came from the Erzgebirge mining district, one of 

the main Co sources used in the production of glasses and glazes [158]. Erzgebirge, a 150 km long 

mountain range located on the Germany-Czech Republic border, is part of the metamorphic 

basement of the internal Mid-European Variscides [160,161]. Its complex geology is characterized 

by granitic plutonism and medium-to high-grade metamorphism [160,162], which enabled the 

formation of granodioritic orthogneisses, phyllites, mica schists, eclogites and skarns 

[160,162,163]. The Erzgebirge mining region hosts both hydrothermal five-element Ni-Co-As-

Ag-Bi(-U) veins and polymetallic sulfide veins [162,164,165]. Gangue minerals of five-element 

type deposits are mainly quartz and various carbonates [165]; the presence of both ankerite 

(Ca(Fe2+,Mg)(CO3)2) and rhodocrosite (MnCO3) have been reported in the Schneeberg area 

(Germany) by Dayton [72], while Ondrus et al. [162] mentions calcite, manganoan calcite and 

dolomitic carbonate, accompanied by quartz, fluorite and barite in the Joachimsthal ore district 

(Czech Republic). Bastin [73] when describing the Erzgebirge mining district, states that the 

cobalt-silver veins occasionally combine with or grade into iron-manganese veins. The presence 

of iron-manganese veins, along with the Fe- and/or Mn-rich gangue can cause significant 

variability in the concentration of both these elements in the silver extraction Co-rich by-product 

used in the production of cobalt blue glass. The variable correlation of Co and Zn can be explained 

by the formation of sphalerite (ZnS), among other sulfides, in the final stages of the formation of 

five-element deposits [164]. Dayton [72] describes a sample composed of native silver, argentite 
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(Ag2S) and sphalerite recovered from the Schneeberg area, a known region of saffre7 production 

since 1520. Chromium-rich minerals are also among the minerals found within the Erzgebirge 

mountain range. In fact, the type locality of magnesiochromite (MgCr2O4) is the Schwarzenberg 

area (Germany) [166]. 

Several inorganic compounds were identified in the blue glass beads using micro-Raman 

spectroscopy. Bands attributed to anatase – 143, 197, 396, 516, 637 cm-1 [124] – were identified 

in the type 43 glass beads, while a strong calcium phosphate band at 958 cm-1 [38] was found in 

the glass beads from type 28 indicating the that this compound was used to opacify these glass 

beads. Compounds that could derive from unmelted raw materials used in the glass production 

were found in the glass beads from types 30 and 33; the band at 996 cm -1 found in the type 30 

glass beads was attributed to alkali sulfates such as glaserite ((K2)2+(KNa)2+(SO4)2
4-) [107], while 

residual feldspar particles (518-519 cm-1 [107]) were found in the blue beads from type 33. The 

Raman spectra of the glass beads from types 26, 32 and 41 only revealed bands attributable to 

glass. 

 

Figure 2.9: a) hXRF Co-Cu plot indicating that the blue glass beads from types 26, 28, 32 and 43 are enriched in Co, while the blue glass 
beads from types 30, 33 and 41  are enriched in Cu; b) hXRF Mn-Fe plot corroborating the use of these two elements in the production of 

the black type 31 and 40 glass beads; c) hXRF Pb-As plot indicating that both Pb and As were used in the production of the glass beads 
from type 36; d) hXRF Cu-Fe plot substantiating the use of Cu and Fe to produce the green glass present in the type 38 and 42 glass beads. 

 
7 A mixture of calcinated cobaltite (CoAsS) and smaltite ((Co,Fe,Ni)As2) in siliceous sand used to produce cobalt-

blue glass [17]. 
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Table 2.6: Chemical analyses (oxides wt.%) obtained by VP-SEM-EDS. 
 

26 28 30 31 32 33 36W 36R 38W 38G 38R 39 40 41 42 43 45 

Na2O 8.0 4.2 9.7 2.9 13.3 7.9 1.1 1.6 9.9 11.1 14.0 7.1 4.5 3.1 5.6 3.2 3.1 

MgO 0.4 0.8 2.5 1.2 4.4 0.2 n.d. n.d. 3.7 3.5 5.0 1.0 1.9 2.6 2.2 1.3 3.4 

Al2O3 1.9 1.9 2.8 9.3 3.2 7.4 3.7 14.1 5.0 3.6 4.0 8.3 7.9 3.1 4.7 8.4 4.1 

SiO2 65.4 65.7 69.0 66.5 57.7 61.8 4.9 29.2 44.2 56.8 47.7 74.7 63.3 76.0 65.1 70.5 79.2 

P2O5 0.4 2.9 0.2 0.6 0.2 n.d. 13.9 9.0 1.1 0.8 1.0 n.d. 1.8 n.d. 0.7 1.2 n.d. 

SO2 0.4 0.5 0.3 0.2 0.7 n.d. n.d. n.d. n.d. 0.6 n.d. 0.6 n.d. 0.6 0.4 n.d. 1.3 

Cl 0.4 0.7 0.3 0.9 0.8 n.d. 1.7 1.5 n.d. 0.9 1.0 0.6 0.8 0.7 0.9 1.0 1.6 

K2O 6.4 13.5 3.1 4.4 3.2 5.4 0.6 2.3 2.2 3.7 3.2 3.9 4.6 2.5 2.9 4.1 0.9 

CaO 11.5 8.9 8.6 7.0 11.8 6.8 11.1 7.3 8.4 13.0 9.6 1.9 7.5 7.7 12.7 7.0 5.3 

TiO2 n.d. n.d. n.d. 0.7 n.d. n.d. n.d. 1.2 n.d. n.d. n.d. n.d. 0.3 n.d. n.d. 0.3 n.d. 

MnO 4.2 n.d. n.d. 3.0 3.3 n.d. n.d. n.d. n.d. n.d. 0.7 n.d. 4.0 n.d. n.d. 0.3 n.d. 

FeO 0.5 n.d. 1.3 3.2 1.4 n.d. 1.9 4.8 2.1 3.9 5.0 1.3 2.5 1.0 3.7 2.6 1.1 

CoO 0.4 0.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

CuO n.d. n.d. 2.2 n.d. n.d. 2.2 n.d. n.d. n.d. 2.1 1.0 n.d. n.d. 2.8 1.2 n.d. n.d. 

SnO2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 9.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

As2O3 n.d. n.d. n.d. n.d. n.d. n.d. 4.0 1.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

PbO n.d. n.d. n.d. n.d. n.d. 8.3 57.1 27.2 14.2 n.d. 7.8 n.d. 1.0 n.d. n.d. n.d. n.d. 

 

Table 2.7: Comparison between the Na2O and K2O concentrations determined by VP-SEM-EDS and LA-ICP-MS. 

VP-SEM-EDS (wt.%) 
 

26 28 30 31 32 33 36W 36R 38W 38G 38R 39 40 41 42 43 45 

Na2O 8.0 4.2 9.7 2.9 13.3 7.9 1.1 1.6 9.9 11.1 14.0 7.1 4.5 3.1 5.6 3.2 3.1 

K2O 6.4 13.5 3.1 4.4 3.2 5.4 0.6 2.3 2.2 3.7 3.2 3.9 4.6 2.5 2.9 4.1 0.9 

 

LA-ICP-MS (wt.%) 
 

26 28 30 31 32 33 36W 36R 38G 38W 38R 39 40 41 42 43 45 

Na2O 12.3 3.5 19.0 12.7 12.1 14.3 0.3 1.4 11.9 9.4 10.5 19.4 13.0 20.1 14.2 15.6 18.9 

K2O 6.0 12.8 3.3 5.6 2.5 4.7 0.8 6.6 2.4 1.8 2.1 2.5 2.7 2.1 2.3 2.6 2.7 
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3.3.2.2. Black glass beads (types 31 and 40) 

 

The hXRF results of the black beads classified as types 31 and 40 revealed significant amounts of 

Mn and Fe in their composition (Figure 2.9b). The enrichment in both manganese and iron was 

further confirmed by VP-SEM-EDS (Table 2.6) and LA-ICP-MS (Table D2 – Appendix D). Both 

hXRF and LA-ICP-MS also revealed minor amounts of Co (~ 442 ppm) in the type 40 glass beads. 

The combined use of metallic ions such as iron, manganese and cobalt has been used to produce 

black glass since the early stages of glass production [92]. 

A band at 143 cm-1 attributed to titanium dioxide [150] was identified by micro-Raman 

spectroscopy in the glass beads of type 40. While titanium compounds are known to have been 

used in the production of white glazes since the 19th century A.D., these minerals are also among 

the most common impurities found in the raw materials used in glass production [167,168]. The 

ubiquitous nature of titanium oxides along with their large Raman cross section make these 

minerals easily detectably by micro-Raman spectroscopy even when present in very small 

quantities [167]. The Raman spectra of the glass beads from type 31 only revealed bands 

attributable to glass. 

 

3.3.2.3. Red-on-white glass beads (type 36) 

 

The hXRF and VP-SEM-EDS analysis of the red-on-white glass beads of type 36 did not allow 

the detection of any red-coloring elements. In this case, the use of LA-ICP-MS proved essential to 

determine the red colorant used in the manufacture of these glass beads. Trace amounts of gold 

(ca. 97 ppm) were introduced into the glass matrix in order to produce what is known as Cassius 

Purple or ruby red glass, as reported in European trade beads attributed to the Venetian production 

[35]. The process of dispersion of gold particles in glass was first described in Andreas Cassius' 

1685 treatise [81]. 

Significant amounts of Pb and As were detected in the red-on-white beads by hXRF, VP-SEM-

EDS (Table 2) and LA-ICP-MS (Table D2 – Appendix D). In fact, the hXRF Pb-As plot (Figure 

2.9c) revealed a clear association between these two elements, which suggests that lead arsenates 

were used as the main opacifying agents. The use of this opacifier was further confirmed by micro-

Raman spectroscopy; a band at 826-828 cm-1 attributed to lead arsenates [1,38,167] was identified 
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in both the red and white colored glass of the beads from type 36. Lead arsenates were first 

developed by the Venetian glass industry in the late 16th century A.D. [38,167], but were only 

broadly used since the 19th century A.D. [38]. Bands at 144 cm-1 and 983 cm-1 were also identified 

in the red glass by micro-Raman spectroscopy, and attributed to titanium dioxide [150] and α-

wollastonite [167], respectively. 

 

3.3.2.4. Amber glass beads (types 39 and 45) 

 

As seen in Table 2.6, VP-SEM-EDS results showed that the type 39 and 45 amber colored glass 

beads are characterized by significant FeO and SO2 concentrations, suggesting that the well-known 

iron-sulfur chromophore is responsible for their color. The iron-sulfur chromophore is produced 

when glasses are manufactured under strong reducing conditions and imparts an amber hue to the 

glass [152,169]. 

Micro-Raman spectroscopy only revealed bands attributable to glass. 

The presence of opacifying agents was not determined by any analytical technique, which is 

consistent with the transparent nature of the type 39 and 45 glass beads. 

 

3.3.2.5. Green glass beads (type 42) 

 

The type 42 glass beads are characterized by significant Cu and Fe contents detectable by hXRF 

(Figure 2.9d) and quantified by VP-SEM-EDS (Table 2.6) and LA-ICP-MS (Table D2 – Appendix 

D). As previously mentioned, copper in its divalent state, imparts a turquoise hue to glass. Iron on 

the other hand can be used to produce blue, yellow or green depending on the Fe2+/Fe3+ ratio 

present in the glass. The ferrous ions (Fe2+) impart a blue hue to the glass, whereas the ferric ions 

(Fe3+) gives it a pale-yellow tint, making the redox conditions used during the manufacture process 

essential to create the final glass color [66].  

A band at 143 cm-1 attributed to titanium dioxide [150] was identified by micro-Raman 

spectroscopy. As previously mentioned, titanium oxides are commonly present as impurities in the 

raw materials used in glass production, and as they possess a large Raman cross section, are easily 

detectably by micro-Raman spectroscopy even when present in very small quantities [167]. 
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3.3.2.6. Chevron glass bead with green, reddish-brown and white glass layers 

(type 38) 

 

The chevron glass bead classified as type 38 consists of a surf green exterior glass layer, followed 

by consecutive layers of white, reddish brown and white glass and a gray glass core. The bulk 

composition of this glass bead was determined by hXRF, while the green, reddish-brown and white 

glass layers were analyzed by VP-SEM-EDS, LA-ICP-MS and micro-Raman spectroscopy. 

The hXRF Cu-Fe plot (Figure 2.9d) revealed that the type 38 glass bead was enriched in both 

copper and iron. In fact, both these transition metals are responsible for imparting green and 

reddish-brown colors to glass as confirmed by VP-SEM-EDS (Table 2.6) and LA-ICP-MS (Table 

D2 – Appendix D). As previously mentioned, a combination of copper divalent ions and a green 

or yellow producing Fe2+/Fe3+ ratio can impart a green hue to glass. This is most likely the case 

for the green glass of the type 38 beads. However, metallic copper (nano-)particles or cuprous 

oxide (Cu2O) can be used to produce ruby-colored glass [17,59,60,81]. Studies have also found 

that low copper (CuO < 5 wt.%) and lead (10 < PbO < 10 wt.%) concentrations give rise to orange 

or brownish-red colored glass ([170] and references within). The red glass of the type 38 glass 

beads falls into this last category, having CuO and PbO concentrations of 1.0 and 7.8 wt.%, 

respectively. The addition of iron contributed to the final glass hue, darkening or lightening the 

brownish-red color according to the Fe2+/Fe3+ ratio. 

The white glass’ color can be explained by the presence of high amounts of tin oxide (cassiterite) 

crystals as seen in Figure 2.10. The enrichment in tin was also detected by hXRF and LA-ICP-

MS. 

 

 

Figure 2.10: a) VP-SEM image of the type 38 glass beads. The white areas were found to be tin oxide (cassiterite) crystals; b) 

point analysis of one of the cassiterite crystals. 
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3.3.3. Firing temperature 

 

Micro-Raman spectroscopy is commonly used in the study of glass artefacts due to its versatility 

(e.g. [1,38,48,105,107,150,167]). The confocality and the micrometric spatial resolution of this 

technique allows not only the analysis of the glass matrix, but also the identification of the 

inorganic compounds responsible for the glass’ color and opacity (e.g. 

[1,38,48,105,107,124,150,167]). 

The Raman spectrum of silicate glass is characterized by the presence of two massifs 

corresponding to the bending and stretching modes of the Si-O bonds. The position of these 

massifs, centered at 500 and 1000 cm-1, as well as their intensity is related to the glass' composition. 

First proposed by Colomban [105], the ratio between the areas of the bending and stretching 

massifs – known as polymerization index (IP = A500/A1000) – is strongly correlated to the melting 

temperature of glass and to its composition [48,105]. The calculated IP and their respective firing 

temperature can be found in Table 2.8. 

 

Table 2.8: Polymerization index and corresponding firing temperature after Colomban [105]. The polymerization index was not 

calculated when significant inorganic phases were found to be superimposed on the glass Raman signature. 

Glass bead type Color Polymerization index (IP) Estimated melting temperature (ºC) 

26 Dark blue 1.0 1000 

28 Dark blue 0.9 1000 

30 Blue 0.8 1000 

31 Black 0.8 800-1000 

32 Dark blue 1.1 1000 

33 Blue 1.1 1000 

36 
Red - - 

White 1.0 1000 

38 

Green 1.0 1000 

Reddish-brown 0.8 800-1000 

White 0.7 800-1000 

39 Amber 1.0 1000 

40 Black 1.0 1000 

41 Light blue 0.8 1000 

42 Green 0.8 1000 

43 Dark blue 1.1 1000 

45 Amber 1.1 1000 
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These values are consistent with furnace temperatures achieved in European glass production 

centers (e.g. [171]), as well as firing temperatures of European trade beads previously reported by 

Rousaki et al. [40], Coccato et al. [41], and Costa et al [1]. 

 

3.3.4. Glass sourcing 

 

Determining the silica source is essential to establish the provenance of glass artefacts, as this raw 

material is usually found in the vicinity of the production site and not the subject of long-distance 

commercial trades such as the compounds used as fluxing or coloring agents. The ore sands used 

in glass production generally contain minor amounts of accessory minerals that are characteristic 

of the geological region from which the sand was obtained. The presence of these minerals within 

the silica source used in glass manufacture will be reflected in the composition of the glass artefacts 

produced and can be used as fingerprints of the different glass production centers. 

Trace element and REE analysis has been used by many authors to successfully distinguish 

between different silica sources (e.g. [1,18,22,23,25,28,29,45,172–177]). The largest portion of 

REE found in glass can be attributed to the silica source, as these elements occur in insignificant 

concentrations in both plant ash and carbonates [28]. REE concentrations are also not influenced 

by the use of (de)colorants [175]. Moreover, while other trace elements can be influenced by 

erosion and sedimentation processes, REE preserve the signature of the source rock [173]. 

Costa et al. [1] established five compositional groups – groups A to E – based on the chondrite-

normalized REE patterns of European trade beads found in the Church of Kulumbimbi (Mbanza 

Kongo, Angola). The authors also found a relationship between the REE patterns and the 

provenance of the glass beads: beads included in Groups A, D and E were most likely produced in 

Venice, while beads from Groups B and C were attributed to the Bohemian and the Bavarian glass 

industries, respectively. This relationship was established based on the probable origin initially 

assigned to each glass bead type by visual comparison with historic sample cards, museum 

collections, and archaeological specimens, as well as the overall major and trace element 

composition of the glass beads. The determination of fluxing agents used in the production of the 

glass beads and the identification of opacifying agents used exclusively by certain production 

centers (e.g. the development of lead arsenates in the late 16 th century A.D. by the Venetian glass 
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industry) were particularly important to establish a credible link between provenance and 

chondrite-normalized REE patterns [1]. 

As seen in Figure 2.11, these groups are essential to shed the light on the provenance of the glass 

beads found in Lumbu (Angola). The glass beads from types 30, 31, 36, 38, 41, 42 and 43 display 

REE patters similar to those of the previously defined Groups A and D (Figure 2.11a), with an 

enrichment of light rare earth elements (LREE) relative to heavy rare earth elements (HREE; 

(La/Yb)chondrite = 6.57-10.05) and negative Eu anomalies (Eu/Eu* = 0.54-0.73) indicating a 

Venetian origin. The type 36 glass beads have the lowest absolute REE abundance, with can 

suggest that a purifying procedure was used to eliminate the minerals containing these elements 

from the sand (e.g. clays, monazite and zircon). However, it is important to note that the type 36 

glass beads have significant Pb content, suggesting this element can be acting not only has an 

opacifier in the form of lead arsenates, but also as glass former and glass modifier, greatly 

diminishing the amount of sand used in glass production and therefore the REE introduced via the 

silica source. 

 

 

Figure 2.11: Chondrite-normalized [136] REE patterns of the glass beads analyzed by LA-ICP-MS. Compositional groups A, B, 

D and E previously established by Costa et al. [1]. 
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The glass beads from types 39 and 45, on the other hand, have chondrite-normalized REE patterns 

characterized by Eu-anomalies close to 1 (Eu/Eu* = 0.84) and an enrichment in LREE when 

compared to the HREE ((La/Yb)chondrite = 6.97-7.07), which are comparable to those of Group E 

(Figure 2.11b), indicating a Venetian origin.  

The glass beads from types 32 and 40 display REE patters that are similar to those of Group D 

(Figure 2.11c) with an enrichment of LREE relative to HREE ((La/Yb)chondrite = 5.51-7.32) and 

negative Eu anomalies (Eu/Eu* = 0.60-0.70). However, unlike the beads that compose Group D, 

the glass beads from types 32 and 40 have positive Ce anomalies (Ce/Ce* = 1.33-1.39). As these 

glass beads have significant amounts of MnO (Table 2.6; ca. 3.3 and 4.0 wt.%, respectively), the 

positive Ce-anomalies are most likely linked to the addition of pyrolusite (MnO2) or psilomelane 

((BaH2O)2Mn5O10) from hydrogenetic ferro-manganese crusts or nodules [141]. Based typological 

criteria and comparison with historic sample cards, museum collections, and archaeological 

specimens, the type 40 glass beads are thought to have been manufactured in Venice (Table D1 – 

Appendix D). Therefore, given their similar chemical signature, both the type 40 and the type 32 

glass beads can be tentatively assigned to the Venetian glass industry. 

The REE patterns of the glass beads from types 26 and 28 are characterized by a depletion of 

HREE when compared to LREE ((La/Yb)chondrite = 3.68-6.67) and significant negative Eu 

anomalies (Eu/Eu* = 0.28-0.43). The similarity between the REE patterns of these glass beads and 

those of Group B (Figure 2.11d), suggests a Bohemian origin. 

The REE pattern of the type 33 glass beads shows a very important enrichment in LREE in relation 

to HREE ((La/Yb)chondrite = 23.81) and negative Eu anomalies (Eu/Eu* = 0.58). This profile is 

similar to that of Groups A and D (Figure 2.11c). However, a careful examination of the trace 

element concentrations shows distinct and important differences (Figures 2.12 and 2.13). As seen 

in Figure 2.12, the type 33 glass beads are enriched in Ta, when compared to the chondrite values 

and to the remaining glass beads that are similar to the previously defined Groups A and D. 

Tantalum is a rare transition element commonly found in association with niobium in minerals 

from the columbite-tantalite series [178]. Ta-bearing minerals are commonly found in pegmatites, 

granites and granite-related greisens, Ta-bearing cassiterite veins, and derived placers [179]. The 

type 33 glass beads also have significant amounts of K, Rb, Cs and Ba (Figures 1.12 and 1.13). 

Rb+, Cs+ and Ba+ have ionic radius similar to K+, which allows these elements to be incorporated 
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in the structure of K-bearing minerals such as phyllosilicates or K-feldspars [137]. These results 

are consistent with the use of sand deriving from granite-type rocks, with high amounts of heavy 

minerals. While these results do not exclude a Venice as the production area of the type 33 glass 

beads, they do not definitively prove this origin. 

 

 

Figure 2.12: Chondrite-normalized [136] trace element composition of a selection of glass beads found to have been produced in 
Venice (types 30, 32, 38, 40, 42 and 45) and the type 33 glass beads. The type 33 glass beads are enriched in Rb, Ba and Ta, when 

compared to the remaining beads displayed. 

 

 

Figure 2.13: Rb-K (a) and Cs-Ba (b) bi-plots evidencing the high K, Rb, Cs and Ba concentrations (obtained by LA-ICP-MS) 

present in the type 33 glass beads. 
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3.4. Conclusions 

 

A multi-analytical minimally invasive methodology, which included handheld X-ray fluorescence 

(hXRF), variable pressure scanning electron microscope coupled with energy dispersive X-ray 

spectrometry (VP-SEM-EDS), micro-Raman spectroscopy and laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS), was used to study a collection of glass beads found in 

Lumbu (Mbanza Kongo, Angola). This combined multi-analytical approach permits bulk in situ 

analysis (hXRF), the determination of morphological aspects and the identification of inclusions 

(VP-SEM-EDS), the identification of the inorganic compounds responsible for the glass’ color and 

opacity and the glass’ firing temperature (micro-Raman spectroscopy) and trace element analysis 

(LA-ICP-MS). 

The glass beads were initially subdivided based on typological criteria (Table D1 – Appendix D). 

A probable origin was also assigned during this step by visual comparison with historic sample 

cards, museum collections, and archaeological specimens.  

Trace element analysis and rare earth element pattern analysis in particular, was found to be 

essential to establish the provenance of the European trade beads in this study. Based on the 

compositional groups previously established by Costa et al. [1], the glass beads from types 30, 31, 

32, 36, 38, 39, 40, 41, 42, 43 and 45 were found to have been produced in Venice, and the glass 

beads from types 26 and 28 have been assigned to the Bohemian glass industry.  

While determining the provenance of each glass artefact was the main goal of this study, glass 

composition and the process of glass coloring and opacification were also studied in an attempt to 

establish the technology employed in the production of these artefacts. The determination of 

chemical glass type revealed the use of both allume catina and barilla or a combination of allume 

catina and gripola di vino to produce the Venetian glass beads, which is consistent with what is 

described in contemporaneous treaties. However, the glass beads manufactured in Bohemia were 

not produced using potash wood ash, presenting soda-lime or mixed alkali-lime composition. The 

estimated firing temperature of all glass beads was between 800 and 1000ºC. 

Chemical data also indicate that cobalt and copper were used to produce blue hues, while a 

combination of copper and iron ions was used to produce green glass. Black colored glass was 

obtained by the combined use of iron and manganese ions, whereas the iron-sulfur chromophore 

was used to impart a distinct amber hue to the glass. Red was produced using trace amounts of 
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metallic gold particles (ruby red glass) and metallic copper nano-particles or cuprous oxide 

(brownish-red glass). Lead arsenates, calcium phosphate, and cassiterite were used as opacifying 

agents. 

The use of both morphological and chemical analysis enabled the identification of distinct 

European production centers, allowing a glimpse into the consumption patterns and economic 

interactions in place between Europe and West-Central Africa throughout the 17th-19th centuries 

A.D.. 
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Chapter 3 – The combined use of Raman and µ-XRD analysis in the 

study of archaeological glass beads 

 

 

This chapter is based on the article Costa et al. (2019) [1]. 

 

 

1. Introduction 

 

Glass was first manufactured in the 3rd millennium B.C.E., in Western Asia (Mesopotamia and 

Syria), and has since become one of the most important materials known to mankind. The most 

common type of glass found in archaeological contexts is silicate glass, which can be described as 

a disordered 3D network of SiO4 tetrahedra. Pure amorphous silica has a high melting temperature 

(ca. 1710 ºC) due to the high density of Si-O bonds. Changes in the glass network, with the 

introduction of alkaline and alkaline-earth cations, decreases Si-O bond density, and modifies the 

physico-chemical properties of the glass [2–4]. Alkaline cations occupy interstitial sites and induce 

the breakdown of the siloxane bands, creating a weakness in the glass [3,4]. While this weakness 

lowers the melting temperature and the glass’ viscosity (making it longer for the glass to solidify), 

it also causes the glass to be more susceptible to weathering. The incorporation of alumina and/or 

alkaline-earth cations, on the other hand, counteracts the breakdown of the siloxane bands since 

their trivalent or divalent charge causes each cation to be bonded with two non-bridging oxygens 

(NBOs) [3,4]. 

Micro-Raman spectroscopy has been increasingly used in the study of glasses and glazes [2,5–17]. 

As a first approach, the Raman spectrum of glass can be described as the signature of the Si-O 

network [2], being characterized by the presence of two massifs corresponding to the bending and 

stretching modes of the Si-O bonds, centered at approximately 500 cm-1 and 1000 cm-1, 

respectively. The intensity of these massifs relative to one another is linked to the glass 

composition. In silica-rich glasses, the bending massif is stronger than the stretching massif, while 

the latter becomes stronger when the number of non-bridging oxygens increases [2,12]. The ratio 

between the bending and stretching areas, also known as polymerization index (IP=A500/A1000), 

first proposed by Colomban (2003) [5], has been found to be linked to glass composition and 
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manufacture temperature [2,5]. The different SiO4 tetrahedral arrangements can be further 

described according to the number of non-bridging oxygens (NBOs) as Qn, with Q0 corresponding 

to isolated tetrahedral with 4 NBOs, and Q4 to pure SiO2 with zero NBOs. Each of these tetrahedral 

arrangements have a characteristic Raman signature [2]. The proportion of Qn units and their 

wavenumbers have also been found to provide indirect information regarding the type and amount 

of glass modifiers (e.g. Na, K, Pb) found in the glass [10,12]. Moreover, the confocality and 

micrometric space resolution of micro-Raman spectroscopy also allow the identification of 

inorganic compounds dispersed in the glassy matrix and responsible for its color and opacity 

[6,8,9,11,13–22]. 

Micro-X-ray diffraction (µ-XRD), on the other hand, has seldom been used in glass and glaze 

studies [23–28]. Generally overlooked due to the more common power X-ray diffraction, this non-

destructive technique can be used to determine (de)colorants or opacifying agents present as 

crystalline structures dispersed inside the glass matrix, as well as remains of the raw materials used 

in the production of poor melting quality glass. Semi-quantification of the crystalline phases 

present can also be achieved using µ-XRD [24]. 

This study proposed a new methodology, combining micro-Raman spectroscopy and micro-X-ray 

diffraction, complemented by variable pressure scanning electron microscopy coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS), to fully characterize glass artefacts and determine 

the manufacturing techniques employed in their production. The proposed non-destructive, non-

invasive methodology will be tested using a collection of Phoenician-Punic glass beads found in 

the Iron Age necropolis of Vinha das Caliças (Beja, Portugal). 

 

  

2. Materials and Methods 

 

2.1. Materials 

 

In order to test the proposed methodology, a collection of glass beads recovered during the 2008 

excavations carried out in the Iron Age necropolis of Vinha das Caliças (Beja, Portugal), were 

studied. This necropolis has been dated to the second half of the 6th century B.C. [29] and the 
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typological analysis of the grave goods has allowed it to be attributed to an indigenous community, 

with a significant influence Phoenician-Punic. 

A synthetic description of the glass beads included in this study can be found in Table 3.1. 

 

Table 3.1: Summary of the analyzed samples. 

Sample Burial Typology Color Opacity 

1 13 
Annular bead (broken in 

half) 
Black with white decorations Opaque 

2 13 Conical bead Amber/light brown  Transparent 

3 48 Elliptical bead Yellow with white decorations Opaque 

4 48 Annular bead Black Opaque 

5 51 Round bead Turquoise Opaque 

6 54 Tubular bead Colorless Transparent 

7 5 Vasiform bead Dark blue Opaque 

8 54 Annular eye bead 
Turquoise with dark blue and white 

decorations 
Opaque 

9 48 Annular bead Grey (iridescent) with white decorations Opaque 

10 40 Triangular prism bead Black  Opaque 

11 54 Round eye bead 
Turquoise with dark blue and white 

decorations 
Opaque 

12 54 Round bead Dark blue Translucent 

13 6 Round bead White Opaque 

14 6 Annular bead Dark blue Opaque 

15 54 Round bead Yellow/golden Transparent 

16 31 Round bead Light green Transparent 

 

No sample preparation was performed beyond the removal of loosely adhering soil to avoid 

damaging the artefacts. 

 

2.2. Micro-Raman Spectroscopy 

 

Raman spectra were recorded using a Bruker™ Optics SENTERRA dispersive Raman 

spectrometer coupled with a BX51 Olympus™ microscope. The system uses a thermo-electrically 

cooled CCD detector, operating at -65 °C. Laser wavelengths of 532 nm (Nd:YAG laser) and 785 

nm (NIR laser) were used for excitation. The laser beam was focused on the samples with 20× 

objective lens, with a spot size of approximately 10 μm. A minimum of three spectra per sample 

were acquired, using both lasers, at high resolution (3–5 cm-1) and in the range of 60–1560 cm-1 

and 80–1525 cm-1 for the 532 nm and 785 nm lasers, respectively. The measuring time, laser 

power, and number of accumulations were set to obtain a good signal-to-noise ratio. The power of 

each laser and the instrument itself was controlled by the Bruker™ OPUS software. 
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The collected Raman spectra were further processed in GRAMS (ThermoFisher Scientific™). All 

spectra of the glass matrix was recorded using the green (532 nm) laser, while the identification of 

the opacifying phases relied on the use of both laser lines. In order to characterize the glass matrix, 

a 4-segment line baseline was subtracted using fixed points at approximately 200, 700, 800 and 

1200 cm-1 [2,8,12]. The glass massifs were subsequently subjected to curve fitting in order to allow 

for reproducible results and for comparison with published data. 

 

2.3. Micro-X-ray diffraction (-XRD) 

 

Micro-X-ray diffraction analysis was carried out using a Bruker™ D8 Discover®, equipped with 

a Cu Kα radiation source (40 kV, 40 mA), a Göebel mirror, a 1 mm collimator and a LYNXEYE 

linear detector, acting as 192 individual detectors. The XRD patterns were acquired at a 2θ angular 

range of 3-75°, with a step size of 0.05° and a step time of 1 seconds. The identification of 

crystalline phases and the semi-quantification by the Reference Intensity Ratio method [30] was 

performed with the DIFFRAC.SUITE EVA® software using the Powder Diffraction File (PDF-2) 

X-ray patterns database of the International Centre for Diffraction Data (ICDD). 

 

2.4. Variable pressure scanning electron microscope coupled with energy dispersive X-

ray spectrometry (VP-SEM-EDS) 

 

VP-SEM-EDS analyses were carried out using a Hitachi™ S3700N SEM coupled to a Bruker™ 

XFlash 5010 SDD EDS Detector® with an energy resolution of 124eV in the MnKα line. The 

variable pressure approach allowed the samples to be analyzed without any sampling or 

preparation steps. The analysis was done using a low vacuum of 40 Pa and an accelerating voltage 

20 kV. The compositional data was acquired using the Esprit1.9 software and a standardless 

quantification. The SEM images were acquired in the backscattering mode. 

VP-SEM-EDS was used to perform point analysis and elemental mapping to complement and to 

better understand the results obtained by micro-Raman spectroscopy and µ-XRD.  
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3. Results and Discussion 

 

3.1. Glass composition 

 

As previously mentioned, micro-Raman spectroscopy can be used to determine glass composition 

and firing temperature based on the ratio between the bending and stretching modes of the Si-O 

bonds [2,5]. The polymerization index (IP=A500/A1000) and corresponding firing temperature and 

glass family [5] can be found in Table 3.2. Unfortunately, the glass signature could not be obtained 

for samples 3,4, 9, 13 and the white glass of sample 1. The remaining samples have an IP between 

0.8 and 1.1, indicating that they belong to the alkaline glass family and were fired at a temperature 

of ca. 1000 °C. These results are consistent with those determined by Colomban et al. (2006) [2] 

for Phoenician/Roman glass. 

VP-SEM-EDS was used to assess the nature of the alkaline components used in the manufacture 

of the glass beads in this study. The chemical composition of the glass beads, shown in Table 3.3, 

allowed the samples to be subdivided into two groups based on their Na2O content. The first group 

is characterized by Na2O contents above 8.0 wt.%, while the glass beads in the second group have 

Na2O ≤ 2.5 wt.%. Based on their overall composition, the glass beads in group 1 (samples 5, 7, 8, 

10, 11, 12 and 16) can be described as soda-lime-silica glass, and are similar to other Phoenician-

Punic glass beads studied by García-Heras et al. (2005) [31], Palomar et al. (2009) [32] and Arletti 

et al. (2012) [33]. 

It is important to note that the turquoise glass of sample 8 (Table 3.1) has a lower Na2O 

concentration (4.1 wt.%; Table 3.3) than that of the rest of the glass that makes up group 1. While 

this could suggest a different manufacture process or the use of a different fluxing agent, a careful 

examination of this glass bead by VP-SEM revealed microscopic cracking, invisible to the naked 

eye, on the turquoise glass, but not in the white and blue decorations. The presence of a network 

of small cracks on the surface of glass is one of the initial stages of glass deterioration [3], and 

could explain the lower Na2O concentration. Glass composition and burial conditions play an 

important role the preservation of archaeological glass. Glasses rich in alkali are highly susceptible 

to deterioration in humid or aqueous environments [34], while the presence of alkali-earth ions, 

such as Ca2+, improves weathering resistance [35]. Glass alteration can be described by two 

reaction processes: selective leaching and uniform dissolution [31,34–38]. The rates of these 
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reactions are controlled by the pH of the aqueous solution: selective leaching is favored at pH < 9, 

while uniform dissolution prevails at pH > 9 [35–38]. Uniform dissolution can be described as the 

breakdown of siloxane bonds, leading to the dissolution of the silicate network [31,35]. In selective 

leaching, water reacts with the glass removing alkali ions (Na+, K+) and forming silanols (Si-OH). 

The result is a dealkalinized silica-rich glass layer. Selective leaching is also supported by the 

increase in SiO2 (Table 3.3) observed in the turquoise colored glass when compared to the other 

glasses that make up sample 8. 

The glass beads with Na2O contents below 2.5 wt.% – samples 1, 2, 3, 6, 9, 13, 14 and 15 – present 

clear signs of glass decay, such as loss of transparency and the presence of a network of small 

cracks on the glass surface, often accompanied by glass detachment and disintegration. These signs 

are plainly visible to the naked eye and even more evident in VP-SEM (Figure 3.1). Such an extent 

of glass deterioration can explain the extremely low contents of Na2O detected and makes the 

determination of glass type impossible using VP-SEM-EDS. Micro-Raman spectroscopy, on the 

other hand, revealed that the heavily degraded samples 1, 2, 6, 14 and 15 belong to the alkaline 

glass family (Table 3.2), highlighting the importance of using this technique. 

 

 

Figure 3.1: Sample 6 showing evidence of glass decay: loss of transparency and presence of a network of small cracks on the glass 

surface. a) image acquired by stereomicroscopy; b) VP-SEM image. 
 

The Raman spectra of sample 6, a colorless and transparent glass bead belonging to group 1, also 

revealed the presence of several bands that can be attributed to different ortho, tecto and 

phyllosilicates at 225, 425, 485, 525 and 1042 cm-1 [21] (Figure 3.2a). As this glass bead shows 

evidence of glass weathering (seen macroscopically and confirmed by VP-SEM-EDS; Figure 3.1), 
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these bands most likely result from the rearrangement of the silicate network by condensation of 

the silanols present in the dealkalinized glass layer [34,35]. These results indicate that micro-

Raman spectroscopy is only technique capable of identifying evidence of the rearrangement of the 

silicate network following selective leaching. 

 

Table 3.2: Polymerization index and corresponding firing temperature and glass family after Colomban (2003) [5]. The 

polymerization index was not calculated when the glass Raman signature wasn’t observed. 

Sample Color Ip Estimated firing temperature (°C) Glass family 

1 
Black 0.9 1000 alkaline glass 

White - - - 

2 Amber/brown 0.9 1000 alkaline glass 

3 
Crème - - - 

White - - - 

4 Black - - - 

5 Turquoise 1.1 1000 alkaline glass 

6 Colorless 0.9 1000 alkaline glass 

7 Dark blue 1.0 1000 alkaline glass 

8 

Dark blue 1.0 1000 alkaline glass 

White 0.8 1000 alkaline glass 

Turquoise 1.0 1000 alkaline glass 

9 
Grey - - - 

White - - - 

10 Black 0.9 1000 alkaline glass 

11 

Dark blue 1.1 1000 alkaline glass 

White 1.0 1000 alkaline glass 

Turquoise 1.1 1000 alkaline glass 

12 Dark blue 1.0 1000 alkaline glass 

13 White - - - 

14 Dark blue 0.8 1000 alkaline glass 

15 Yellow/golden 0.9 1000 alkaline glass 

16 Light green 1.0 1000 alkaline glass 

 

Sample 4 has been excluded from either group due to its high alumina and K2O values (14.9 and 

4.8 wt.%, respectively; Table 3.3). While its overall composition suggests it could be a high 

alumina, potash-lime-silica glass, VP-SEM-EDS revealed fine granular morphology accompanied 

by areas enriched in Al and K (Figure E1 – Appendix E), finds consistent with this sample being 

made from an igneous or metamorphic rock. The absence of the characteristic glass signature in 

the Raman spectra recorded for this sample also corroborates its classification as an igneous or 
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metamorphic rock. The incorrect classification of this bead can be explained by the change in 

luster caused by the polishing carried out during its manufacture. 

 

 

Figure 3.2: Representative spectra of each color found in this glass bead assemblage. All spectra was collected using the green 

(532 nm) laser. The identification of the Raman bands can be found throughout the text. a) transparent glass of sample 6; b) light 

green glass of sample 16; c) dark blue glass of sample 14; d) turquoise glass of sample 11; e) white glass of sample 8; f) amber/light 

brown glass of sample 2; g) black glass of sample 10. 
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Table 3.3: Chemical analyses (oxides wt.%) obtained by VP-SEM-EDS. (Abbreviations: Bl = black; W = white; C= crème; DB = dark blue; T = turquoise; G = grey; d.l. = detection 

limit; n.d. = not detected). 

 
1W 1Bl 2 3W 3C 4 5 6 7 8DB 8W 8T 9W 9G 10 11DB 11W 11T 13 13 14 15 16 

Na2O 0.1 0.3 1.5 <d.l. 0.4 0.3 11.1 2.2 9.1 11.9 10.1 4.1 1.3 0.1 8.9 13.4 11.2 12.0 13.3 <d.l. 0.8 <d.l. 8.6 

MgO n.d. 0.1 <d.l. 0.2 1.8 0.9 0.3 <d.l. 0.2 0.3 1.8 <d.l. 1.2 0.2 0.4 0.5 1.3 0.4 0.1 <d.l. <d.l. 0.2 0.3 

Al2O3 0.2 0.9 0.2 0.5 3.8 14.9 2.7 5.5 2.8 2.9 4.5 6.1 6.5 3.7 1.8 2.7 3.8 2.7 2.1 5.6 11.4 2.7 2.8 

SiO2 91.4 81.3 80.0 82.3 72.0 69.1 69.6 77.7 72.6 70.3 51.1 76.7 74.1 81.5 66.1 69.1 57.7 70.4 71.4 85.9 77.3 87.5 75.6 

P2O5 n.d. n.d. n.d. n.d. n.d. 1.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

SO3 0.6 0.6 0.5 1.8 1.3 0.4 0.6 n.d. 0.6 1.8 n.d. 1.3 n.d. 0.8 1.2 0.8 n.d. 0.9 0.6 0.9 0.8 0.6 0.9 

Cl 0.2 1.1 2.0 1.1 n.d. 0.1 1.1 1.3 1.4 0.5 n.d. 0.5 0.4 n.d. 1.5 0.8 n.d. 0.9 1.3 n.d. 0.6 0.5 0.7 

K2O 0.4 0.3 0.9 1.3 n.d. 4.8 1.1 2.2 1.1 1.2 0.7 1.1 n.d. n.d. 0.4 0.9 0.9 1.1 0.5 n.d. 0.3 n.d. 0.9 

CaO 6.1 11.0 14.5 10.6 7.6 4.3 10.0 10.6 10.6 8.6 9.0 8.6 4.0 4.6 10.7 9.4 7.5 9.6 9.8 6.1 7.4 7.4 9.3 

TiO2 n.d. 0.5 n.d. n.d. 1.1 0.9 n.d. n.d. 0.4 0.3 n.d. n.d. 0.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

FeO 1.0 3.2 0.4 2.2 12.0 2.8 0.7 0.6 1.1 1.7 0.6 0.6 4.8 8.0 9.0 1.4 0.5 0.5 0.7 1.4 1.5 1.0 0.9 

CoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Cu2O n.d. n.d. n.d. n.d. n.d. 0.4 2.9 n.d. n.d. 0.5 n.d. 0.9 n.d. n.d. n.d. 0.5 n.d. 1.4 n.d. n.d. n.d. n.d. n.d. 

Ag2O n.d. 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sb2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 17.7 n.d. 7.3 n.d. n.d. n.d. 12.7 n.d. n.d. n.d. n.d. n.d. n.d. 

PbO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.6 n.d. n.d. n.d. n.d. n.d. 4.3 n.d. n.d. n.d. n.d. n.d. n.d. 
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3.2. Colorants and opacifiers 

 

The glass beads in this study have been grouped based on their similar colors or the use of similar 

coloring agents in their manufacture. 

 

3.2.1. Yellow/golden (sample 15) and light green (sample 16) 

 

As seen in Table 3.3, samples 15 and 16 are enriched in iron, with FeO contents of approximately 

1.0 wt.%. Iron, one of the most common colorants used in the manufacture of ancient glass, 

produces a variety of colors, from yellow to green, depending on the Fe(II)/Fe(III) ratio present in 

the glass [39]. As Fe(II) imparts a blue hue to the glass, while Fe(III) gives it a pale yellow tint, 

the redox conditions during the manufacture process determine the final glass color [39].  

While the Raman spectra of sample 15 only revealed bands attributable to glass, bands attributed 

to titanium dioxide (143 cm-1 [19,20,22]) and several ortho and tectosilicates silicates (226, 230, 

262 and 303 cm-1 [21]) were found in the spectra of sample 16 (Figure 3.2b). Raman spectroscopy 

has been widely used to distinguish between different TiO2 polymorphs [22]. However, recent 

studies have shown that the vibration mode associated to the A1g active mode of the anatase 

structure can be found from 142 to 159 cm-1 depending on the temperature of formation of this 

mineral [19,20], greatly hampering the identification of the correct titanium dioxide polymorph 

when only this band is present. As in the case of sample 6, the silicate bands are most likely the 

result of the rearrangement of the silicate network after glass alteration carried out by selective 

leaching [34,35]. 

No crystalline phases could be identified in the XRD patterns collected from this sample.  

 

3.2.2. Dark blue (samples 7, 12 and 14), turquoise (sample 5) and turquoise with dark 

blue and white decorations (samples 8 and 11) 

 

Dark blue samples 7, 12 and 14, as well as the dark blue decorations of samples 8 and 11 have a 

similar glass composition (Table 3.3). Their characteristic hue is most likely due to the use of 

cobalt [39]. The low detection limits of the EDS detector (ca. 0.1% [26]) and the high absorbance 

coefficient of this transition element [33,39], which makes CoO = 0.1 wt.% enough to impart a 
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deep blue color to glass [33], can explain why cobalt was only found in the dark blue portion of 

sample 11 (Table 3.3). Copper, commonly present as an impurity in the cobalt source [40], may 

have been added unintentionally. 

Micro-Raman spectroscopy carried out on the dark blue glass revealed the presence of different 

silicate bands in most samples: 170, 229, 329, 415 and 467 cm-1 [9,21] in sample 7; 374, 1062 and 

1129 cm-1 [21] in sample 11; 274, 383 and 397 cm-1 [21] in sample 12; and 195-196, 245, 309, 

327, 354 cm-1 [21] in sample 14 (Figure 3.2c). As previously mentioned, these silicate bands are 

most likely the result of the rearrangement of the silicate network following selective leaching 

[34,35]. Bands attributed to β-wollastonite (638 and 972 cm-1 [11]) were identified in sample 7, 

while α-wollastonite (989 cm-1 [13]) was found in the dark blue decorations of sample 8 (8DB in 

Table 3.3). Wollastonite crystals are commonly found in altered glass that has been subject to a 

network rearrangement and manufactured at temperatures between 750 and 1200 °C [25]. The 

band at 996-999 cm-1 found in samples 7, 12 and the dark blue decorations of sample 11 (11DB in 

Table 3.3) can be attributed to a Ca or Al-silicate incorporating Co [14], which is consistent with 

cobalt being used as the main colorant. Gypsum and calcite were identified in sample 11DB due 

to their characteristic bands at 1007 [18,19] and 1086 cm-1 [19], respectively. Bands attributable 

to TiO2 (140-144 cm-1 [19,20,22]) were found in samples 7, 8DB, 11DB and 12, while anatase was 

identified in sample 14 due to the following characteristic bands: 143, 395, 516 and 637 cm -1 

[19,22] (Figure 3.2c). 

The only phase present in the diffractograms of the dark blue glass was calcite in the dark blue 

decorations of sample 11. 

Turquoise colored glass can be found in samples 5, 8 and 11. As seen in Table 3.3, this glass is 

enriched in copper (CuO between 0.9 and 2.9 wt.%). Copper in its divalent state imparts a greenish-

blue hue to the glass [39]. 

Micro-Raman spectroscopy revealed the presence of calcium antimonate (CaSb2O6) in sample 5 

and in the turquoise glass of sample 11 based on the following bands: 237-238, 325-326, 338, 671-

672 cm-1 [6,9,17] (Figures 3.2d and 3.3). The presence of CaSb2O6  in the turquoise glass of 

samples 5 and 11 was confirmed by µ-XRD. This technique also permitted the identification of 

CaSb2O6 in the turquoise glass of sample 8 (not present in the spectra acquired by micro-Raman 

spectroscopy) and of Ca2Sb2O7 in the turquoise glass of both samples 8 and 11. Semi-

quantification performed by the Reference Intensity Ratio method [30] showed that the two 
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calcium antimonate phases were in very different proportions in turquoise glass of samples 8 and 

11 – orthorhombic Ca2Sb2O7 prevails in sample 8 at 50.8 %, while hexagonal CaSb2O6 makes up 

84.3 % of the total of calcium antimonate phases present in sample 11 (Figure 3.4). Lahlil et al. 

(2010) [24], determined that the calcium antimonate phase present in a glass is linked to the 

duration of the heat treatment it was subjected to during the manufacture process. In fact, Ca2Sb2O7 

crystals start forming at the expense of the CaSb2O6 crystals after approximately one day of heat 

treatment at ca. 1100 °C and Ca2Sb2O7 becomes the major phase after about 2 days [24].  

 

 

Figure 3.3: Raman spectra of the turquoise glass of samples 5 (spectrum a) and 11 (spectrum b) collected using the green (532 nm) 

laser. The marked Raman bands are attributable to CaSb2O6. 

 

Micro-Raman spectroscopy also revealed the presence of bands attributable to silicates in the 

turquoise glass of samples 8 and 11: 196, 224, 243, 290, 1065, 1129 cm -1 [21] in sample 8 and 

169, 382 and 404 cm-1 [21] in sample 11 (Figure 3.2d). The band at 991 cm-1 found in spectra 

collected from the turquoise glass of sample 11 can be attributed to silicates [21] or to “alkali 

sulfates typical of corroded glass” [16]. Calcite (1086 cm-1 [19]) was identified in the turquoise 

glass of sample 8, while titanium dioxide (144 cm-1 [19,20,22]) was identified in sample 5. Bands 

at 143, 398, 513 and 367 cm-1 found in the turquoise glass of sample 8 were attributed to anatase 
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[19,22]. Bands at 143, 448 and 606 cm-1 found in the turquoise glass of sample 11 were attributed 

to rutile [19,22].  

 

 

Figure 3.4: XRD pattern from the turquoise glass of sample 11. (Abbreviations: a = Ca2Sb2O7; b = CaSb2O6). 

 

Micro-Raman spectroscopy and µ-XRD results revealed that the color and opacity of the white 

decorations of samples 8 and 11 are due to the presence of calcium antimonate phases in the glass. 

Bands attributed to Ca2Sb2O7 (481 and 634 cm-1 [8,9]) and CaSb2O6 (238, 325-326, 337, 671 cm-

1 [6,9,17]) were identified in the spectra acquired for the white decorations of both samples 

(Figures 3.2e and 3.5). While both orthorhombic and hexagonal calcium antimonate were found 

in the white glass of sample 11 by micro-X-ray diffraction (the ratio between Ca2Sb2O7 and 

CaSb2O6 is 2.12), in the XRD patterns of the white decorations of sample 8 only orthorhombic 

Ca2Sb2O7 was identified. The prevalence of the orthorhombic calcium antimonate phase in both 

glasses suggests that they were subjected to a heating treatment of approximately 2 days at ca. 

1100 °C [24]. 

Chemical analysis (Table 3.3) show that the white decorations of samples 8 and 11 are 

characterized by high levels of antimony and lead. Antimony, a relatively common metal, is a 

chalcophile element and as such is commonly associated with sulfur, copper, lead and silver [41]. 

In fact, significant amounts of lead were found in different calcium antimonate crystals found in 

the white decorations of samples 8 and 11, and analyzed by VP-SEM-EDS (Figure 3.6). While 

lead might have been added unintentionally as an impurity in the Sb source, Lahlil et al. (2010) 

[24] stated that the presence of significant amounts of lead in glass could facilitate the 

crystallization of Ca2Sb2O7, with Pb being introduced into the crystalline structure. 
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Figure 3.5: Raman spectra of the white glass of samples 8 (spectrum a) and 11 (spectrum b) collected using the green (532 nm) 

laser. The marked Raman bands are attributable to CaSb2O6 (238, 326, 338 and 671 cm-1) and Ca2Sb2O7 (481 and 634 cm-1). 

 

 

Figure 3.6: Calcium antimonate crystal with minor amounts of lead found in the white decorations of sample 8. 

 

Micro-Raman spectroscopy also revealed the presence of bands attributable to silicates in the white 

decorations of samples 8 (Figure 3.2e) and 11 (181, 284, 373-374, 393, 992-996, 1062-1063, 1127-

1129 cm-1 [21]), accompanied by a band at 143-144 cm-1 attributed to titanium dioxide [19,20,22]. 

The presence of silicate bands suggests that the silicate network was rearrange due to the 

condensation of silanols following the chemical alteration of glass by selective alkali leaching 

[34,35]. 
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3.2.3. White (sample 13) and crème with white decorations (sample 3) 

 

Sample 13 is a white glass bead that shows evidence of glass dealkalinization. VP-SEM-EDS 

analysis revealed the presence of several crystalline inclusions in the glass matrix simultaneously 

enriched in Ca and Sb, occasionally accompanied by significant amounts of Pb. The use of calcium 

antimonates as the main colorant and opacifier of this glass bead was confirmed by micro-Raman 

spectroscopy as the main band attributed to CaSb2O6 (671 cm-1 [6,9,17]) was found in all spectra 

collected from this bead. The presence of a band at 883 cm-1 that can be attributed to silicates [21], 

suggests a reorganization of the silicate network occured following de dealkalinization process 

[34,35]. No crystalline phases could be identified in the XRD patterns of sample 13. 

Sample 3 is a crème colored glass bead with white decorations. Chemical analyses carried out by 

VP-SEM-EDS (Table 3.3) show that the crème colored glass is greatly enriched in iron. As 

previously mentioned, iron can be used to produce yellowish glass [39].  

No Raman active bands were found in the spectra collected using the green 532 nm laser. 

Measurements using the red 785 nm laser, on the other hand, revealed bands attributable to 

carbonates: translational lattice modes at 153 and 280 cm-1 [21] and symmetric stretching 

vibrations ν1 at 1085 cm-1 [21]. The presence of these bands, when combined with the relatively 

high MgO concentrations (ca. 1.8 wt.%), could be indicative of the use of Mg-rich carbonates in 

the manufacture of this glass bead. Calcite accompanied by calcium antimonate (CaSb2O6) was 

identified by XRD in the crème colored glass, with the first making up 90.3 % of the crystalline 

phases present in the glass, and the later 9.7 %.  

The white color and opacity of the glass decorations of sample 3 is caused by calcium antimonate 

crystals abundantly dispersed throughout the glass matrix. Calcium antimonate was identified by 

VP-SEM-EDS, micro-Raman spectroscopy and µ-XRD. Micro-Raman spectroscopy revealed 

bands at 238 and 671 cm-1 attributable to CaSb2O6 [6,9,17], 330 cm-1 attributed to Sb-O bonds [15] 

and 143 cm-1 attributed to titanium dioxide [19,20,22]. 

 

3.2.4. Amber/light brown (sample 2) 

 

Sample 2, a transparent amber or light brown glass bead, most likely owes its hue to the presence 

of minor amounts of iron and sulfur (Table 3.3) in its composition. Iron, when in its oxidized state, 
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can adopt a tetrahedral coordination, forming an iron-sulphur-oxide with three oxygen and one 

sulphide ion, known as the iron-sulfur amber chromophore [31]. The iron-sulfur chromophore has 

been used in the manufacture of other Phoenician glass beads [31]. 

No phases could be identified in the XRD patterns or in the Raman spectra collected from sample 

2 (Figure 3.2f). 

 

3.2.5. Black (sample 10) and black or grey with white decorations (samples 1 and 9)  

 

The black glass of samples 1 and 10, as well as the grey glass from sample 9, are characterized by 

high levels of iron (Table 3.3). Determining the correct colorant used in the manufacture of black 

glass has traditionally been very problematic. Metallic ions, such as iron, manganese or cobalt, 

when in high concentrations, can be used to produce black glass [42]. These glasses, however, are 

commonly referred to as black-appearing glass and may reveal different hues when thin layers are 

examined [43]. High amounts of iron have been found to be responsible for the color of black-

apearing glass from the Bronze and Iron Age [43]. The iridescence observed in the grey-colored 

glass of sample 9 (Table 3.1) may be masking the originally black color of this glass bead. 

Iridescence phenomenon is caused by a diffraction phenomenon that occurs within the thin 

corrosion layers present on the surface of the glass [44]. 

Chemical analysis carried out by VP-SEM-EDS also showed that the black and grey glass of 

samples 1 and 9 contain important amounts of silver (Table 3.3). Small silver particles, enriched 

in either Cl or S, were found on the surface of both samples. The presence of these particles can 

account for the significant amounts of silver reported in Table 3.3, and can be explained by contact 

contamination by silver materials found within the archaeological site or during the excavation 

and storage process. 

While the Raman spectra of sample 10 only revealed bands attributable to glass (Figure 3.2g), 

micro-Raman spectroscopy of the black glass of sample 1 revealed the presence of CaSb2O6 (237 

and 671 cm-1 [6,9,17]) and a band attributed to titanium dioxide (143 cm-1 [19,20,22]). A single 

band attributable to titanium dioxide (151 cm-1 [19,20,22]) was found in the Raman spectra 

collected from the grey glass of sample 9. 

VP-SEM-EDS revealed that the white decorations of samples 1 and 9 have different chemical 

composition (Table 3.3). While the white glass of sample 9 is enriched in antimony (Table 3.3), 
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this element was not found to be a minor component of the white glass of sample 1. This can be 

explained by the larger abundance of the Ca- and Sb-rich crystals and crystalline aggregates 

dispersed within the glass matrix of sample 9. Hexagonal CaSb2O6 was confirmed as the main 

opacifier in the white decorations of samples 1 and 9 by micro-Raman spectroscopy due to the 

presence of bands at 237-9 and 671 cm-1 [6,9,17]. 

No crystalline phases could be identified in the XRD patterns acquired from the black and grey or 

white glasses of samples 1 and 9. 

 

3.2.6. Black annular bead (Sample 4) 

 

Incorrectly assigned as a glass bead, sample 4 is an igneous or metamorphic rock that has been 

extensively polished to mimic the luster of a vitreous material. As previously mentioned, VP-

SEM-EDS revealed a fine granular texture accompanied by areas enriched in Al and K. A close 

examination revealed aluminosilicate crystals (Figure E2 – Appendix E), as well as inclusions of 

phosphates enriched in rare earth elements and titanium-rich crystals, finds consistent with its 

classification as an igneous or metamorphic rock. Quartz and titanium dioxide were identified by 

micro-Raman spectroscopy due to the presence of the bands at 464-465 cm-1 [19,21] and 144-145 

cm-1 [19,20,22], respectively. µ-XRD (Figure 3.7) allowed the identification of quartz (43.5 %), 

muscovite (37.8 %) and microcline (18.7 %). 

 

 

Figure 3.7: XRD pattern from sample 4. (Abbreviations: f = microcline, q = quartz, m = muscovite). 
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4. Conclusions 

 

This study proposes a new non-destructive methodology that combines micro-Raman 

spectroscopy and micro-X-ray diffraction (µ-XRD), complemented by variable pressure scanning 

electron microscopy coupled with energy dispersive X-ray spectrometry (VP-SEM-EDS), to 

determine the manufacturing techniques employed in the production of glass artefacts, namely in 

what concerns the processes used to obtain color and opacification. 

Results show that micro-Raman spectroscopy not only allows the determination of the glass family 

of heavily degraded samples, but was also found to be the only technique capable of identifying 

evidence of the rearrangement of the silicate network following selective leaching. 

The use of micro-Raman spectroscopy also permits the identification of opacifiers and other phases 

present as inclusions within the glass matrix. Micro-XRD, on the other hand, can identify and 

semi-quantify the crystalline phases present in glass artefacts.  

In this study, calcium antimonate phases were identified in samples 1, 3, 5, 8, 9, 11 and 13. Micro-

Raman spectroscopy and µ-XRD revealed that hexagonal CaSb2O6 was used in the manufacture 

of the turquoise glass of sample 5, the white glass of samples 1, 3, 9 and 13, the crème glass of 

sample 3 and the black glass of sample 1. The presence of only the hexagonal calcium antimonate 

phase in these samples, indicate that the glass was subjected to a 6h heat treatment at ca. 1100°C 

[24].  

Both hexagonal CaSb2O6 and orthorhombic Ca2Sb2O7 were found in the turquoise and white glass 

of samples 8 and 11 by micro-Raman spectroscopy and µ-XRD. The use of the Reference Intensity 

Ratio method [30] revealed that Ca2Sb2O7 was the major phase in the turquoise glass of sample 8, 

while the hexagonal calcium antimonate phase (CaSb2O6) prevails in the turquoise glass of sample 

11. These results indicate that these glasses were manufactured using a different heat treatment. 

The turquoise glass of sample 8 was subjected to a heat treatment at ca. 1100°C for at least 2 days, 

while the turquoise glass of sample 11 was subjected to a heat treatment at ca. 1100°C for 

approximately 1 day [24]. On the other hand, Ca2Sb2O7 was also found to be the dominant phase 

in the white decorations of samples 8 and 11, indicating that this glass was subjected to a heat 

treatment at ca. 1100°C for at least 2 days [24] during its manufacture.  

The glass beads in this study were, in most cases, colored by adding small amounts of transition 

metal ions to the glass matrix, which prevents the identification of the main colorant by micro-
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Raman or µ-XRD. VP-SEM-EDS results revealed that cobalt ions were used to manufacture dark 

blue glass, while copper was used to impart turquoise hues to the glass. Amber or light brown hues 

were produced using the iron-sulfur amber chromophore. Iron ions were also used to produce 

green, yellow, crème, grey and black hues. White glass was produced using white calcium 

antimonate phases acting simultaneously as colorants and opacifiers. 

The combined use of micro-Raman spectroscopy and µ-XRD allowed the full characterization of 

the glass artefacts in this study and the identification of the opacifying agents and heat treatment 

used in the manufacture of the opaque glass beads.  
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Chapter 4 – An innovative approach to the study of faience beads 

 

 

This chapter is based on the article Costa et al. [1]. 

 

 

 

1. Introduction 

 

Archaeological materials and man-made artworks are frequently studied in an attempt to determine 

their material history – their provenance, production date, technology, use, and the alteration or 

deterioration they were subjected to over time. Studying these man-made objects allows a better 

understanding of the history and ethnography of the communities that produced, employed, and 

exchanged them. Moreover, these objects are also a testimony of the relationship between these 

societies and their surrounding environment, particularly with regard to the availability of raw 

materials.  

Nevertheless, in the pursuit of knowledge, it is also important to consider the uniqueness or 

precious nature of these objects, and therefore to develop innovative non-destructive or minimally 

invasive methodologies. Here, a new multi-technique approach, combining laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS), variable pressure scanning electron 

microscope coupled with energy dispersive X-ray spectrometry (VP-SEM-EDS) and micro-X-ray 

diffraction (µ-XRD), was developed to counteract the difficulties arising from faience weathering 

and the intrinsic heterogeneous nature of these objects. This approach enabled the identification of 

the production technology of faience objects and was used to shed light on the provenance of the 

artefacts studied. 
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1.1. Faience objects 

 

Faience first manufactured in the late 5th millennium B.C. in Mesopotamia, before spreading to 

Egypt and later to Europe, leading to its manufacture in a large region including most of central 

and southern Europe, Russia, and Britain [2,3]. 

Faience generally consists of a sand or finely ground quartz core coated with a colored alkaline-

lime-silicate glaze [3–7]. Three different glazing methods can be employed in the production of 

faience objects – application glazing, efflorescence glazing or cementation glazing (or Qom 

technique) [3,4,7]. Regardless of the glazing technique employed, microstructural characterization 

of faience objects has revealed a triple layered structure: 1) a quartz-rich core, also referred to as 

body, in which the grains are held in place by variable amounts of interparticle glass; 2) a buffer 

or interaction layer, in which the grains are embedded in an almost continuous glass matrix; and 

3) an external quartz-free glaze [3,4]. Tite et al. (1983) and Tite & Bimson (1986) proposed that 

the different glazing methods could be distinguished based on microstructural criteria including 

the thickness of the glaze and interaction layers, the boundary between the interaction layer and 

the core, and the amount of interparticle glass present in the core [4,8]. Vandiver (1998), on the 

other hand, demonstrated that the addition of glazing mixture to the core, which is known to 

facilitate molding the object into the desired shape, could result in changes in the amount of 

interparticle glass present in the core and alter the nature of the interaction layer-core boundary 

[9]. Moreover, changes in firing temperature and time, which may increase the thickness of the 

interaction layer, can lead to the incorrect identification of the glazing method employed in the 

manufacture of faience artefacts [9]. In fact, faience replication experimental studies have 

frequently recommended caution when glazing method identification is conducted solely using 

macroscopic and microstructural criteria [3,9]. The work by Tite et al. (2007) suggests that 

compositional profiles may also be used to distinguish between faience glazing methods [5]. 
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1.2. On the use of LA- ICP-MS in the study of glass and glazes of archaeological objects 

 

Laser ablation (LA) was first coupled to inductively coupled plasma mass spectrometry (ICP-MS) 

in 1985 [10]. Since then, it has been increasingly used to determine major, minor and trace 

elements and to obtain isotopic information in solid samples in a direct, reliable, and minimally 

invasive way. The quasi-non-destructive nature of this technique, combined with the high 

sensitivity and number of detectable elements, the large dynamic range (enabling the analysis of 

concentrations from wt.% to ppb), and the low detection limits, has allowed it to become 

increasingly used in archaeological sciences since the first applications in the 1990’s [11].  

Sample preparation is minimal or non-existent in LA-ICP-MS assays, and even surface cleaning 

with chemical reagents can be forgone and substituted by pre-ablation procedures. The selection 

of the sampling strategy is of the utmost importance, being dependent on both the material and the 

objective of the study [12], and greatly influencing the analysis’ accuracy and precision, as well 

as the degree of elemental fractionation [13]. Spot analysis, also referred to as laser drilling, which 

occurs when the laser is in a fixed position on the sample for the duration of the measurement, is 

generally preferred in archaeological studies as it offers the minimum damage to the sample. This 

sampling strategy has frequently been used to obtain the bulk composition of homogenous objects, 

such as ancient man-made glass (e.g. [14–24]), to analyze specific areas within a complex mixture, 

as the glaze and interparticle glass of faience objects (e.g. [25]), and more recently to obtain 

concentration depth profiles of altered man-made glasses (e.g. [26]). Line scanning (or profiling) 

or rastering modes, on the other hand, requires the sample to move at a fixed speed while the laser 

ablates it [13]. As a result, a wider area is analyzed, permitting “pseudo-bulk” composition of 

heterogeneous materials to be achieved (e.g. [27–29]). Line scanning can also be used to show 

variations in concentration of a given element throughout a sample (e.g. [30]), but this sampling 

strategy has been found to be more sensitive to corrosion such as glass alteration [31]. 

Despite having a lower lateral resolution than other analytical techniques, such as scanning 

electron microscope coupled with energy dispersive X-ray spectrometry (SEM-EDS), LA-ICP-

MS, offers depth resolution, thus providing a combination of both lateral and in-depth spatially 

resolved analysis, which has increasing been used to produce both 2-D and 3-D elemental images 

(also referred to as elemental maps) of man-made glass objects [32]. These elemental distribution 
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images can be produced by combining adjacent parallel line scans [32,33] or using grid-like laser 

drilling approaches [34,35]. 

Here LA-ICP-MS proved to be essential in the determination of the manufacturing technique and 

to provide insights into the provenance of Iron Age faience objects. 

 

 

2. Materials & Methods 

2.1. Materials 

 

Thirty faience beads were selected from within the bead assemblage found in Vinha das Caliças 4 

(Beja, Portugal), an Iron Age necropolis attributed to a Phoenician–Punic community [36]. 

Twenty-nine of the selected beads were annular or disk-shaped with hues varying from light green 

to blue-green (Figure 4.1a). A vivid blue cubic shaped bead (sample C1) was also included in this 

study (Figure 4.1b). Four disk-shaped beads were selected, embedded in epoxy resin and polished 

for further analysis (samples CS1 to CS4). The remaining 25 disk-shaped faience beads, as well 

as the cubic bead (the only one of its kind found in Vinha das Caliças 4), were not subjected to any 

kind of sample preparation prior to their analysis. 

 

 

Figure 4.1: Stereomicroscopy imagens of a) a blue-green disk-shaped bead; and b) of the vivid blue cubic-shaped bead. 
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2.2. Methods 

 

A Hitachi™ S3700N SEM coupled to a QUANTAX EDS microanalysis system equipped with a 

Bruker™ XFlash 5010 SDD EDS Detector® and a Bruker™ D8 Discover® in micro-X-ray 

diffraction configuration (µ-XRD) were used to analyze all thirty samples. Measurement 

conditions of both instruments and identification of crystalline phases procedures can be found 

elsewhere [37]. 

LA-ICP-MS analysis was performed using a CETAC LSX-213 G2+ laser ablation system coupled 

to an Agilent™ 8800 Triple Quad ICP-MS. Instrument calibration and tune optimizations followed 

previous studies [21,23,24]. The analytical conditions used for each measurement can be found in 

Table 4.1. The samples were analyzed in three or four distinct locations when spot analysis or line 

scans were performed. The first 2 or 3 seconds of ablation were discarded in spot analysis to 

eliminate possible surface contamination and weathering. Pre-ablation was performed before each 

line scan: a 100 µm spot size with a 50 µm/s scan rate, a frequency of 20 Hz and 100% laser output 

energy was used in the analysis of the disk-shaped beads, while a 150 µm spot size with a 400 

µm/s scan rate, a frequency of 20 Hz and 100% laser output energy was used in the analysis of the 

cubic-shaped bead. The latter, as well as the analysis conditions used were optimized to ensure 

minimal visible damage to the cubic-shaped bead.  

Elemental concentrations were determined using the sum normalization calibration approach [38]. 

Data reduction was performed using the GLITTER® software (version 4.4.2).  

In the multi-line scan mode, the number of lines was selected in order to obtain elemental images 

of the entire cross section of the disk-shaped faience beads analyzed. The multi-line scan intensities 

(counts per second) were converted into elemental images using the iQuant2® software, developed 

by the Institute of Technology of Tokyo and University of Kyoto.  
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Table 4.1: Acquisition conditions, isotopes analyzed by LA-ICP-MS along with their respective dwell times. The 

underlined chemical elements were analyzed in the multi-line scan mode, while all elements, with the exception of 

phosphorous, were analyzed in the spot analysis and line scan modes. 

 

 

  

Agilent™ 8800 Triple Quad ICP-MS 

Acquisition Mode TRA (Time Resolved Analysis) 

Scan Type Single Quad 

Plasma Parameters 

RF Power 

RF Matching 

Sample Depth 

Carrier Gas (Ar) 

Plasma Gas (Ar) 

 

1200W 

1.4 V 

4 mm 

1.01 L/min 

15 L/min 

Collision/Reaction Cell 
Mode 

No gas 

Dwell time (ms)  

2 28Si; 44Ca 

5 27Al; 43Ca; 56Fe 

10 
23Na; 24Mg; 39K;45Sc; 47Ti; 51V; 52Cr; 55Mn; 57Fe ; 59Co; 60Ni; 63Cu; 66Zn; 85Rb; 
88Sr; 133Cs; 137Ba; 208Pb 

20 

31P; 75As; 89Y; 90Zr; 93Nb; 118Sn; 121Sb; 139La; 140Ce; 141Pr; 146Nd; 147Sm; 153Eu; 
157Gd; 159Tb; 163Dy; 165Ho; 166Er; 169Tm; 172Yb; 175Lu; 178Hf; 181Ta; 209Bi; 232Th; 
238U 

 

Laser Ablation System - CETAC LSX-213 G2+ 

Analysis Mode 

 

Laser Energy Output (%) 

 

Fluence (J/cm2) 

 

Spot Size (µm) 

 

 

Repetition Rate (Hz) 

 

 

Scan rate (µm/s) 

 

 

Burst Count 

 
Space between lines (µm) 

 

He carrier flow (L/min) 

Spot Analysis 

 

100 

 

ca. 4 

 

50 

 

 

20 

 

 

- 

 

 

600 

 
- 

 

1 

Line scan 

 

100 

 

ca. 4-5 

 

50 (disk-shaped beads) 

100 (cubic-shaped bead) 

 

20 (disk-shaped beads) 

10 (cubic-shaped bead) 

 

10 (disk-shaped beads) 

100 (cubic-shaped bead) 

 

- 

 
- 

 

1 

Multi-line scan 

 

10 

 

ca. 4 

 

50 

 

 

20 

 

 

50 

 

 

- 

 
20 

 

1 
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3. Results & Discussion 

 

3.1. Microstructural characterization 

 

The VP-SEM examination of the cross sections of four disk-shaped faience beads embedded in 

epoxy resin revealed a clearly defined triple layered structure (Figure 4.2). In these beads, the glaze 

layer is thin, irregular, and occasionally absent. This is may be used as a microstructural criterion 

to define the glazing method employed in the production of the beads, but it can also be the result 

of weathering. Under burial conditions, glasses and glazes can undergo two different alteration 

processes – selective leaching and uniform dissolution. In the first, water reacts with the glass, 

removing alkali elements, such as sodium and potassium, producing a dealkalized, silica-rich 

layer; in the second, complete dissolution of all the silicate network occurs [24,37,39,40]. 

 

 

Figure 4.2: VP-SEM images of each disk-shaped faience bead embedded in epoxy resin. a) CS1; b) CS2; c) CS3; d) CS4 

(Abbreviations: GLZ = glaze; IAL = interaction layer; BDY = core). 

 

The interaction layer of the disk-shaped faience beads never exceeds 350 µm and is demarked 

from the core layer by an uneven but clearly defined boundary. The sand grains visible in both the 
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core and interaction layer are generally angular and sub-angular, respectively, and have variable 

size, with larger grains exceeding 100 µm in diameter.  

Little or no interparticle glass appears to be present in the core in any of the disk-shaped beads. 

However, in sample CS4, the sand grains of the core are occasionally surrounded by a calcium 

phosphate phase, with significant fluorine amounts (Figures 4.3a and 4.3b). Since it was not found 

in any other faience bead, secondary precipitation of this phase during burial seems unlikely. 

Nevertheless, given its seemingly localized presence within the bead’s core (whitish light grey in 

Figure 4.1d), and the increased porosity due to limited or absent interparticle glass, secondary 

precipitation of calcium phosphate phases cannot be excluded. 

Calcium-rich deposits, most likely calcite, can also be found filling pores (Figure 4.4a) and on the 

surface of the disk-shaped faience beads (Figure 4.4b). These are most likely the result of 

secondary phase precipitation in the burial context as, Vinha das Caliças, which can be translated 

to calcrete vineyard, was named after the local geological basement. 

 

 

Figure 4.3: VP-SEM image and respective point analysis of calcium phosphates found in sample CS4 (a and b) and sample C1 (c 

and d). 
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Figure 4.4: Elemental mapping obtained by VP-SEM-EDS revealing the presence of calcium-rich secondary deposits filling pores 

and on the surface of sample CS3. 

 

Overall, the microstructural characteristics – thin and irregular glaze, thick interaction layer with 

a clearly defined interaction layer-core boundary and little or no interparticle glass in the core 

[4,5,8] – indicate that the cementation method was employed in the production of the disk-shaped 

faience beads analyzed.  

Sample C1, a cubic-shaped bead, was not embedded in epoxy due to its unique nature. However, 

observations of the surface of the bead using VP-SEM, revealed a granular texture, with clusters 

of elongated, tabular crystals enriched in Ca, Si and Cu (which are likely Egyptian blue – 

CaCuSi4O10), surrounded by sub-angular sand grains (Figure 4.5), a microstructure that suggests 

the bead consists of an Egyptian blue frit [7,41]. Calcium phosphate crystals enriched in F were 

also identified in sample C1 (Figures 4.3c and 4.3d). 

 

 

Figure 4.5: VP-SEM image (a) and point analysis (b) of the tabular crystals present in sample C1 and identified as Egyptian blue. 
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3.2. Mineralogical characterization 

 

Micro-X-ray diffraction was performed on all faience beads. The disk-shaped beads were found 

to be composed almost exclusively of quartz. Potassium feldspar, plagioclases and calcite were 

also identified by µ-XRD in several beads (e.g. Figure 4.6). Plagioclases, specifically albite, 

oligoclase and labradorite, were also identified by VP-SEM-EDS in the core and in the interaction 

layer in several disk-shaped beads (Figure F1 – Appendix F). As previously mentioned, the 

presence of calcite is most likely the result of secondary phase precipitation under burial 

conditions. 

 

 

Figure 4.6: X-ray diffraction patterns of a disk-shaped bead and of the cubic-shaped bead (Abbreviations: c = cuprorivaite; f = K-

feldspar; p=plagioclase; q = quartz). 

 

Micro-X-ray diffraction of sample C1 confirmed that it owes its color to cuprorivaite (Figure 4.6), 

also known as Egyptian blue, a synthetic blue pigment first used at the end of the 1 st Dynasty of 
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the Old Kingdom (ca. 2900 B.C.) [41]. The use of the Egyptian blue pigment became widespread 

in the 4th Dynasty (ca. 2600-2480 B.C.) [41], and it was continuously employed in the production 

of artworks in Egypt, Mesopotamia and Greece up to the end of the Roman period, and in Italy 

and central Europe until the Middle Ages [42]. Quartz was also identified in sample C1 by µ-XRD. 

 

 

3.3. Chemical characterization 

 

The chemical composition of the glaze and interaction layer glass of the four cross sections of the 

disk-shaped faience beads analyzed by VP-SEM-EDS can be found in Table 4.2. The absence of 

sodium and potassium in almost all samples, precluded the undisputed identification of the fluxing 

agent used in the manufacture of these faience beads. However, the low MgO values, combined 

with the significant Cl concentrations, could indicate that natron, a raw material deriving from 

evaporitic lake deposits and known to have been used in the manufacture of man-made vitreous 

materials since the early 4th millennium B.C. [43], was used in their production. These results also 

revealed that the disk-shaped faience beads suffered selective leaching, causing the loss of the 

alkali elements present in the glaze and interaction layer glass. 

 

Table 4.2: VP-SEM-EDS results (oxides wt.%) of the four disk-shaped faience beads embedded in epoxy resin. 

 
CS1 CS2 CS3 CS4 

Glaze 
Interaction 

layer glass 
Glaze 

Interaction 

layer glass 
Glaze 

Interaction 

layer glass 
Glaze 

Interaction 

layer glass 

Na2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MgO n.d. 0.7 n.d. 0.8 n.d. n.d. n.d. 0.6 

Al2O3 0.8 1.4 n.d. 1.8 1.0 1.1 n.d. 1.4 

SiO2 83.6 83.1 84.2 85.4 87.3 87.1 86.6 84.1 

Cl 1.2 1.0 2.1 n.d. 1.9 0.4 1.3 0.5 

K2O n.d. 0.6 n.d. n.d. n.d. n.d. n.d. n.d. 

CaO 1.6 1.9 2.0 2.1 0.9 1.0 0.9 1.4 

MnO 0.6 1.1 n.d. 1.3 0.7 1.2 n.d. 1.5 

FeO 0.8 1.2 2.3 3.4 0.5 1.5 n.d. 2.4 

CuO 11.3 9.2 9.5 5.3 7.8 7.7 11.3 8.2 
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Twenty-five disk-shaped faience beads were analyzed by LA-ICP-MS without any sample 

preparation in an attempt to determine the fluxing agent used in the manufacture of the glaze of 

these artefacts. In areas were glaze was deemed to be present, four ablations spots were performed 

in each sample. Spot analysis in the study of faience beads was previously applied by Purowski et 

al. (2019) [25]. However, in this study, the absence of a deeply colored glaze, with the beads 

frequently displaying only a faint blue-green tint, combined with the variable thickness, and 

occasional complete absence of the glaze, greatly hindered the selection of appropriate locations 

for spot analysis. As seen in Table F1 (Appendix F), reproducibility was not achieved and the spots 

selected resulted in measurements of glaze, interaction layer sand grains, interaction layer glass or 

combinations of all three, as becomes apparent when observing the samples under VP-SEM after 

the analysis by LA-ICP-MS (Figure F2 – Appendix F). 

As seen in Table 4.2, significant amounts of copper (CuO values between 5.3 and 11.3 wt.%) were 

detected in the glaze and interaction layer glass of the cross sections of the disk-shaped faience 

beads analyzed by VP-SEM-EDS. Copper is among the first two colorants used in the production 

of faience, imparting blue-green or turquoise hues to the glaze [5,44]. The detection of significant 

amounts of manganese and iron in the glaze and interaction layer glass (Table 4.2), on the other 

hand, are most likely the result of the use of quartz-rich sand instead of the alternative crushed 

quartz pebbles. The aforementioned presence of feldspars, along with the identification of rounded 

or sub-rounded Fe-rich and Fe-Mn-rich crystals (e.g. Figure 4.7) in the interaction and core layers 

of the disk-shaped faience beads supports the use of quartz-rich sand in the manufacture of these 

artefacts. 

 

 

Figure 4.7: VP-SEM image (a) and point analysis (b) of a sub-angular grain found in the interaction layer of sample CS1. This 

grain is most likely an iron oxide which was present as an impurity within the sand source. 
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Tin-rich crystals were found by VP-SEM-EDS in cross sections CS1 and CS3, in most disk-shaped 

faience beads which were not embedded in epoxy resin and in sample C1 (Figure 4.8). The 

presence of tin in copper-colored glass and faience has often been linked the use of bronze 

scrapings (e.g. [40,43,45]). The occurrence of polycrystalline tin-rich aggregates (Figures 4.8a and 

4.8b), dispersed throughout the glassy phase, suggests that tin was introduced via the copper source 

in the disk-shaped faience beads. However, the presence of sub-rounded tin-rich crystals in sample 

C1 (Figures 4.8c and 4.8d) may indicate that cassiterite-rich placer sands were used in the 

production of this Egyptian blue frit or the Egyptian blue pigment. In nature, tin generally occurs 

as cassiterite (SnO2) and is commonly associated to pegmatitic or granitic type rocks, or placers 

deposits which arise from their weathering [46]. In fact, cassiterite is among the most common 

heavy minerals found in several placer deposits along the Egyptian coast (e.g. [47,48]). 

 

 

Figure 4.8: VP-SEM image and respective point analysis of cassiterite found in sample CS4 (a and b) and sample C1 (c and d). 

 

Grains enriched in iron and cobalt, accompanied by Ti, Mn, Ni and Zn were also found in samples 

CS3 and CS4 (e.g. Figure 4.9). These grains are embedded within the interaction layer glass, and 

present diffuse reaction rims, suggesting that they were added, probably unintentionally, as 
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impurities within the sand source. Transition metals such as Ti, Cr, Mn, Co, Ni and Zn can be 

adsorbed or incorporated into the structure of iron oxides such as magnetite [49–52]. 

 

 

Figure 4.9: a) VP-SEM image of an angular grain embedded within the interaction layer glass and presenting a diffuse reaction 

rim; b) point analysis of the same grain, revealing it is enriched in Fe, Co, Ni and Zn. Co, Ni and Zn are among the transition 

elements can be adsorbed or incorporated into the structure of iron oxides, minerals which are commonly present in sands used for 

the production of vitreous artefacts. 

 

VP-SEM-EDS analysis of the 25 disk-shaped faience beads not embedded in epoxy resin also 

revealed crystalline aggregates enriched in lead and vanadium (Figure 4.10). Lead-vanadium 

crystals were previously detected in faience found in Sidon (Lebanon) [53], and in two of the 

scarabs found in Vinha das Caliças 4 [40], which may indicate a common origin of all these 

artefacts. 

 

 

Figure 4.10: VP-SEM image (a) and point analysis (b) of crystalline aggregates enriched in lead and vanadium embedded within 

the glassy layer of several disk-shaped faience beads which were not subjected to any type of sample preparation prior to their 

analysis. 

 

Elemental mapping was performed by LA-ICP-MS on samples CS1, CS3 and CS4. These maps 

revealed a decrease of copper content from the glaze to the core of the beads (Figure 4.11), which, 
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as shown by Tite et al. (2007), confirms the use of the cementation glazing technique in their 

manufacture [5]. The more diffuse boundary between the interaction layer and core, visible in the 

elemental map of sample CS1, may indicate that a slightly different firing regime was employed 

in its manufacture, causing an increase in interparticle glass in the core, or the existence of a thicker 

interaction layer as suggested by Vandiver (1998) [9]. Conversely, tin, which is not incorporated 

into the glass structure, but, as previously mentioned appears as cassiterite aggregates dispersed 

throughout the glassy phase, is most abundant within the interaction and core layers (Figure 4.11).  

 

 

Figure 4.11: Elemental mapping obtained by LA-ICP-MS of samples CS1, CS3 and CS4. The copper content decreases from the 
glaze to the core of the beads, in accordance with the use of the cementation glazing technique. Tin, on the other hand, seems to be 

dispersed throughout the glassy phase present in the interaction and core layers. 

 

The elemental maps also showed that Fe, Cr and Ti are present primarily in the core, while Mn, 

Co, Ni, Zn and As are preferentially incorporated in the glassy phases of the glaze and interaction 

layers (Figures F3, F4 and F5 – Appendix F). As aforementioned, these elements, with the 

exception of arsenic, are most likely introduced as impurities within the sand source. Arsenic may 

have been introduced via the copper source, as this metal has been found along with lead and 

antimony in many bronze artefacts in the Mediterranean region (e.g. [54]). In fact, both lead and 
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antimony are also present in the disk-shaped faience beads, with Sb being restricted to the core 

and Pb in both the interaction and core layers (Figures F3, F4 and F5 – Appendix F). Rare earth 

elements (REE) and Zr also appear to be dispersed throughout the interaction layer and core 

(Figures F3, F4 and F5 – Appendix F), most likely in the form of REE phosphates monazite or 

xenotime and zircon, respectively, which once again indicates that quartz-rich sand was used in 

the manufacture of the disk-shaped faience beads. 

 

3.3.1. Insights into the provenance of the beads 

 

The cross sections of the four disk-shaped faience beads embedded in epoxy resin were also 

analyzed by LA-ICP-MS in order to obtain a “pseudo-bulk” composition. Given the heterogeneous 

nature of the materials and the previous failed attempt at reproducible results using the spot 

analysis sampling strategy, three replicate line scans perpendicular to the surface of the bead, and 

covering its entire width, were performed on each sample. Line scans were previously used by 

Mangone et al. (2011) in the study of faience objects from Pompeii [27]. While this approach is 

not spatially resolved and, as such, does not take into account the multi-layered structure of faience 

objects, it provides information regarding trace elements, which could not easily be achieved given 

the size of these objects (ca. 5 mm in diameter), and that are essential in provenance studies. Line 

scan analysis was also performed on sample C1 in order to compare this Egyptian blue frit bead to 

the disk-shaped faience beads of Vinha das Caliças 4. The LA-ICP-MS line scan results can be 

found in Table 4.3. 

Glass provenance studies rely on the principle that this material inherits the chemical fingerprint 

of the ingredients used in its manufacture. Unlike other ingredients used in glass production, sand 

is not known to have been subjected to long-distance trade [55]; primary or glass producing 

workshops are thought to be located near favored sand sources and, as such, distinguishing 

between different sources can be used to pinpoint a glass’ provenance. Given the similarities 

between faience and glass production, the identification of the silica source used can also shed 

light on the geographical origin of faience objects. 

Trace element analysis has commonly been used in glass provenance studies to distinguish 

between different sand sources (e.g. [14,15,17–24,31,56,57]). While sands used in glass 

production are composed primarily of quartz, they contain minor amounts of additional minerals 
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that are characteristic of the geological region from which the sand derives. The presence of these 

minerals in the sand source will be reflected in the trace element content of a glass or faience object 

[17,58,59]. 

Strontium commonly substitutes calcium in Ca-bearing minerals. Shells, composed of aragonite, 

have higher Sr values than calcite-rich limestones [60,61], as Sr ions substitute Ca2+ more easily 

in the structure of aragonite [62]. As such, the CaO/Sr ratio has been used by many authors to 

distinguish between coastal sands with shell fragments and inland limestone-rich sands 

(e.g.[17,19,24]). With the exception of sample CS4, the CaO/Sr values are generally below 200, 

with an average of 198 for the disk-shaped beads and 157 for sample C1, which is indicative of 

the use of coastal sands. On the other hand, the high CaO/Sr values of sample CS4, with an average 

value of 382, may indicate that this ratio is influenced by Ca-containing minerals other than 

carbonates [19]. It is important to note that calcium phosphate was found in in the core of sample 

CS4 (Figures 4.3a and 4.3b), which can change the CaO/Sr values. 

 

 

Figure 4.12: Chondrite-normalized [63] Sr and Zr values of the faience beads of Vinha das Caliças 4, as well as the glass beads 

from the same necropolis. All faience beads, including the Egyptian blue frit bead seem to have been manufactured in the Levant 

region. 
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Zirconium and strontium contents have recently been used to distinguish Egyptian glass, from that 

produced in the Levante region [20,22,24]. In Figure 4.12, the chondrite-normalized Sr and Zr 

values of the faience beads of Vinha das Caliças 4 are compared with those of the Phoenician-

Punic glass beads from the same necropolis [24]. As seen in Figure 12, all faience beads of Vinha 

das Caliças 4 fall into the Levantine compositional window, even sample C1, the Egyptian blue 

frit bead. The extremely low Sr and Zr values of the disk-shaped faience beads, with average values 

of 40 ppm and 6 ppm, respectfully, may indicate that the sand used in their manufacture was pre-

treated in an attempt to diminish the total amount of impurities. In fact, calcite grains, limestone 

fragments and zircon grains were not identified in any of the 29 disk-shaped beads analyzed by 

VP-SEM-EDS. On the other hand, while the higher Sr values of sample C1 (with an average value 

of 490 ppm) are consistent with the use of coastal sands, it is important to note that these values 

may be influenced by the presence of the synthetic Egyptian blue pigment used to impart its 

characteristic hue to the bead. 

 

 

Figure 4.13: Chondrite-normalized [63] trace element composition of the faience beads of Vinha das Caliças 4. While the disk-

shaped beads (CS1-CS4) have similar compositions, sample C1, the cubic-shaped Egyptian blue frit bead, is enriched in Ti, Sr, Zr, 

Nb. Hf, Ta and Th when compared to the remaining beads analyzed. Average values for each sample are represented. 

 

An overview of chondrite-normalized trace elements (Figure 4.13), highlights the similarities 

between the disk-shaped beads analyzed, and the difference between these faience beads and 

sample C1. In fact, sample C1 is enriched in Ti, Sr, Zr, Nb, Hf, Ta and Th, when compared to the 
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disk-shaped beads. Titanium is frequently associated with iron, and as such can be found in Fe 

and/or Ti oxides, while Hf commonly substitutes Zr in the structure of zircon (ZrSiO4), a very 

resistant and stable mineral found in sands used for glass and glaze production [17,58,59]. 

Tantalum and niobium, on the other hand, generally occur in association in minerals such as those 

that form the columbite-tantalite series [64,65]. These minerals, as well as Th-bearing minerals, 

occur in granitic and pegmatitic rocks, as well as secondary placer deposits [64–66]. These results 

are consistent with the use of a sand with significant heavy mineral contents in the manufacture of 

the Egyptian blue frit bead or the Egyptian blue pigment. 

Disk-shaped faience beads, similar to those recovered from the necropolis of Vinha das Caliças 4, 

have been found in many contexts throughout Egypt, Levant and Cyprus and within the spoils of 

the Uluburun shipwreck [67]. The presence of these faience beads, as well as the Egyptian blue 

frit bead, in inland Southwestern Iberian contexts is, therefore, a testament of long-distance trading 

between the region and Eastern Mediterranean civilizations. 

 

 

 

4. Conclusions 

 

A new methodological approach, combining laser ablation inductively coupled plasma mass 

spectrometry (LA-ICP-MS), variable pressure scanning electron microscope coupled with energy 

dispersive X-ray spectrometry (VP-SEM-EDS) and micro-X-ray diffraction (µ-XRD), was 

developed for the study of faience objects. This approach counteracts the analytical difficulties 

which arise from faience weathering and from the intrinsic heterogeneous nature of these objects.  

Microstructural criteria and compositional mapping were used to identify the glazing method used 

in the production of 30 faience beads recovered from the Iron Age necropolis of Vinha das Caliças 

4 (Beja, Portugal). The results revealed that the disk-shaped faience beads were manufactured 

using the cementation glazing method. Weathering precluded the undisputed identification of the 

fluxing agent used in the manufacture of these faience beads. However, the low MgO values, 

combined with the significant Cl concentrations, could indicate that natron was used in their 

production.  
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Copper, most likely in the form of bronze scrapings, was used to impart a blue-green hue to the 

disk-shaped beads. The cubic-shaped bead, on the other hand, was identified as an Egyptian blue 

frit, and owes its vivid blue color to the tabular crystals of this well-known synthetic pigment. 

This multi-analytical approach was also used to shed light on the provenance of the faience 

artefacts studied. Trace element analysis suggests that all beads were manufactured in the Levante 

region using coastal sands. The disk-shaped beads were manufactured using feldspathic sand with 

low amounts of carbonates and zircon, which may be the result of a pre-treatment process. 

However, these sands contain significant amounts of iron oxides, as attested by the presence of 

iron-rich grains within the core and interaction layers of the disk-shaped faience beads. 

Conversely, the cubic Egyptian blue frit bead was produced using sand with significant heavy 

mineral contents, likely from a placer deposit. While these results may indicate that the two types 

of faience beads found in Vinha das Caliças 4 were produced in different workshops, using raw 

material sources from distinct geological provinces, or alternatively, different raw material 

treatment methods, the influence of the Egyptian blue pigment on trace element analysis is not 

known and should be explored in future studies. These results also confirm the existence of long-

distance trading between the Eastern Mediterranean and Southwestern Iberia in the 1st millennium 

B.C.. 

Ultimately this study revealed the importance of the use of a combination of microstructural and 

geochemical criteria in the identification of faience production technology and provenance. 
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Table 4.3: LA-ICP-MS results of the line scans conducted on samples CS1, CS2, CS3 and CS4 (disk-shaped faience beads embedded in epoxy resin) and the Egyptian blue frit 

bead (sample C1) (Abbreviations: L.S. = line scan; Avg. = average; S.D. = standard deviation). 

 CS1 CS2 CS3 

wt.% L.S. 1 L.S.  2 L.S. 3 Avg. S.D. L.S. 1 L.S.  2 L.S. 3 Avg. S.D. L.S. 1 L.S.  2 L.S. 3 Avg. S.D. 

Al2O3 0.59 0.58 0.69 0.62 0.06 0.48 0.45 0.50 0.48 0.02 0.30 0.28 0.23 0.27 0.03 

SiO2 92.14 93.40 91.81 92.45 0.84 92.14 92.98 91.67 92.26 0.66 95.34 95.72 96.25 95.77 0.46 

CaO 1.78 1.19 1.16 1.37 0.35 1.34 0.71 0.73 0.93 0.36 0.42 0.57 0.39 0.46 0.10 

MnO 0.17 0.17 0.33 0.22 0.09 0.23 0.31 0.54 0.36 0.16 0.35 0.34 0.29 0.33 0.03 

FeO 1.62 1.28 1.53 1.48 0.18 2.11 2.05 3.00 2.39 0.53 0.79 0.73 0.67 0.73 0.06 

CuO 1.79 1.62 2.41 1.94 0.42 2.09 1.80 1.77 1.89 0.17 1.18 1.10 1.02 1.10 0.08 

ppm 
               

Na 697.73 658.60 1454.37 936.90 448.57 649.72 573.02 679.51 634.08 54.94 1113.85 971.23 787.73 957.60 163.49 

Mg 1264.38 830.54 1655.35 1250.09 412.59 871.14 917.63 1415.48 1068.08 301.75 398.33 332.00 266.20 332.18 66.07 

K 497.26 503.36 1025.76 675.46 303.38 373.63 678.50 226.33 426.15 230.62 349.60 637.73 520.39 502.57 144.89 

Sc 1.49 1.63 1.68 1.60 0.10 1.72 1.63 2.02 1.79 0.20 1.51 1.66 1.36 1.51 0.15 

Ti 283.96 280.54 321.49 295.33 22.72 317.95 347.13 527.88 397.65 113.72 147.40 148.85 128.86 141.70 11.15 

V 9.67 10.25 19.23 13.05 5.36 11.35 15.81 22.10 16.42 5.40 15.09 14.42 12.47 13.99 1.36 

Cr 5.80 3.70 3.77 4.42 1.19 3.88 3.89 4.51 4.09 0.36 2.41 2.62 2.06 2.36 0.28 

Co 328.01 189.91 290.71 269.54 71.44 210.41 211.44 453.38 291.74 139.98 234.77 228.93 246.29 236.66 8.83 

Ni 97.14 86.84 160.19 114.72 39.71 144.74 146.31 147.50 146.18 1.38 82.15 95.76 78.78 85.56 8.99 

Zn 78.52 89.10 145.99 104.54 36.29 99.36 94.77 97.11 97.08 2.30 86.45 75.84 75.90 79.40 6.11 

As 40.88 29.38 63.07 44.44 17.13 32.37 47.10 63.95 47.81 15.80 65.52 62.33 53.03 60.29 6.49 

Rb 3.67 4.72 6.04 4.81 1.19 3.82 3.22 3.10 3.38 0.39 2.86 2.99 1.62 2.49 0.75 

Sr 42.92 59.97 101.81 68.23 30.30 58.45 44.39 46.68 49.84 7.54 34.62 28.84 20.90 28.12 6.89 

Y 1.89 1.06 2.29 1.75 0.63 5.41 2.04 1.12 2.86 2.26 1.31 1.42 1.30 1.34 0.07 

Zr 7.14 8.13 8.17 7.81 0.58 9.69 10.03 13.22 10.98 1.95 3.69 3.98 3.46 3.71 0.26 

Nb 0.61 0.67 0.76 0.68 0.08 0.69 0.59 0.81 0.70 0.11 0.36 0.41 0.26 0.35 0.07 

Sn 743.88 315.31 266.89 442.03 262.53 499.99 832.27 841.08 724.45 194.44 294.98 540.59 313.14 382.90 136.86 

Sb 105.23 74.57 51.45 77.08 26.98 13.98 25.40 15.97 18.45 6.10 11.60 24.72 29.15 21.82 9.13 

Cs 0.61 0.64 0.96 0.74 0.19 0.92 0.72 0.70 0.78 0.12 0.57 0.60 0.50 0.56 0.05 

Ba 69.08 67.62 85.20 73.97 9.76 87.12 76.13 109.90 91.05 17.22 56.94 55.11 43.74 51.93 7.15 
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Table 4.3 (cont.): LA-ICP-MS results of the line scans conducted on samples CS1, CS2, CS3 and CS4 (disk-shaped faience beads embedded in epoxy resin) and the Egyptian blue 

frit bead (sample C1) (Abbreviations: L.S. = line scan; Avg. = average; S.D. = standard deviation). 

 CS1 CS2 CS3 

ppm L.S. 1 L.S.  2 L.S. 3 Avg. S.D. L.S. 1 L.S.  2 L.S. 3 Avg. S.D. L.S. 1 L.S.  2 L.S. 3 Avg. S.D. 

La 2.14 1.04 2.22 1.80 0.66 4.69 1.67 1.18 2.51 1.90 1.23 1.26 1.03 1.17 0.12 

Ce 4.45 2.61 4.55 3.87 1.09 3.92 2.80 7.94 4.89 2.70 2.80 3.21 2.44 2.82 0.39 

Pr 0.58 0.28 0.55 0.47 0.17 1.18 0.45 0.31 0.65 0.47 0.31 0.34 0.25 0.30 0.05 

Nd 2.47 1.12 2.40 2.00 0.76 5.13 1.84 1.32 2.76 2.07 1.22 1.40 1.09 1.24 0.16 

Sm 0.57 0.26 0.53 0.45 0.17 1.29 0.49 0.30 0.70 0.52 0.28 0.31 0.26 0.28 0.02 

Eu 0.16 0.08 0.19 0.14 0.06 0.33 0.12 0.18 0.21 0.11 0.14 0.10 0.08 0.11 0.03 

Gd 0.47 0.22 0.48 0.39 0.15 1.14 0.40 0.26 0.60 0.47 0.25 0.29 0.25 0.26 0.02 

Tb 0.07 0.05 0.08 0.07 0.01 0.19 0.08 0.05 0.11 0.07 0.04 0.06 0.04 0.05 0.01 

Dy 0.40 0.24 0.46 0.37 0.12 1.11 0.37 0.24 0.57 0.47 0.23 0.27 0.21 0.23 0.03 

Ho 0.09 0.05 0.10 0.08 0.02 0.21 0.08 0.06 0.12 0.08 0.06 0.08 0.06 0.06 0.01 

Er 0.21 0.12 0.23 0.18 0.06 0.56 0.22 0.16 0.31 0.22 0.13 0.14 0.11 0.13 0.02 

Tm 0.06 0.03 0.05 0.05 0.02 0.08 0.05 0.05 0.06 0.02 0.04 0.03 0.03 0.03 0.01 

Yb 0.18 0.10 0.25 0.18 0.08 0.47 0.24 0.16 0.29 0.16 0.13 0.15 0.12 0.14 0.01 

Lu 0.04 0.02 0.04 0.03 0.01 0.07 0.06 0.03 0.05 0.02 0.03 0.03 0.03 0.03 0.00 

Hf 0.22 0.26 0.24 0.24 0.02 0.29 0.37 0.50 0.39 0.11 0.11 0.11 0.09 0.10 0.01 

Ta 0.06 0.06 0.07 0.06 0.01 0.09 0.06 0.08 0.08 0.01 0.04 0.05 0.03 0.04 0.01 

Pb 216.92 188.71 224.05 209.89 18.69 140.98 138.15 209.69 162.94 40.51 100.60 129.71 95.98 108.76 18.29 

Bi 4.49 3.02 3.66 3.72 0.74 6.62 6.50 13.04 8.72 3.74 2.89 2.85 2.49 2.74 0.22 

Th 0.31 0.31 0.47 0.36 0.09 0.59 0.42 0.31 0.44 0.14 0.17 0.22 0.12 0.17 0.05 

U 0.14 0.13 0.20 0.16 0.04 0.11 0.27 0.12 0.17 0.09 0.11 0.16 0.09 0.12 0.03 

ΣREE 11.89 6.22 12.11 10.07 3.34 20.38 8.86 12.25 13.83 5.92 6.90 7.65 5.99 6.84 0.83 
                

CaO/Sr 414.35 197.98 113.59 241.97 155.13 229.31 160.97 156.39 182.22 40.84 122.00 198.34 187.50 169.28 41.30 
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Table 4.3 (cont.): LA-ICP-MS results of the line scans conducted on samples CS1, CS2, CS3 and CS4 (disk-shaped faience beads embedded in epoxy resin) and the Egyptian blue 

frit bead (sample C1) (Abbreviations: L.S. = line scan; Avg. = average; S.D. = standard deviation). 

  CS4 C1 

wt.% L.S. 1 L.S.  2 L.S. 3 Avg. S.D. L.S. 1 L.S.  2 L.S. 3 Avg. S.D. 

Al2O3 0.16 0.26 0.28 0.23 0.06 1.18 1.05 1.08 1.10 0.07 

SiO2 95.96 95.37 94.75 95.36 0.60 71.99 77.34 77.64 75.66 3.18 

CaO 0.81 0.96 1.19 0.99 0.19 8.53 7.79 6.60 7.64 0.97 

MnO 0.17 0.20 0.22 0.20 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 

FeO 0.46 0.61 0.86 0.64 0.20 0.92 0.87 1.15 0.98 0.15 

CuO 1.15 1.31 1.37 1.28 0.12 15.25 11.29 12.04 12.86 2.10 

ppm               

Na 718.34 1039.83 1143.10 967.09 221.53 2712.76 3549.20 2644.50 2968.82 503.78 

Mg 231.27 304.85 359.39 298.50 64.30 761.72 611.96 734.49 702.72 79.77 

K 217.96 558.02 324.32 366.77 173.96 1057.58 1773.26 701.86 1177.57 545.68 

Sc 1.35 1.83 1.88 1.69 0.29 2.22 1.81 2.21 2.08 0.23 

Ti 92.32 137.67 145.85 125.28 28.84 897.83 898.56 1260.22 1018.87 209.02 

V 8.34 10.87 11.39 10.20 1.63 7.05 6.68 9.05 7.59 1.28 

Cr 13.93 1.74 1.93 5.87 6.98 9.08 9.74 13.22 10.68 2.22 

Co 106.13 108.66 111.46 108.75 2.67 13.05 9.98 10.85 11.29 1.58 

Ni 65.04 56.13 78.33 66.50 11.17 14.82 12.79 65.87 31.16 30.08 

Zn 51.34 61.63 60.58 57.85 5.66 248.80 316.05 285.36 283.40 33.67 

As 35.24 44.48 39.92 39.88 4.62 37.62 37.56 34.31 36.50 1.89 

Rb 1.47 2.48 2.43 2.13 0.57 1.16 4.51 1.05 2.24 1.97 

Sr 19.22 24.87 35.11 26.40 8.05 577.25 431.62 461.68 490.18 76.89 

Y 1.55 2.61 2.55 2.24 0.60 3.63 4.13 2.61 3.46 0.77 

Zr 2.45 6.41 3.70 4.19 2.02 45.96 46.03 46.45 46.15 0.27 

Nb 0.26 0.36 0.37 0.33 0.06 2.06 2.20 2.60 2.29 0.28 

Sn 1311.21 422.61 564.11 765.98 477.46 9030.13 3919.70 3944.85 5631.56 2943.27 

Sb 17.06 20.96 20.76 19.59 2.20 101.78 104.12 168.01 124.64 37.58 

Cs 0.43 0.41 0.51 0.45 0.05 0.06 0.05 0.08 0.07 0.01 

Ba 47.03 52.64 60.44 53.37 6.73 139.04 112.06 114.13 121.74 15.02 
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Table 4.3 (cont.): LA-ICP-MS results of the line scans conducted on samples CS1, CS2, CS3 and CS4 (disk-shaped faience beads embedded in epoxy resin) and the Egyptian blue 

frit bead (sample C1) (Abbreviations: L.S. = line scan; Avg. = average; S.D. = standard deviation). 

 CS4 C1 

ppm L.S. 1 L.S.  2 L.S. 3 Avg. S.D. L.S. 1 L.S.  2 L.S. 3 Avg. S.D. 

La 0.93 1.59 1.40 1.31 0.34 4.17 3.80 2.75 3.57 0.74 

Ce 2.00 3.22 2.80 2.67 0.62 10.62 7.53 5.45 7.87 2.60 

Pr 0.27 0.39 0.39 0.35 0.07 1.08 0.82 0.54 0.81 0.27 

Nd 0.91 1.44 1.36 1.24 0.29 4.46 3.73 2.11 3.43 1.20 

Sm 0.22 0.34 0.32 0.29 0.07 0.82 0.77 0.48 0.69 0.18 

Eu 0.09 0.13 0.13 0.12 0.02 0.24 0.19 0.10 0.18 0.07 

Gd 0.25 0.40 0.34 0.33 0.08 0.71 0.72 0.39 0.61 0.19 

Tb 0.06 0.10 0.08 0.08 0.02 0.12 0.12 0.09 0.11 0.02 

Dy 0.30 0.51 0.49 0.43 0.12 0.62 0.66 0.43 0.57 0.12 

Ho 0.07 0.12 0.11 0.10 0.03 0.14 0.15 0.09 0.13 0.04 

Er 0.16 0.27 0.25 0.22 0.06 0.40 0.38 0.27 0.35 0.07 

Tm 0.03 0.05 0.04 0.04 0.01 0.05 0.06 0.04 0.05 0.01 

Yb 0.15 0.23 0.24 0.21 0.05 0.35 0.37 0.31 0.34 0.03 

Lu 0.03 0.04 0.04 0.04 0.01 0.05 0.06 0.04 0.05 0.01 

Hf 0.09 0.20 0.13 0.14 0.05 1.15 1.19 1.19 1.18 0.02 

Ta 0.04 0.04 0.03 0.04 0.00 0.19 0.21 0.25 0.21 0.03 

Pb 101.90 123.31 182.75 135.99 41.89 628.24 731.75 580.35 646.78 77.38 

Bi 3.42 4.52 4.15 4.03 0.56 460.38 441.66 584.89 495.64 77.85 

Th 0.12 0.46 0.14 0.24 0.19 0.78 0.85 0.89 0.84 0.06 

U 0.09 0.13 0.12 0.11 0.02 0.25 0.27 0.30 0.27 0.03 

ΣREE 5.44 8.84 7.99 7.42 1.77 23.83 19.35 13.08 18.76 5.40 
 

              

CaO/Sr 420.21 387.72 339.21 382.38 40.76 147.76 180.55 143.06 157.12 20.42 
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Final remarks 

 

Here, knowledge from social sciences and humanities was combined with that of natural sciences, 

especially Earth Sciences, to study man-made glass and faience artefacts. This research falls within 

the archaeometric field commonly referred to as glass studies. Traditionally, glass studies focused 

on aesthetics, visual arts, or art history. The introduction of archaeometry enabled the goal of these 

studies to shift towards determining the date of production, provenance, manufacture technology 

and degradation – in other words the material history of the object. Studying these man-made 

objects also allows a better understanding of the history and ethnography of the communities that 

produced, used, and trade or exchanged them. 

Man-made glass required a technological innovation and ingenuity which was only first achieved 

in Western Asia, in the 3rd millennium B.C.. Stating that glass changed the world might seem like 

an overstatement, but it is not far from reality. The importance of glass is clearly evidenced by its 

continuous use throughout the History of Humankind since its development. Glass, along with its 

technological ancestor faience, was used (and still is being used) to produce utilitarian objects such 

as tableware or window glass, but also to create adornment pieces and artworks. 

Earth Sciences play an important role in glass studies. The manufacture of man-made glassy 

materials relies on the exploitation of natural mineral resources. Moreover, since glassy objects 

inherit the chemical fingerprint of the geological provinces from which the raw materials used in 

their manufacture derive, geochemistry is essential in provenance studies. In fact, geochemistry 

can be used to pinpoint the geographical origin of an artefact, given the known proximity between 

primary or producing workshops and the favored silica source, but also to understand the raw 

material procurement strategies of glassy producing societies. While sand is not known to have 

been subjected to long-distance trade, the same cannot be said for other main ingredients used in 

the production of man-made glassy objects, particularly the fluxing agents and (de)colorants or 

opacifiers. Earth Sciences, especially geochemistry and mineralogy, is, therefore, essential to 

reconstruct trade/exchange routes of both raw materials and finished glassy artefacts within or 

between different communities. 

In glass studies, but also in other archaeometric fields, the uniqueness or precious nature of the 

objects frequently contributes to the development of innovative methodologies, which attempt to 

simultaneously enhance the information obtained, while greatly limiting or hindering potential 
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damage to the objects analyzed. This dissertation was no exception, enabling the creation of new 

non-destructive and minimally invasive analytical methodologies that can be used to gain insights 

into glassy materials’ provenance and production technology, and to better comprehend the 

societies that came into contact with these objects. 

Chapters 3 and 4, in particular, are dedicated to developing new methodologies that can be used 

to study different glassy materials. In Chapter 3, an innovative non-destructive methodology that 

combines micro-Raman spectroscopy and micro-X-ray diffraction (µ-XRD), complemented by 

variable pressure scanning electron microscope coupled with energy dispersive X-ray 

spectrometry (VP-SEM-EDS), was developed to identify composition of glass artefacts and the 

manufacturing techniques employed in their production, including firing temperature and heating 

regime. This study revealed that micro-Raman spectroscopy not only allows the determination of 

the glass family of heavily degraded samples but is also capable of identifying evidence of the 

rearrangement of the silicate network following selective leaching. Despite the fact that this 

methodology can be used for glass artefacts from any time period, its use in the study of the 

Phoenician-Punic glass beads of the Iron Age necropolis of Vinha das Caliças 4, not only revealed 

evidence of glass deterioration, but also enabled the determination of the glass colorants and 

opacifiers used to produce the different glass hues. The results obtained also suggested that while 

the same firing temperature was used in the production of typologically different beads, the 

duration of the heat treatment varied. 

In Chapter 4, a new methodological approach was developed in order to identify the provenance 

and production technology of faience objects. This approach, which included microstructural 

characterization and elemental mapping using VP-SEM-EDS and laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS), counteracts the analytical challenges which 

arise from faience weathering and from the intrinsic heterogeneous nature of these objects. In fact, 

the results obtained in the study of faience beads from Vinha das Caliças 4, suggest that these 

artefacts were manufactured in the Levante region, therefore, constituting a testament of long-

distance trading between the Southwestern Iberia and Eastern Mediterranean civilizations. 

However, since one of the beads owes its color to the synthetic pigment Egyptian blue 

(CaCuSi4O10), the influence of the chemical fingerprint of the raw materials used in the production 

of this pigment (and in other synthetic silica-based pigments), in provenance studies should be 

assessed in the future. 
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The two studies included in Chapter 1 once again present strong evidence of the existence of large-

scale trade routes of both raw materials and finished artefacts in the Iron Age, with the latter 

including not only the Mediterranean world, but also sub-Saharan Africa and Southern Iberia. 

Within this chapter, by using a combination of VP-SEM-EDS and LA-ICP-MS, it was possible to 

ascertain that the glass used in the manufacture of the Phoenician-Punic beads of Vinha das Caliças 

4 was produced in the Levante and in Egypt. However, Chapter 1 also contains the study of the 

scarabs found within the same necropolis. In this case, given the unique nature of these faience 

objects, it was necessary to use a fully non-destructive approach. Combining handheld X-ray 

fluorescence (hXRF), VP-SEM-EDS and µ-XRD was essential to determine that these objects 

were composed of a body of crushed feldspathic sand covered by a lead-rich, alkaline-depleted 

silicate blue-green glaze showing evident signs of glass deterioration. While the results obtained 

do not enable an unequivocal determination of their provenance, they do not exclude an Egyptian 

origin, as suggested by the inscription present in three of the scarabs. 

In Chapter 2, by combining the probably origin of European glass beads (assigned by visual 

comparison with historic sample cards, museum collections, and archeological specimens) and an 

innovative minimally invasive analytical methodology, including hXRF, VP-SEM-EDS, LA-ICP-

MS and micro-Raman spectroscopy, it was possibly to successfully identify the European 

production regions – Bavaria, Bohemia and Venice – of the beads found in Mbanza Kongo 

(Angola). European trade beads were decorative glass beads designed for colonial markets: they 

were used as currency, being exchanged for products, and presented as gifts to foster relationships 

with locals or to pay tribute to tribal or regional leaders. Therefore, these beads had an important 

role in the commercial and colonial policies of European states. Moreover, given their use as 

adornment objects, with the symbolism and intrinsic value associated to personal items, European 

glass beads can also shed light on the practices and beliefs of the glass-consuming societies of 

Africa and North and South America. Considering the importance of these objects, future works 

should be performed using radiogenic strontium, lead, hafnium and neodymium isotopes, well-

known in geological studies and increasingly used in glass studies, in order to test effectiveness of 

isotopic analysis in the determination of the provenance of European glass.  

To summarize, in this dissertation man-made glassy artefacts from Iron Age and Early Modern 

archaeological sites were analyzed in order to obtain their chemical and mineralogical 

composition. This allowed a better understanding of the societies that produced, utilized, and 
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exchanged these objects, especially with regards to their knowledge and manipulation of available 

geological raw materials. The methodological strategies employed in the study of the man-made 

glassy artefacts were tailored to suit the objects themselves and the research questions posed. 

Nevertheless, this multidisciplinary research, combining previous knowledge of history and 

ethnography with advanced analytical techniques, shows how man-made objects reflect human 

societies’ understanding of existing Earth resources. 
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Appendix A 
 

 
Figure A1: Elemental bi-plots evidencing that cobalt is associated with Ni, As, Fe, Cu, and U in the dark blue glasses of Vinha das 

Caliças 4 and the blue glasses studied by van Strydonck et al. (2018) and Truffa Giachet et al. (2019). Variable correlations were 

also found between cobalt and Sn, Zn, Pb and Bi. Bismuth values not provided by van Strydonck et al. (2018). 
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Figure A2: The low concentrations of Mn, Al and Mg and lack of a correlation between cobalt and these elements excludes the 
use of cobaltiferous alum deposits from Egypt in the production of the blue glass of Vinha das Caliças 4 and the Phoenician-Punic 

glass beads studied by van Strydonck et al. (2018) and Truffa Giachet et al. (2019). 

 

 

 

Figure A3: The correlation between Cu, As and Sn found in the turquoise glass of Vinha das Caliças 4 was also found in the 

turquoise glass studied by Panighello et al. (2012) and by Truffa Giachet et al. (2019), which may suggest that these artefacts were 

produced in the same workshop or city. 
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Figure A4: X‐ray diffraction pattern of the protruding yellow decorations surrounding the aperture of sample 1 confirming the use 

of bindheimite in the manufacture of this yellow-colored glass. This micro‐XRD analysis was carried out using a Bruker™ D8 

Discover®, equipped with a Cu Kα radiation source (40 kV, 40 mA), a Göebel mirror, a 1‐mm collimator, and a LYNXEYE linear 
detector. The XRD patterns was acquired at a 2θ angular range of 3–75°, with a step size of 0.05° and a step time of 1 s. The 

identification of crystalline phase was performed with the DIFFRAC.SUITE EVA® software using the Powder Diffraction File 

(PDF‐2) X‐ray patterns database of the International Centre for Diffraction Data. 
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Table A1: Rare earth element concentrations (in ppm) and europium anomalies (Eu/Eu*) of the Phoenician-Punic glass of Vinha das Caliças 4. Europium anomalies calculated as 

follows: Eu/Eu* = [Eu sample/Eu chondrite] / {sqrt[Sm sample/Sm chondrite][Gd sample/Gd chondrite]}. 

 Dark blue Amber 

43 71 44 45 46 47 50 51 DB 52 DB 54 DB 74 75 DB 76 DB 77 88 91 18 

La 6.77 5.10 6.74 6.40 6.74 6.59 5.43 6.13 5.68 6.38 6.32 5.99 4.60 6.00 6.98 7.01 5.20 

Ce 11.73 8.00 11.55 11.08 11.63 11.36 9.43 11.02 9.77 10.75 10.85 10.65 8.16 10.36 12.10 12.22 7.24 

Pr 1.53 1.19 1.52 1.44 1.53 1.47 1.20 1.53 1.21 1.37 1.44 1.40 1.02 1.36 1.54 1.61 1.08 

Nd 6.65 4.96 6.77 6.47 6.95 6.46 5.45 6.18 5.64 6.11 6.29 5.97 4.65 6.19 6.98 7.01 4.86 

Sm 1.39 1.05 1.40 1.34 1.38 1.36 1.13 1.27 1.27 1.28 1.31 1.14 0.92 1.26 1.56 1.45 0.89 

Eu 0.40 0.23 0.41 0.37 0.41 0.38 0.33 0.37 0.34 0.39 0.38 0.33 0.30 0.35 0.41 0.43 0.22 

Gd 1.31 0.97 1.30 1.30 1.27 1.18 1.04 1.29 1.12 1.20 1.20 1.25 0.94 1.18 1.33 1.40 0.97 

Tb 0.20 0.14 0.21 0.19 0.20 0.19 0.16 0.17 0.19 0.18 0.19 0.17 0.13 0.18 0.21 0.21 0.12 

Dy 1.26 0.77 1.25 1.23 1.28 1.19 0.97 1.29 1.03 1.11 1.18 1.12 0.85 1.04 1.34 1.34 0.83 

Ho 0.26 0.20 0.29 0.26 0.26 0.24 0.20 0.25 0.24 0.23 0.24 0.24 0.20 0.23 0.28 0.25 0.18 

Er 0.72 0.45 0.71 0.67 0.72 0.61 0.56 0.66 0.60 0.63 0.64 0.66 0.47 0.65 0.75 0.78 0.53 

Tm 0.10 0.06 0.09 0.09 0.10 0.09 0.07 0.10 0.07 0.08 0.08 0.09 0.05 0.08 0.11 0.10 0.08 

Yb 0.67 0.39 0.68 0.64 0.67 0.62 0.53 0.63 0.59 0.62 0.59 0.61 0.37 0.62 0.72 0.68 0.56 

Lu 0.10 0.06 0.10 0.08 0.09 0.08 0.07 0.09 0.10 0.09 0.09 0.09 0.06 0.09 0.09 0.11 0.07 

ΣREE 33.07 23.58 33.00 31.54 33.22 31.82 26.57 30.98 27.84 30.41 30.79 29.71 22.73 29.59 34.39 34.60 22.84 

Eu/Eu* 0.89 0.69 0.88 0.85 0.90 0.86 0.89 0.91 0.81 0.93 0.89 0.87 0.99 0.84 0.82 0.90 0.78 
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Table A1 (cont.): Rare earth element concentrations (in ppm) and europium anomalies (Eu/Eu*) of the Phoenician-Punic glass of Vinha das Caliças 4. Europium anomalies calculated 

as follows: Eu/Eu* = [Eu sample/Eu chondrite] / {sqrt[Sm sample/Sm chondrite][Gd sample/Gd chondrite]}. 

 
White Turquoise Colorless Black 

51 W 52 W 54 W 75 W 76 W 26 51 T 52 T 54 T 75 T 76 T 27 34 32 28 30 53 71 

La 5.01 4.96 3.74 5.63 5.56 5.90 6.62 5.61 5.63 5.52 3.99 7.38 6.50 6.97 6.76 6.64 5.65 5.10 

Ce 8.99 8.71 6.64 9.85 9.85 10.93 12.10 9.68 9.67 9.95 6.85 12.88 11.38 12.24 11.74 11.36 9.45 8.00 

Pr 1.14 1.12 0.84 1.31 1.25 1.43 1.56 1.30 1.26 1.31 0.90 1.67 1.41 1.54 1.48 1.42 1.24 1.19 

Nd 5.03 4.76 3.73 5.66 5.55 6.14 6.81 5.67 5.49 5.46 3.82 7.35 6.25 6.90 6.84 6.36 5.57 4.96 

Sm 0.99 1.05 0.72 1.12 1.23 1.36 1.40 1.14 1.27 1.11 0.71 1.48 1.27 1.37 1.27 1.23 1.03 1.05 

Eu 0.28 0.31 0.21 0.32 0.31 0.35 0.38 0.34 0.31 0.31 0.23 0.45 0.39 0.41 0.39 0.36 0.32 0.23 

Gd 1.01 0.86 0.71 1.05 1.00 1.22 1.38 1.07 1.18 1.07 0.83 1.35 1.22 1.33 1.28 1.22 0.95 0.97 

Tb 0.14 0.14 0.11 0.16 0.16 0.17 0.20 0.16 0.16 0.15 0.12 0.22 0.20 0.21 0.20 0.19 0.17 0.14 

Dy 0.93 0.87 0.70 1.10 0.98 1.09 1.27 1.10 0.97 1.12 0.80 1.34 1.18 1.19 1.24 1.14 0.95 0.77 

Ho 0.18 0.18 0.14 0.22 0.22 0.25 0.24 0.19 0.21 0.20 0.15 0.27 0.25 0.26 0.26 0.22 0.21 0.20 

Er 0.49 0.53 0.41 0.62 0.54 0.66 0.70 0.58 0.62 0.55 0.42 0.73 0.64 0.71 0.70 0.63 0.54 0.45 

Tm 0.07 0.07 0.05 0.09 0.07 0.08 0.10 0.09 0.07 0.10 0.05 0.09 0.09 0.09 0.09 0.08 0.07 0.06 

Yb 0.47 0.46 0.34 0.56 0.51 0.57 0.53 0.56 0.61 0.54 0.37 0.65 0.57 0.67 0.57 0.66 0.54 0.39 

Lu 0.07 0.06 0.05 0.08 0.09 0.07 0.09 0.08 0.08 0.08 0.06 0.10 0.09 0.10 0.10 0.09 0.09 0.06 

ΣREE 24.81 24.08 18.37 27.77 27.30 30.22 33.39 27.58 27.53 27.46 19.28 35.94 31.42 33.99 32.91 31.60 26.76 23.58 

Eu/Eu* 0.87 0.90 0.86 0.89 0.79 0.81 0.83 0.90 0.77 0.87 0.94 0.91 0.93 0.89 0.93 0.88 0.91 0.69 

 

  



228 
 

 

 

Table A2: Calcium and strontium concentrations (in ppm) along with the CaO/Sr ratios of the Phoenician-Punic glass of Vinha das Caliças 4. 

 
Dark blue 

43 71 44 18 45 46 47 50 51 DB 52 DB 54 DB 74 75 DB 76 DB 77 

Ca 66752.1 58777.1 66545.4 77410.6 63644.7 67606.2 56440.7 49370.8 59259.3 58737.6 57924.2 56113.8 59365.6 43950.7 59788.8 

Sr 508.6 238.5 500.8 385.6 483.7 512.0 436.0 386.5 415.6 426.9 406.0 434.3 427.4 317.5 459.0 

CaO/Sr 184 345 186 281 184 185 181 179 200 193 200 181 194 194 182 

 

 
Dark blue Amber White Turquoise 

88 91 18 51 W 52 W 54 W 75 W 76 W 26 51 T 52 T 54 T 75 T 76 T 

Ca 71639.7 71768.0 77410.6 48929.9 51860.6 35897.0 57617.8 60624.8 58851.0 60779.5 54390.4 49581.4 53592.1 35581.9 

Sr 549.5 541.6 385.6 328.8 349.1 239.6 450.1 395.2 445.4 448.2 422.1 371.2 421.8 269.7 

CaO/Sr 182 185 281 208 208 210 179 215 185 190 180 187 178 185 

 

 
Colorless Black 

27 71 32 28 30 53 71 

Ca 71156.0 58777.1 56768.1 68503.5 65380.2 69698.7 58777.1 

Sr 560.8 238.5 492.2 526.8 516.7 472.1 238.5 

CaO/Sr 178 345 161 182 177 207 345 
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Appendix B 

 

 

Figure B1: Elemental map of scarab 1 evidencing the presence of tin particles not associated to the lead-antimony aggregates. 

 

 

Figure B2: VP-SEM image of scarab 6. The white particles were found to be enriched in Ag, which may indicate that these amulets 

were part of jewelry items made of silver. 
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Appendix C 

 

 

Figure C1: hXRF bi-plots. a) Co-Ni; b) Co-As; c) Zn-Co; d) Pb-Co; e) Co-Fe; f) Cr-Co; g) Bi-Co; h) Ca-Ba. 
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Figure C2: Chondrite-normalized REE patterns of the glass beads analyzed by LA-ICP-MS. 
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Table C1: Overview of the glass beads studied, including typology, tombs in which they were found, untested possible origin and date, manufacture technique, color and size. 

Type Tomb 
Kidd/ Karklins 

type 
Origin Date 

Manufacturing 

technique 
Colour 

Length 

(mm) 

Diameter 

(mm) 

1 1 WIb5 Bavaria ca. 1680-1890 Wound Pale blue 14.0 15.0 

2 1 WIb Venice ca. 1830-20th century Wound Rose wine 6.0 8.0 

3 & 4 1 WIIIa Venice ca. 1830-20th century Wound 
Rose wine exterior with a 

white or daffodil yellow core 
21.0 13.0 

5 1 IIbb Venice Unknown Drawn 

Dark jade green with three 

groups of white and brownish 

red stripes 

7.5 7.5 

6 1 WIIIa Venice ca. 1830-20th century Wound 
Wine exterior with a white 

core 
12.0 13.0 

7 1 WIIIa Venice ca. 1830-20th century Wound 
Wine exterior with a white 

core 
9.0 9.0 

8 1 WIb Unknown Unknown Wound Twilight blue 16.0 16.0 

9 1 and 3 WIIIa Venice ca. 1830-20th century Wound 
Tomato red exterior with a 

white core 
11.0 7.0 

10 1 WIIIb Venice 
Late 17th – 19th 

century 
Wound 

Red with a white floral 

decoration 
11.0 7.0 

11 1 WIIIa Venice ca. 1830-20th century Wound 
Wine exterior with a white 

core 
9.0 7.0 

12 1 IIIf2 Bohemia 19th century Drawn Dusty copen or pale blue 4.0-6.0 5.0-7.0 

13 1 IIIf2 Bohemia 19th century Drawn 
Dusty copen with a pale blue 

core 
6.0 6.0 
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Table C1 (cont.): Overview of the glass beads studied, including typology, tombs in which they were found, untested possible origin and date, manufacture technique, color and 

size. 

14 1 WIIIa Venice ca. 1830-20th century Wound 
Ruby exterior with a daffodil 

yellow core 
13.0 13.0 

15 1 WIIr Venice 18th – 19th century Wound Garnet 11.0 5.0 

16 1 IIa7 Unknown Unknown Drawn Lamp black 2.0 4.0 

17 1 IIb31 Venice 18th – 19th century Drawn 
White with two pink and two 

navy blue stripes 
2.0 3.0 

19 1 and 3 WIIIa Venice ca. 1830-20th century Wound 
Wine exterior with a white 

core 
7.0-8.0 7.0-8.0 

20 1 IIa7 Unknown Unknown Drawn Lamp black 4.0 6.0 

22 4 IIa Unknown Unknown Drawn Moonstone blue 4.0 3.0 

23 4 IIa7 Unknown Unknown Drawn Lamp black 1.0-2.0 2.0-3.0 

24 3 IIa Unknown Unknown Drawn Powder blue 2.0-3.0 3.0 

25 2 IIa12 Unknown Unknown Drawn Oyster white 3.0 3.0-5.0 

46 3 IIa* Unknown Pre-1860 Drawn Turquoise green 2.0 3.0 

47 4 IIa12 Unknown Pre-1860 Drawn 
Oyster white flashed in clear 

glass 
2.0-3.0 3.5-4.0 
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Table C2: Representative composition of each glass bead type acquired by VP-SEM-EDS. 

 1 2 
3 or 4 

red 

3 or 4 

white 

5 

green 

5 

white 

5 

brown 

6  

red 

7 

white 

7 

red 
8 

9 

white 

9  

red 

10 

white 

10 

red 

11 

white 

11 

red 
12 

Na 0.2 1.0 0.5 2.2 3.6 1.5 2.4 0.5 3.2 3.0 0.5 1.8 0.4 1.2 0.9 0.6 0.2 0.7 

Mg 0.1 0.6 n.d 0.7 0.5 n.d. n.d. 0.1 0.5 n.d. n.d. n.d. 0.7 n.d. 0.7 n.d. n.d. 0.1 

Al 2.0 2.5 1.1 0.9 10.4 1.4 6.5 1.3 0.9 0.9 1.6 1.8 0.9 2.3 2.5 1.3 1.4 0.7 

Si 68.0 37.0 36.6 20.7 49.6 3.4 32.0 37.3 26.1 30.2 45.7 38.0 33.6 22.7 39.4 31.9 31.8 52.0 

P 6.3 0.5 0.8 1.0 n.d. 0.3 1.5 n.d. 0.6 0.5 10.4 0.5 n.d. 1.0 0.6 n.d. 0.2 n.d. 

S 1.0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.6 n.d. n.d. n.d. n.d. n.d. n.d. 0.3 

Cl 0.4 n.d. n.d. n.d. 2.8 1.5 1.7 n.d. n.d. n.d. 0.7 1.5 n.d. n.d. n.d. n.d. n.d. 0.3 

K 4.0 2.0 1.9 5.1 5.7 0.3 3.4 2.5 6.0 6.7 5.4 2.4 2.0 1.7 3.1 1.6 0.7 28.3 

Ca 17.3 4.7 5.7 4.6 8.1 5.2 6.6 4.6 4.5 4.1 24.4 6.3 5.7 2.8 5.8 4.7 5.3 13.9 

Ti n.d. n.d. n.d. n.d. 0.5 n.d. 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Mn n.d. n.d. n.d. n.d. n.d. n.d. 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Fe 0.8 1.5 0.5 0.4 5.3 0.9 9.9 1.8 0.9 0.6 0.8 0.5 n.d. 0.6 1.8 0.7 0.6 0.9 

Cu n.d. n.d. n.d. n.d. 1.1 n.d. 0.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

As n.d. 3.4 6.5 n.d. 1.0 24.1 4.0 3.4 4.9 12.9 8.9 13.3 4.0 13.2 2.7 11.8 6.8 2.8 

Pb n.d. 46.8 46.4 64.5 11.6 61.2 30.4 48.4 52.3 41.1 n.d. 33.8 52.7 54.5 42.7 47.4 52.9 n.d. 

 

  



235 
 

Table C2 (cont.): Representative composition of each glass bead type acquired by VP-SEM-EDS. 

 13 
14  

white 

14  

red 
15 16 

17  

blue 

17  

white 

17  

pink 

19  

red 

19  

white 
20 22 23 24 25 46 47 

Na 0.7 4.8 4.9 0.8 10.4 6.6 2.8 6.3 1.5 1.4 11.3 15.8 15.5 14.1 2.7 0.2 12.8 

Mg n.d. 0.1 n.d. 0.5 2.6 n.d. n.d. n.d. 0.8 n.d. 2.3 3.7 2.8 4.1 1.4 0.2 1.5 

Al 1.3 0.3 0.5 2.4 6.3 1.8 1.4 2.1 1.4 1.2 5.6 3.1 3.5 3.0 15.8 5.8 2.7 

Si 60.9 22.4 30.1 39.3 53.5 42.9 23.0 36.0 36.1 35.7 52.6 48.2 47.6 49.7 59.4 32.1 54.1 

P 2.5 n.d. 0.3 0.3 0.7 0.2 0.1 0.4 0.3 n.d. 0.4 0.5 0.4 0.6 0.6 0.1 0.9 

S 0.6 n.d. n.d. n.d. 1.2 n.d. n.d. n.d. n.d. n.d. n.d. 0.4 0.3 n.d. 0.8 n.d. 0.3 

Cl 0.8 n.d. n.d. n.d. 1.3 n.d. n.d. n.d. n.d. n.d. 2.9 1.7 1.9 1.6 n.d. n.d. 2.3 

K 14.9 9.1 15.2 2.2 2.9 4.0 1.6 4.9 0.8 1.2 4.0 8.4 5.2 7.5 2.0 n.d. 9.5 

Ca 16.0 4.2 3.6 3.3 9.1 6.4 4.4 5.5 5.3 3.9 10.2 16.2 11.1 15.3 13.6 3.0 13.7 

Ti n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3 n.d. 0.7 n.d. 0.6 0.8 n.d. 

Mn n.d. n.d. n.d. n.d. 8.9 0.7 n.d. n.d. n.d. n.d. 5.7 n.d. 8.6 n.d. n.d. n.d. n.d. 

Fe 0.7 n.d. n.d. 2.0 3.1 1.8 0.8 1.3 1.1 0.3 2.7 2.0 2.5 1.8 3.1 4.7 2.3 

Cu n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.3 n.d. 3.7 n.d. 

As 1.5 n.d. 4.2 3.1 n.d. 3.1 9.8 5.6 3.5 13.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Pb n.d. 59.2 41.3 46.1 n.d. 32.4 56.1 37.9 49.2 43.2 2.0 n.d. n.d. n.d. n.d. 49.4 n.d. 
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Table C3: Chondrite-normalized average values of REE and other trace elements (Ti, V, Cr, Rb, Sr, Y, Zr, Nb, Ba, Hf, Ta and Th) determined by LA-ICP-MS. 

 1 2 
3 or 4 

red 

3 or 4 

white 

5 

green 

5 

white 

5 

brown 

7a 

red 

7a 

white 

7b 

red 

7b 

white 
8 

10 

red 

10 

white 
12a 12b 

Ti 0.232 0.532 0.273 0.624 1.259 0.451 1.466 0.462 0.427 0.454 0.391 0.212 0.536 0.217 0.650 0.732 

V 0.094 0.111 0.051 0.129 0.263 0.142 0.281 0.081 0.077 0.080 0.073 0.185 0.109 0.055 0.157 0.099 

Cr 0.001 0.002 0.001 0.003 0.005 0.002 0.005 0.002 0.002 0.002 0.001 0.001 0.002 0.001 0.003 0.002 

Rb 52.226 30.070 18.107 11.923 9.704 8.013 11.339 10.217 8.817 10.498 8.811 95.904 38.042 7.646 54.392 28.407 

Sr 9.721 36.760 19.395 25.085 109.316 22.737 77.361 35.687 33.422 36.539 31.955 11.539 29.558 13.427 10.293 15.688 

Y 0.291 0.683 0.414 0.823 1.654 0.452 1.783 0.613 0.594 0.601 0.518 0.643 0.699 0.276 1.686 1.919 

Zr 0.846 3.582 1.776 3.628 6.196 1.812 6.901 2.367 2.188 2.283 1.895 1.745 4.243 1.134 11.993 13.529 

Nb 1.233 3.024 1.695 3.740 8.167 2.884 9.125 2.833 2.632 2.855 2.470 1.028 3.028 1.265 3.722 4.306 

Ba 18.228 25.785 10.349 13.051 77.521 64.298 64.851 15.829 30.503 16.259 29.531 224.330 24.604 9.356 11.683 20.802 

Hf 0.959 3.602 1.575 3.379 6.262 1.621 6.731 2.184 2.094 2.085 1.743 1.757 4.265 1.192 12.136 13.738 

Ta 1.739 3.721 1.897 4.569 9.828 2.529 10.386 3.392 3.162 3.097 2.656 1.972 4.017 1.544 7.371 8.235 

Th 10.879 17.655 9.302 21.287 37.011 10.362 37.586 13.224 12.586 13.009 11.345 8.526 17.629 8.181 39.621 47.931 

La 3.057 6.498 3.880 7.876 16.273 5.316 17.848 5.659 5.218 5.570 4.741 2.661 6.804 2.813 13.428 16.540 

Ce 2.304 5.257 2.981 6.270 13.513 4.629 14.653 4.180 3.953 4.311 3.842 2.170 5.457 2.235 10.290 12.981 

Pr 1.770 3.623 2.204 4.221 9.774 3.276 10.299 3.106 3.028 3.200 2.732 1.503 3.723 1.560 7.659 9.335 

Nd 1.371 2.823 1.665 3.384 7.549 2.270 7.757 2.488 2.301 2.525 2.149 1.187 2.905 1.226 5.985 7.248 

Sm 0.875 1.652 1.052 1.773 4.423 1.318 4.584 1.522 1.455 1.514 1.277 0.821 1.632 0.639 3.686 4.350 

Eu 0.382 0.871 0.602 0.993 2.558 0.815 2.829 0.833 0.840 0.883 0.732 0.779 0.922 0.387 1.014 1.468 

Gd 0.428 1.025 0.621 1.231 2.864 0.722 3.058 0.962 0.933 1.035 0.822 0.729 1.034 0.487 2.206 2.961 

Tb 0.420 0.823 0.543 0.907 2.213 0.589 2.292 0.780 0.765 0.742 0.596 0.767 0.893 0.370 1.774 2.274 

Dy 0.347 0.826 0.440 0.863 1.993 0.502 2.157 0.712 0.687 0.670 0.571 0.641 0.864 0.321 1.682 2.206 

Ho 0.325 0.686 0.390 0.753 1.811 0.413 1.928 0.590 0.613 0.587 0.506 0.604 0.776 0.293 1.661 1.968 

Er 0.278 0.709 0.421 0.717 1.788 0.387 1.780 0.570 0.603 0.517 0.471 0.551 0.755 0.267 1.605 2.055 

Tm 0.248 0.677 0.380 0.687 1.586 0.340 1.717 0.581 0.570 0.478 0.440 0.522 0.726 0.248 1.664 1.942 

Yb 0.306 0.781 0.415 0.787 1.716 0.368 1.845 0.588 0.504 0.559 0.462 0.593 0.817 0.307 1.780 2.141 

Lu 0.273 0.744 0.370 0.679 1.614 0.332 1.652 0.488 0.564 0.544 0.462 0.456 0.835 0.292 1.977 1.994 
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Table C3 (cont.): Chondrite-normalized average values of REE and other trace elements (Ti, V, Cr, Rb, Sr, Y, Zr, Nb, Ba, Hf, Ta and Th) determined by LA-ICP-MS. 

 13a 13b 
14 

red 

14 

white 
15 16 

17 

white 

17 

blue 

17 

pink 
20 22 23 24 25 46 47 

Ti 0.821 0.880 0.238 0.537 0.623 1.809 0.293 0.664 0.377 1.596 1.247 1.021 0.708 1.295 0.383 1.270 

V 0.160 0.177 0.073 0.136 0.168 0.340 0.062 0.133 0.089 0.285 0.230 0.361 0.150 0.204 0.079 0.229 

Cr 0.002 0.003 0.001 0.003 0.003 0.007 0.001 0.002 0.001 0.005 0.004 0.005 0.003 0.005 0.001 0.005 

Rb 97.116 63.491 11.541 10.255 45.816 5.026 5.926 10.725 19.847 1.679 4.932 3.864 8.528 3.454 2.163 5.374 

Sr 11.550 11.072 21.876 20.228 38.246 72.653 22.244 70.407 30.653 32.830 133.511 82.148 68.136 67.038 22.543 98.275 

Y 2.490 1.970 0.321 0.673 0.771 2.791 0.520 12.146 0.507 3.689 2.153 2.697 1.002 0.903 0.564 1.447 

Zr 15.317 14.765 1.428 2.936 2.991 10.807 1.745 4.330 1.890 8.545 7.367 4.563 3.630 3.916 2.043 6.551 

Nb 4.966 5.329 1.653 3.196 3.627 8.229 1.736 3.568 2.175 7.604 7.323 5.854 3.743 4.688 2.281 8.052 

Ba 15.992 20.028 10.570 11.721 33.443 183.351 20.456 51.656 48.762 186.270 54.018 268.229 18.133 36.140 28.172 60.877 

Hf 15.825 14.927 1.372 2.689 3.121 9.842 1.682 4.330 1.871 8.422 7.032 4.529 3.427 3.961 1.769 6.238 

Ta 9.118 9.099 1.640 3.527 4.748 9.871 2.320 4.772 2.373 11.599 9.031 6.667 4.678 5.434 2.735 8.298 

Th 49.483 46.328 7.954 18.103 21.284 39.741 10.948 24.948 12.103 54.310 42.845 31.948 21.853 16.552 13.716 33.155 

La 16.319 15.485 3.153 6.962 7.985 20.053 4.249 11.603 4.768 29.694 17.753 21.941 8.660 8.544 5.097 15.084 

Ce 13.650 12.268 2.567 5.623 6.130 14.686 3.124 9.735 3.862 22.051 13.675 12.121 7.398 8.234 3.878 12.243 

Pr 9.442 8.898 1.882 3.646 4.213 11.681 2.416 7.427 2.672 17.376 10.493 12.697 5.024 5.474 2.826 8.532 

Nd 7.347 7.062 1.409 2.823 3.091 8.950 1.899 6.466 2.122 13.961 7.867 9.601 3.879 4.179 2.239 6.570 

Sm 4.454 4.125 0.813 1.644 1.995 5.595 1.264 9.257 1.223 8.851 4.919 5.865 2.426 2.465 1.343 3.816 

Eu 1.457 1.004 0.468 0.880 1.041 3.366 0.609 7.211 0.710 5.164 2.891 3.748 1.277 1.736 0.792 2.411 

Gd 3.281 2.606 0.469 1.028 1.274 3.864 0.794 14.045 0.876 6.050 3.312 4.092 1.569 1.521 0.889 2.271 

Tb 2.881 2.177 0.379 0.775 0.949 3.096 0.647 14.861 0.625 4.765 2.801 3.283 1.260 1.172 0.683 1.810 

Dy 2.776 2.096 0.346 0.733 0.972 2.843 0.539 13.679 0.626 4.356 2.443 2.880 1.116 1.149 0.651 1.690 

Ho 2.527 2.075 0.307 0.666 0.725 2.647 0.533 11.067 0.548 3.768 2.161 2.454 0.958 0.934 0.566 1.474 

Er 2.516 1.905 0.313 0.642 0.833 2.555 0.490 9.422 0.510 3.442 2.038 2.448 0.978 0.933 0.529 1.564 

Tm 2.437 2.203 0.258 0.611 0.698 2.400 0.411 7.136 0.435 3.317 1.868 2.154 0.912 0.947 0.504 1.413 

Yb 2.557 2.065 0.309 0.682 0.846 2.626 0.510 7.003 0.557 3.526 1.880 2.248 0.983 0.938 0.498 1.432 

Lu 2.480 2.233 0.268 0.623 0.794 2.502 0.443 6.077 0.532 3.516 2.020 2.072 1.030 0.940 0.491 1.521 

 



238 
 

Appendix D 

 

 

Figure D1: hXRF bi-plots. a) Co-Ni; b) Co-As; c) Zn-Co; d) Pb-Co; e) Co-Fe; f) Cr-Co; g) Bi-Co; h) Mn-Co. 
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Figure D2: LA-ICP-MS bi-plots. a) Ni-Co; b) As-Co; c) Zn-Co; d) Pb-Co; e) Co-Fe; f) Cr-Co; g) Bi-Co; 

h) Mn-Co; i) U-Co; j) Ag-Co.
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Table D1: Overview of the glass beads studied, including typology, tombs in which they were found, untested possible origin and date, manufacture technique, color and size. 

Type 
Kidd/ Karklins 

type 
Origin Date 

Manufacturing 

technique 
Colour 

Length 

(mm) 

Diameter 

(mm) 

26 Ic13 Bohemia 19th century Drawn Dark navy blue 7.0 4.0 

28 If* Bohemia 19th century Drawn Dark blue 6.0 5.0-6.0 

30 WIb11 Unknown Unknown Wound Robin’s egg blue 7.0 8.0 

31 IIa6 Venice Unknown Drawn Black 6.0-10.0 6.0-7.0 

32 IIa* Unknown Unknown Drawn Dark shadow blue 7.0 4.0 

33 IIa* Unknown Unknown Drawn Medium cerulean blue 1.0 2.0 

36 Iva* Unknown Post ca. 1835 Drawn 
Antique rose exterior with 

white core 
2.0 3.0 

38 IVk6 Venice ca. 1620-1700 Drawn 

Chevron bead with five starry 

layers: surf green exterior, 

followed by white, reddish 

brown, white and a gray core 

6.0 6.0 

39 WIb8 Unknown Unknown Wound Amber 6.0-10.0 8.0-10.0 
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Table D1 (cont.): Overview of the glass beads studied, including typology, tombs in which they were found, untested possible origin and date, manufacture technique, color and 

size. 

40 IIa6 Venice 

Likely pre-1760, but 

possibly as late as 

1817 

Drawn; broken 

protuberance at one end 

indicative of a speo 

manufacture 

Black 6.0-10.0 6.0-7.0 

41 IIa Unknown Unknown Drawn Light blue 7.0 6.0 

42 IIa28 Unknown Unknown Drawn Dark palm green 8.0 8.0 

43 IIa Unknown Unknown Drawn Dark blue 7.0 9.0 

45 WIb8 Unknown Unknown Wound Amber 6.0-10.0 8.0-10.0 
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Table D2: Major and minor element composition obtained by LA-ICP-MS of the samples analyzed (oxide weight wt.%). 

Element (norm. wt.%) 26 28 30 31 32 33 36W 36R 38G 38W 38R 39 40 41 43 43 45 

Na2O 12.1 3.8 17.5 11.0 13.1 14.1 2.5 3.2 13.0 10.8 12.2 18.3 11.7 17.9 13.6 14.1 17.1 

MgO 0.3 0.3 2.7 4.1 4.5 0.1 0.2 0.3 4.8 4.0 4.4 2.2 4.8 2.5 4.6 4.8 2.1 

Al2O3 2.7 0.5 1.0 2.0 1.6 7.2 0.2 0.3 1.3 1.0 1.5 0.9 2.8 1.0 1.3 1.6 0.8 

SiO2 64.6 70.3 66.4 57.4 62.2 60.6 46.9 65.5 62.3 50.8 55.2 70.3 56.8 68.0 62.5 63.5 71.6 

P2O5 0.6 2.6 0.2 0.3 0.3 0.1 <0.1 0.1 0.3 0.2 0.3 0.2 0.3 0.1 0.3 0.3 0.2 

K2O 6.0 13.7 3.1 4.9 2.7 4.6 8.0 14.7 2.6 2.1 2.4 2.3 2.4 1.9 2.2 2.3 2.4 

CaO 6.6 7.4 7.0 12.8 10.6 4.4 2.2 2.7 11.5 9.4 10.1 5.1 11.8 6.4 12.2 11.5 5.1 

TiO2 0.1 <0.1 0.1 0.1 0.1 <0.1 <0.1 <0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

MnO2 5.4 0.2 <0.1 5.6 3.0 <0.1 <0.1 <0.1 0.1 0.5 0.5 0.2 6.9 0.1 0.2 0.5 0.2 

FeO 0.6 0.1 0.5 1.4 1.1 0.2 0.1 0.2 2.5 0.5 5.6 0.4 1.5 0.5 1.9 0.8 0.4 

CoO 0.3 0.3 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 <0.1 

CuO 0.1 0.1 1.3 0.1 0.1 2.0 <0.1 <0.1 1.5 0.1 1.1 <0.1 0.1 1.4 1.0 <0.1 <0.1 

As2O3 0.2 0.2 <0.1 <0.1 0.2 <0.1 4.8 2.8 <0.1 <0.1 0.1 <0.1 0.1 <0.1 <0.1 0.2 <0.1 

SnO2 <0.1 <0.1 <0.1 0.2 0.3 <0.1 <0.1 <0.1 <0.1 10.2 2.9 <0.1 0.4 <0.1 0.1 0.1 <0.1 

Sb2O3 <0.1 <0.1 <0.1 <0.1 <0.1 0.7 0.1 1.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

PbO 0.2 0.3 <0.1 0.2 0.3 5.9 34.8 8.9 <0.1 10.3 3.6 <0.1 0.3 0.1 0.1 0.1 <0.1 
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Appendix E 

 

 

Figure E1: VP-SEM image and elemental mapping obtained by VP-SEM-EDS of sample 4. This sample has fine granular texture 

and an heterogenous composition with areas enriched in Al, K and Ca. These finds are consistent with this bead being made from 

an igneous or metamorphic rock. 

 

 

Figure E2: VP-SEM image (left) and point analysis (right) of the aluminosilicate crystals enriched in Al, K and Ca. 
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Appendix F 

 

 

Figure F1: Feldspar diagram: 1 – sanidine; 2 – anorthoclase; 3 – albite; 4 – oligoclase; 5 – andesine; 6 – labradorite; 7 – bytownite; 

8 – anorthite. Albite, oligoclase and labradorite were identified by VP-SEM-EDS in the core and in the interaction layer in several 

disk-shaped beads. 

 

 

Figure F2: VP-SEM image of one of the disk-shaped beads that were not subjected to any kind of preparation procedure prior to 
their analysis. The heterogeneous nature of the surface is clearly displayed. Ablation craters resulted in the sampling of glaze, 

interaction layer sand grains, interaction layer glass or combinations of all three. 
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Figure F3: Elemental mapping obtained by LA-ICP-MS of samples CS1. Each map corresponds to a different chemical element 

– Ti, Cr, Mn, Fe, Co, Ni, Zn, As, Zr, Sb, La, Ce, Eu, Yb, and Pb. 
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Figure F4: Elemental mapping obtained by LA-ICP-MS of samples CS3. Each map corresponds to a different chemical element – Ti, Cr, Mn, Fe, Co, Ni, Zn, As, Zr, Sb, La, Ce, 

Eu, Yb, and Pb. 
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Figure F5: Elemental mapping obtained by LA-ICP-MS of samples CS4. Each map corresponds to a different chemical element 

– Ti, Cr, Mn, Fe, Co, Ni, Zn, As, Zr, Sb, La, Ce, Eu, Yb, and Pb. 
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Table F1: LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 1 2 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 87.727 97.125 93.366 87.418 91.409 4.690 89.738 89.061 88.357 91.615 89.693 1.400 

CaO 0.487 0.267 0.628 1.480 0.715 0.531 2.799 2.075 2.135 2.863 2.468 0.421 

FeO 3.947 0.490 1.588 3.173 2.299 1.555 0.864 1.314 1.024 0.514 0.929 0.334 

CuO 2.872 1.873 3.940 6.589 3.819 2.031 5.379 5.825 5.538 4.195 5.234 0.717 

ppm             

Na 1401.250 256.860 198.430 1332.090 797.158 658.654 439.220 518.890 1100.410 321.850 595.093 346.463 

Mg 1902.820 159.230 570.650 1407.240 1009.985 789.887 1404.840 2060.870 1559.350 720.230 1436.323 553.466 

Al 22507.530 639.250 1122.870 3857.710 7031.840 10413.984 3922.280 5254.680 12097.870 2758.690 6008.380 4185.780 

K 582.790 60.060 274.720 1198.550 529.030 495.228 210.510 453.910 434.180 106.240 301.210 170.527 

Sc 3.520 0.950 0.860 2.660 1.998 1.310 1.740 2.150 3.110 1.310 2.078 0.769 

Ti 308.230 55.460 85.360 604.390 263.360 253.785 329.550 538.200 673.620 183.310 431.170 217.561 

V 8.810 1.520 4.640 17.750 8.180 7.044 15.920 17.210 17.140 9.340 14.903 3.755 

Cr 3.730 2.460 2.850 7.970 4.253 2.535 9.040 3.390 6.510 4.740 5.920 2.441 

Mn 1624.960 490.880 1111.360 1534.290 1190.373 517.261 1445.060 2477.980 1954.410 996.990 1718.610 639.742 

Co 234.880 75.750 65.410 136.410 128.113 77.764 150.680 146.650 143.390 74.050 128.693 36.550 

Ni 760.830 114.750 164.270 199.630 309.870 302.649 136.310 186.740 190.430 75.880 147.340 53.657 

Zn 220.300 68.650 214.230 230.400 183.395 76.787 355.800 520.620 382.560 281.170 385.038 100.053 

As 26.500 2.670 11.420 9.290 12.470 10.068 60.200 14.580 39.000 45.450 39.808 19.016 

Rb 0.730 1.380 0.482 0.900 0.873 0.379 0.554 1.880 1.690 0.571 1.174 0.710 

Sr 41.490 21.870 44.900 65.540 43.450 17.885 137.070 166.290 162.330 118.990 146.170 22.267 

Y 0.570 0.193 0.263 1.050 0.519 0.390 1.590 1.890 3.070 1.540 2.023 0.715 

Zr 5.000 3.490 1.560 7.230 4.320 2.397 8.270 11.410 16.430 38.960 18.768 13.875 

Nb 0.480 0.119 0.150 1.170 0.480 0.488 0.920 1.090 1.520 0.562 1.023 0.398 

Sn 411.580 45.100 189.980 2929.010 893.918 1365.073 191.940 123.730 255.330 659.630 307.658 240.723 

Sb 388.390 12.580 87.690 116.930 151.398 163.994 8.240 20.220 22.260 4.870 13.898 8.630 

Cs 0.243 0.739 1.170 0.960 0.778 0.398 0.255 0.262 0.209 0.699 0.356 0.230 

Ba 61.240 30.490 57.320 110.330 64.845 33.260 139.420 152.940 171.900 118.790 145.763 22.379 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 1 2 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

La 0.670 0.096 0.418 1.040 0.556 0.399 1.610 2.140 2.550 1.010 1.828 0.667 

Ce 1.860 3.030 2.690 5.090 3.168 1.373 4.360 6.440 8.250 1.910 5.240 2.730 

Pr 0.111 0.059 0.115 0.278 0.141 0.095 0.397 0.493 0.615 0.278 0.446 0.143 

Nd 0.540 0.155 0.259 1.330 0.571 0.531 1.670 2.070 3.030 0.930 1.925 0.875 

Sm 0.125 0.017 0.079 0.206 0.107 0.080 0.300 0.416 0.640 0.209 0.391 0.186 

Eu 0.045 0.005 0.040 0.085 0.044 0.033 0.124 0.130 0.201 0.056 0.128 0.059 

Gd <d.l. 0.030 0.083 0.168 0.094 0.070 0.273 0.434 0.670 0.311 0.422 0.179 

Tb 0.023 0.011 0.007 0.030 0.018 0.011 0.051 0.057 0.117 0.061 0.071 0.031 

Dy 0.093 <d.l. 0.053 0.204 0.117 0.078 0.243 0.339 0.650 0.258 0.373 0.190 

Ho 0.045 0.010 0.007 0.049 0.028 0.022 0.062 0.077 0.122 0.050 0.078 0.031 

Er 0.044 0.002 0.009 0.160 0.054 0.073 0.108 0.229 0.328 0.162 0.207 0.095 

Tm 0.012 0.006 0.005 0.004 0.007 0.004 0.020 0.019 0.039 0.033 0.028 0.010 

Yb 0.074 0.036 0.004 0.109 0.056 0.045 0.102 0.190 0.365 0.196 0.213 0.110 

Lu 0.007 0.005 0.005 0.008 0.006 0.002 0.023 0.027 0.053 0.042 0.036 0.014 

Hf 0.102 0.073 0.006 0.180 0.090 0.072 0.291 0.319 0.549 0.890 0.512 0.277 

Ta 0.029 0.004 0.012 0.071 0.029 0.030 0.053 0.054 0.097 0.041 0.061 0.025 

Pb 544.820 58.350 220.400 567.460 347.758 249.719 944.990 856.670 706.660 702.560 802.720 118.899 

Bi 11.400 2.560 5.350 19.450 9.690 7.480 15.810 15.140 18.210 13.550 15.678 1.936 

Th 0.600 0.021 0.027 0.545 0.298 0.317 0.276 0.288 0.800 0.319 0.421 0.253 

U 0.144 0.029 0.023 0.080 0.069 0.056 0.281 0.128 0.337 0.478 0.306 0.145 

             

 3 4 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 92.032 89.183 89.392 92.645 90.813 1.781 95.813 93.120 94.513 89.838 93.321 2.569 

CaO 0.847 2.565 2.227 2.309 1.987 0.774 0.790 2.361 1.122 2.506 1.695 0.866 

FeO 0.315 0.333 0.631 0.176 0.364 0.191 0.407 0.130 0.553 0.273 0.341 0.181 

CuO 6.300 7.315 6.642 4.398 6.164 1.251 2.635 3.871 3.277 6.932 4.178 1.904 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 3 4 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Na 221.900 209.340 531.020 108.470 267.683 182.752 533.600 358.470 435.560 642.630 492.565 123.064 

Mg 250.540 896.550 1149.310 732.990 757.348 378.796 291.380 363.060 324.370 193.780 293.148 72.433 

Al 881.440 514.810 3038.690 811.040 1311.495 1162.370 723.400 1463.540 1565.560 498.680 1062.795 531.283 

K 96.110 355.500 80.300 192.660 181.143 126.403 342.280 192.630 219.880 1075.180 457.493 416.903 

Sc 0.970 0.850 1.310 1.270 1.100 0.225 2.510 0.990 0.920 1.090 1.378 0.758 

Ti 86.330 84.670 412.020 104.050 171.768 160.408 42.790 16.480 40.620 39.480 34.843 12.318 

V 12.960 7.400 10.290 7.040 9.423 2.771 9.690 1.290 3.340 4.190 4.628 3.588 

Cr 2.270 2.380 3.390 3.850 2.973 0.772 1.960 2.180 2.280 1.580 2.000 0.310 

Mn 2077.360 2552.500 2106.200 1406.420 2035.620 472.504 762.310 1027.230 979.880 1846.770 1154.048 476.004 

Co 226.120 219.710 141.790 154.260 185.470 43.615 40.850 77.870 92.860 67.560 69.785 21.909 

Ni 114.770 119.040 91.430 99.260 106.125 12.969 19.440 37.720 80.330 63.590 50.270 27.012 

Zn 358.470 418.210 339.130 160.780 319.148 110.814 89.750 92.530 87.620 175.100 111.250 42.614 

As 14.080 8.770 6.040 15.400 11.073 4.412 4.680 7.180 7.980 4.490 6.083 1.761 

Rb 0.164 3.350 0.223 0.397 1.034 1.547 2.870 0.621 0.420 1.330 1.310 1.111 

Sr 251.010 600.440 536.700 1036.480 606.158 324.635 29.280 28.790 24.870 82.610 41.388 27.552 

Y 1.170 0.496 1.490 0.403 0.890 0.526 0.397 0.600 0.448 0.332 0.444 0.114 

Zr 2.940 1.250 6.000 2.960 3.288 1.978 1.130 0.830 1.170 1.460 1.148 0.258 

Nb 0.282 0.160 0.930 0.076 0.362 0.388 0.100 0.095 0.135 0.062 0.098 0.030 

Sn 527.500 424.870 41.140 163.710 289.305 225.444 28.580 25.270 57.180 502.440 153.368 233.156 

Sb 23.270 7.570 8.850 27.480 16.793 10.072 60.480 10.260 12.750 13.100 24.148 24.255 

Cs 1.430 3.950 1.240 0.930 1.888 1.390 0.159 0.225 0.111 0.960 0.364 0.400 

Ba 211.310 535.520 217.290 111.990 269.028 184.108 60.900 72.990 59.380 124.940 79.553 30.865 

La 0.910 0.690 2.180 0.339 1.030 0.802 0.850 0.442 0.306 0.530 0.532 0.231 

Ce 1.510 4.070 77.980 3.170 21.683 37.547 2.650 0.940 0.649 3.530 1.942 1.378 

Pr 0.131 0.182 0.435 0.111 0.215 0.150 0.182 0.169 0.184 0.117 0.163 0.031 

Nd 0.700 0.597 2.040 0.610 0.987 0.704 0.680 0.790 0.555 0.604 0.657 0.102 

Sm 0.155 0.088 0.260 0.026 0.132 0.100 0.233 0.084 0.066 0.239 0.156 0.093 

 



251 
 

Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 3 4 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Eu 0.052 0.059 0.113 0.065 0.072 0.028 0.021 0.043 0.026 0.056 0.036 0.016 

Gd 0.286 0.056 0.264 0.056 0.166 0.127 0.159 0.173 0.080 0.050 0.116 0.060 

Tb 0.020 0.012 0.070 0.034 0.034 0.026 0.031 0.011 0.011 0.006 0.015 0.011 

Dy 0.112 0.052 0.406 0.030 0.150 0.174 0.068 0.050 0.046 0.080 0.061 0.016 

Ho 0.029 0.015 0.060 0.004 0.027 0.024 0.013 0.015 0.011 0.045 0.021 0.016 

Er 0.045 0.032 0.164 0.030 0.068 0.065 0.028 0.025 0.019 0.033 0.026 0.006 

Tm 0.017 0.007 0.018 <d.l. 0.014 0.006 0.015 0.042 0.003 0.009 0.017 0.017 

Yb 0.055 <d.l. 0.155 0.030 0.080 0.066 0.041 0.018 0.023 0.039 0.030 0.011 

Lu 0.018 0.005 0.022 <d.l. 0.015 0.009 0.012 0.003 0.006 0.004 0.006 0.004 

Hf 0.019 0.026 0.108 0.037 0.047 0.041 0.020 <d.l. 0.036 0.035 0.030 0.009 

Ta 0.006 0.002 0.045 <d.l. 0.017 0.024 0.014 0.002 0.004 0.053 0.018 0.024 

Pb 393.930 442.640 391.390 183.070 352.758 115.557 480.200 271.890 243.730 506.350 375.543 136.848 

Bi 2.340 2.920 3.190 1.340 2.448 0.819 0.358 0.554 0.505 0.692 0.527 0.138 

Th 0.054 0.050 0.262 0.051 0.104 0.105 0.120 0.051 0.056 0.051 0.070 0.034 

U 0.094 0.052 0.111 0.055 0.078 0.029 0.046 0.014 0.020 0.031 0.028 0.014 

   

 5 6 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 91.561 91.661 95.083 90.276 92.145 2.058 77.332 88.189 87.148 88.540 85.302 5.347 

CaO 2.551 1.583 1.260 2.084 1.870 0.567 7.778 2.966 2.078 2.231 3.763 2.704 

FeO 0.796 0.890 0.765 0.684 0.784 0.085 6.219 0.867 0.887 1.014 2.247 2.649 

CuO 4.251 5.177 2.547 6.036 4.503 1.494 6.263 6.597 8.463 7.085 7.102 0.968 

ppm             

Na 277.440 304.340 235.060 187.330 251.043 51.160 2633.900 175.480 288.990 160.000 814.593 1214.234 

Mg 870.390 423.960 351.350 561.340 551.760 229.575 2663.370 2201.370 535.360 720.500 1530.150 1061.424 

Al 2071.490 1339.760 589.710 2224.130 1556.273 751.133 4876.520 3093.890 3173.790 1908.840 3263.260 1221.168 

K 274.580 89.460 41.440 59.760 116.310 107.353 621.820 224.630 438.390 92.470 344.328 233.531 

Sc 1.210 0.750 0.940 0.840 0.935 0.199 1.550 0.790 1.120 0.960 1.105 0.326 



252 
 

Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 5 6 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Ti 350.940 128.920 143.900 132.280 189.010 108.144 602.130 225.850 181.590 253.560 315.783 193.186 

V 18.150 7.090 11.300 8.980 11.380 4.831 166.970 20.710 10.020 16.460 53.540 75.748 

Cr 2.440 6.370 2.080 4.230 3.780 1.966 26.890 6.790 4.720 7.180 11.395 10.386 

Mn 2072.620 2504.000 1107.600 2954.720 2159.735 788.479 5348.310 3159.650 5390.910 4865.980 4691.213 1048.424 

Co 372.450 320.860 229.090 346.070 317.118 62.351 209.570 212.480 275.380 451.790 287.305 113.782 

Ni 132.610 138.740 76.820 201.050 137.305 50.813 97.450 542.830 266.340 344.790 312.853 184.816 

Zn 313.210 273.530 128.940 301.990 254.418 85.303 197.620 303.630 340.510 434.230 318.998 97.826 

As 24.040 17.780 17.990 18.700 19.628 2.968 19.430 29.320 19.100 27.660 23.878 5.371 

Rb 3.100 1.140 0.163 0.124 1.132 1.394 4.400 2.390 0.601 0.185 1.894 1.925 

Sr 240.910 186.290 119.060 157.350 175.903 51.346 95.980 109.870 110.590 123.580 110.005 11.274 

Y 1.440 1.090 0.404 2.150 1.271 0.727 1.360 1.060 0.631 0.860 0.978 0.309 

Zr 7.890 2.020 3.030 3.220 4.040 2.620 5.120 5.510 5.400 5.980 5.503 0.358 

Nb 0.541 0.232 0.374 0.528 0.419 0.146 0.940 0.491 0.273 0.384 0.522 0.293 

Sn 107.000 44.350 18.910 19.400 47.415 41.461 898.490 217.140 161.710 157.130 358.618 360.947 

Sb 151.330 40.520 14.560 25.350 57.940 63.164 352.270 51.980 58.760 79.010 135.505 144.965 

Cs 2.230 1.620 0.323 0.472 1.161 0.918 1.460 2.100 0.740 1.680 1.495 0.569 

Ba 214.580 235.580 109.530 214.890 193.645 56.931 195.740 168.290 343.360 226.900 233.573 77.008 

La 1.120 0.790 0.410 3.040 1.340 1.170 2.050 0.980 1.050 0.930 1.253 0.534 

Ce 10.130 3.810 1.050 6.190 5.295 3.847 6.740 6.170 2.140 7.590 5.660 2.418 

Pr 0.385 0.418 0.144 0.597 0.386 0.186 0.667 0.289 0.150 0.425 0.383 0.220 

Nd 1.090 0.870 0.358 2.240 1.140 0.795 2.000 1.460 0.920 0.820 1.300 0.545 

Sm 0.402 0.149 0.095 0.431 0.269 0.172 0.454 0.308 0.288 0.188 0.310 0.110 

Eu 0.134 0.078 0.051 0.080 0.086 0.035 0.126 0.074 0.051 0.112 0.091 0.034 

Gd 0.562 0.186 0.080 0.400 0.307 0.216 0.217 0.254 0.238 0.162 0.218 0.040 

Tb 0.037 0.024 0.019 0.028 0.027 0.008 0.040 0.025 0.018 0.024 0.027 0.009 

Dy 0.249 0.140 0.045 0.245 0.170 0.097 0.250 0.213 0.082 0.224 0.192 0.075 

Ho 0.036 0.051 0.019 0.059 0.041 0.018 0.041 0.038 0.037 0.040 0.039 0.002 

Er 0.165 0.127 0.052 0.192 0.134 0.061 0.106 0.072 0.075 0.102 0.089 0.018 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 5 6 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Tm 0.017 0.014 0.003 0.020 0.013 0.008 0.018 0.013 0.013 0.011 0.014 0.003 

Yb 0.125 0.089 0.036 0.123 0.093 0.042 0.320 0.105 0.053 0.027 0.126 0.133 

Lu 0.010 0.009 0.002 0.037 0.015 0.016 0.014 0.007 0.007 0.025 0.013 0.009 

Hf 0.147 0.114 0.080 0.055 0.099 0.040 0.107 0.036 0.078 0.123 0.086 0.038 

Ta 0.039 0.021 0.017 0.023 0.025 0.010 0.027 0.037 0.017 0.008 0.022 0.013 

Pb 433.880 543.560 238.630 620.260 459.083 165.680 2135.790 856.040 343.700 392.260 931.948 835.124 

Bi 3.170 1.610 0.900 3.360 2.260 1.199 8.610 9.660 9.170 12.560 10.000 1.760 

Th 0.177 0.118 0.055 0.093 0.111 0.051 0.292 0.150 0.159 0.128 0.182 0.074 

U 0.155 0.080 0.072 0.147 0.114 0.044 0.255 0.129 0.068 0.140 0.148 0.078 

   

 7 8 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 85.559 95.800 94.569 91.762 91.922 4.567 88.819 90.759 93.635 92.446 91.415 2.094 

CaO 10.073 1.095 1.090 1.071 3.332 4.494 1.047 0.627 0.580 0.824 0.770 0.213 

FeO 0.958 0.285 0.598 0.949 0.698 0.322 1.303 0.873 0.346 0.185 0.677 0.510 

CuO 2.387 2.450 3.380 5.461 3.420 1.435 7.793 7.112 4.839 5.938 6.421 1.303 

ppm             

Na 782.490 314.550 257.910 550.340 476.323 240.202 601.800 415.630 631.140 126.150 443.680 232.203 

Mg 1902.170 483.540 277.940 323.730 746.845 775.243 1198.220 581.700 371.930 182.570 583.605 440.980 

Al 2210.610 722.360 533.530 2104.570 1392.768 887.556 1346.650 896.770 886.430 442.160 893.003 369.284 

K 1818.650 195.450 65.200 373.210 613.128 813.536 101.720 96.770 147.980 9.330 88.950 57.874 

Sc 1.120 1.000 0.950 0.620 0.923 0.214 1.390 0.680 0.730 0.890 0.923 0.324 

Ti 124.210 111.920 42.970 41.870 80.243 43.963 149.840 113.080 68.860 25.070 89.213 54.080 

V 6.540 3.540 7.770 5.050 5.725 1.833 17.020 5.840 3.820 5.040 7.930 6.117 

Cr 16.620 2.310 1.920 1.880 5.683 7.294 3.910 1.910 1.720 1.420 2.240 1.131 

Mn 1429.660 857.750 1404.150 1795.060 1371.655 386.346 3896.400 2375.360 2207.620 3684.850 3041.058 872.516 

Co 69.220 42.240 55.590 90.960 64.503 20.795 586.180 468.870 286.400 397.500 434.738 125.818 

Ni 96.850 56.410 93.350 148.710 98.830 37.954 162.240 126.440 86.640 86.300 115.405 36.468 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 7 8 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Zn 124.700 88.940 94.290 200.890 127.205 51.586 382.520 338.610 239.650 255.860 304.160 67.876 

As 13.870 3.610 27.950 8.400 13.458 10.532 16.210 7.860 8.010 6.480 9.640 4.434 

Rb 3.240 1.440 0.097 0.503 1.320 1.398 0.501 <d.l. 0.505 0.315 0.440 0.109 

Sr 25.700 24.370 26.600 43.720 30.098 9.128 67.730 53.860 44.210 64.970 57.693 10.804 

Y 0.433 0.284 0.369 0.441 0.382 0.073 0.547 0.502 0.402 0.117 0.392 0.193 

Zr 1.810 0.980 1.450 2.000 1.560 0.449 3.430 1.360 1.610 0.720 1.780 1.162 

Nb 0.464 0.217 0.130 0.107 0.230 0.163 0.334 0.451 0.191 0.074 0.263 0.165 

Sn 191.760 54.960 125.030 170.810 135.640 60.576 272.630 111.860 44.690 13.830 110.753 115.418 

Sb 158.000 35.890 7.150 27.130 57.043 68.371 155.540 19.980 16.210 13.360 51.273 69.565 

Cs 0.163 1.040 <d.l. 0.259 0.487 0.481 0.259 0.525 0.257 0.970 0.503 0.336 

Ba 105.850 85.110 74.360 126.760 98.020 23.193 126.060 105.790 72.970 108.280 103.275 22.128 

La 1.680 0.371 0.277 0.488 0.704 0.656 0.990 0.522 0.870 0.501 0.721 0.247 

Ce 5.720 1.430 0.636 0.950 2.184 2.380 3.350 1.140 1.310 1.220 1.755 1.066 

Pr 0.587 0.413 0.078 0.659 0.434 0.259 0.455 0.153 0.155 0.048 0.203 0.175 

Nd 1.570 0.640 0.482 0.364 0.764 0.549 1.090 0.378 0.461 0.123 0.513 0.411 

Sm 0.219 0.130 0.086 0.090 0.131 0.062 0.151 0.045 0.075 0.014 0.071 0.059 

Eu 0.129 0.026 0.009 0.033 0.049 0.054 0.135 0.038 0.038 0.008 0.055 0.056 

Gd 0.171 0.069 0.029 0.107 0.094 0.060 0.166 0.119 0.062 0.024 0.093 0.063 

Tb 0.031 0.027 0.013 0.010 0.020 0.010 0.036 0.005 0.007 0.006 0.014 0.015 

Dy 0.226 0.047 0.046 0.098 0.104 0.085 0.194 0.039 0.073 0.016 0.081 0.079 

Ho 0.041 0.015 0.016 0.016 0.022 0.013 0.009 0.011 0.006 0.004 0.008 0.003 

Er 0.035 0.084 0.050 0.056 0.056 0.021 0.088 0.032 0.043 <d.l. 0.054 0.030 

Tm 0.017 0.014 0.009 0.011 0.013 0.003 0.007 0.001 0.002 <d.l. 0.004 0.003 

Yb 0.050 0.021 0.016 0.029 0.029 0.015 0.084 0.007 0.025 0.021 0.034 0.034 

Lu 0.025 <d.l. 0.002 0.003 0.010 0.013 0.005 0.006 0.004 <d.l. 0.005 0.001 

Hf 0.061 0.005 0.017 0.069 0.038 0.032 0.064 0.030 0.029 0.039 0.041 0.016 

Ta <d.l. 0.014 0.013 0.003 0.010 0.006 0.023 0.006 0.008 <d.l. 0.012 0.010 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 7 8 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Pb 586.500 175.450 140.400 229.980 283.083 205.609 786.860 424.330 157.620 295.580 416.098 270.103 

Bi 3.400 3.540 4.120 6.430 4.373 1.407 7.360 5.450 3.480 5.840 5.533 1.597 

Th 91.860 0.080 0.090 0.089 23.030 45.887 0.112 0.065 0.036 0.013 0.056 0.043 

U 0.080 0.043 0.056 0.032 0.053 0.021 0.102 0.479 0.049 0.032 0.165 0.211 

   

 9 10 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 81.812 90.593 88.889 91.211 88.126 4.323 86.512 91.454 90.219 90.961 89.786 2.241 

CaO 7.693 3.027 5.141 3.041 4.725 2.214 3.071 0.927 2.090 0.768 1.714 1.080 

FeO 2.434 0.527 0.730 0.842 1.133 0.877 1.493 1.037 1.278 0.633 1.110 0.368 

CuO 6.863 5.019 4.522 3.779 5.046 1.314 7.741 5.974 5.771 6.740 6.557 0.893 

ppm             

Na 266.31 92.660 64.460 174.010 149.360 90.752 901.670 421.670 316.880 786.380 606.650 281.380 

Mg 1148.13 1075.880 943.040 1131.150 1074.550 92.941 2162.360 438.390 643.950 398.710 910.853 841.233 

Al 2707.42 1082.770 1133.880 2068.040 1748.028 783.706 1879.180 851.380 789.210 1643.200 1290.743 552.286 

K 1087.5 130.180 103.730 45.140 341.638 498.510 2599.950 919.920 318.450 302.790 1035.278 1081.956 

Sc 1.13 0.830 0.600 1.110 0.918 0.252 1.230 1.100 1.070 1.080 1.120 0.074 

Ti 205.04 150.270 186.600 219.280 190.298 29.851 197.820 640.730 177.220 230.780 311.638 220.501 

V 13.83 10.740 11.380 23.380 14.833 5.852 25.680 23.390 7.860 23.600 20.133 8.247 

Cr 17.14 7.880 3.090 2.050 7.540 6.885 26.340 3.700 3.160 2.930 9.033 11.543 

Mn 3571.28 3392.500 2621.900 4058.400 3411.020 596.612 2702.820 2460.980 2660.820 3218.550 2760.793 322.896 

Co 168.99 146.770 134.100 455.280 226.285 153.343 273.700 201.650 242.780 229.200 236.833 29.948 

Ni 212.86 152.820 136.730 211.920 178.583 39.588 252.150 219.700 320.070 235.670 256.898 44.150 

Zn 376.49 230.140 201.500 214.060 255.548 81.476 318.880 335.230 347.230 416.140 354.370 42.788 

As 44.45 60.200 35.090 174.260 78.500 64.675 11.860 11.750 16.950 26.390 16.738 6.877 

Rb 2.79 2.090 1.080 < d.l. 1.987 0.860 2.810 0.432 0.267 0.509 1.005 1.208 

Sr 273.73 332.390 235.670 243.200 271.248 43.958 120.040 83.370 117.650 100.830 105.473 17.035 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 9 10 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Y 0.93 0.612 0.790 1.580 0.978 0.422 0.447 0.304 0.380 1.350 0.620 0.490 

Zr 2.65 2.250 4.920 6.480 4.075 1.988 2.610 2.080 1.470 2.060 2.055 0.466 

Nb 0.346 0.292 0.298 0.655 0.398 0.173 0.475 0.190 0.298 0.710 0.418 0.227 

Sn 131.25 97.980 69.400 144.330 110.740 33.768 413.080 1413.850 133.840 102.150 515.730 614.829 

Sb 65.05 17.110 16.070 13.780 28.003 24.737 65.620 3.950 6.930 5.410 20.478 30.120 

Cs 1.59 2.130 3.150 1.190 2.015 0.849 2.430 0.443 0.730 1.030 1.158 0.881 

Ba 232.97 222.630 167.730 160.160 195.873 37.236 190.880 164.060 159.810 183.620 174.593 15.014 

La 1.31 0.960 1.020 2.220 1.378 0.582 1.310 0.335 0.860 5.760 2.066 2.495 

Ce 6.23 1.980 1.880 2.670 3.190 2.057 3.080 0.950 1.350 10.520 3.975 4.460 

Pr 0.316 0.186 0.230 0.670 0.351 0.220 0.398 0.075 0.154 1.020 0.412 0.428 

Nd 1.62 1.160 0.920 1.340 1.260 0.295 0.740 0.267 0.680 3.660 1.337 1.563 

Sm 0.305 0.161 0.263 0.184 0.228 0.067 0.162 0.052 0.105 0.800 0.280 0.350 

Eu 0.076 0.044 0.056 0.096 0.068 0.023 0.078 0.023 0.038 0.364 0.126 0.161 

Gd 0.156 0.124 0.128 0.410 0.205 0.138 0.130 0.059 0.095 0.496 0.195 0.203 

Tb 0.0288 0.012 0.030 0.040 0.028 0.012 0.015 0.013 0.011 0.063 0.026 0.025 

Dy 0.174 0.161 0.249 0.259 0.211 0.050 0.076 0.049 0.081 0.356 0.141 0.144 

Ho 0.0176 0.037 0.023 0.065 0.036 0.021 0.016 0.007 0.027 0.049 0.025 0.018 

Er 0.106 0.058 0.058 0.189 0.103 0.062 0.045 0.038 0.033 0.115 0.058 0.038 

Tm 0.0105 0.013 0.011 0.022 0.014 0.005 0.006 0.010 0.001 0.008 0.006 0.004 

Yb 0.062 0.073 0.060 0.014 0.052 0.026 0.041 0.023 0.037 0.109 0.053 0.038 

Lu 0.0127 0.007 0.005 0.024 0.012 0.009 0.008 0.002 0.009 0.012 0.008 0.004 

Hf 0.051 0.083 0.098 0.102 0.084 0.023 0.021 0.035 0.056 0.051 0.041 0.016 

Ta 0.0155 0.020 0.020 0.069 0.031 0.025 0.009 0.009 0.010 0.041 0.017 0.016 

Pb 785.59 382.400 330.070 295.230 448.323 227.681 597.870 431.290 324.850 302.330 414.085 134.815 

Bi 8.7 6.620 6.350 7.330 7.250 1.051 10.960 9.320 10.050 13.310 10.910 1.735 

Th 0.173 0.123 0.080 0.231 0.152 0.065 0.183 0.048 0.056 0.620 0.227 0.269 

U 0.214 0.112 0.120 0.263 0.177 0.074 0.105 0.040 0.033 0.225 0.101 0.089 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 11 12 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 89.795 85.298 98.259 95.971 92.331 5.896 84.692 82.929 87.520 89.139 86.070 2.786 

CaO 0.413 1.701 0.167 0.625 0.726 0.676 6.048 2.491 1.798 1.915 3.063 2.013 

FeO 1.964 2.120 0.158 0.211 1.113 1.075 1.392 1.186 0.417 1.013 1.002 0.420 

CuO 6.164 9.260 1.156 2.206 4.696 3.729 6.734 11.815 9.584 7.392 8.881 2.305 

ppm             

Na 1717.480 984.460 75.740 335.110 778.198 733.614 492.170 177.710 158.280 324.840 288.250 154.955 

Mg 438.990 906.360 81.430 300.830 431.903 348.889 1718.290 1173.750 835.310 379.570 1026.730 564.307 

Al 6161.060 5668.720 807.070 
4168.96

0 
4201.453 2416.321 2734.100 5555.340 831.730 988.650 2527.455 2195.009 

K 618.910 322.500 <3.65 46.100 329.170 286.463 249.930 387.640 118.450 99.280 213.825 133.831 

Sc 1.220 0.600 0.115 0.810 0.686 0.460 1.090 0.960 0.920 0.720 0.923 0.153 

Ti 2105.790 554.610 22.980 72.220 688.900 974.569 362.960 279.820 93.760 138.720 218.815 124.570 

V 35.060 20.070 1.550 5.580 15.565 15.237 15.490 14.770 7.070 4.960 10.573 5.341 

Cr 7.260 4.920 < d.l. 1.070 4.417 3.126 3.910 7.540 2.850 1.800 4.025 2.497 

Mn 1508.410 2075.500 653.560 812.890 1262.590 656.861 2061.360 2398.980 2820.150 1913.830 2298.580 402.667 

Co 114.170 108.310 19.620 27.850 67.488 50.689 203.960 253.740 127.550 135.000 180.063 59.966 

Ni 111.720 152.090 37.820 44.490 86.530 54.993 165.720 204.860 123.540 160.590 163.678 33.270 

Zn 185.350 344.550 36.110 60.350 156.590 141.343 287.930 325.520 334.350 284.370 308.043 25.576 

As 15.880 8.080 7.660 7.170 9.698 4.138 22.360 35.660 10.290 13.060 20.343 11.442 

Rb 3.980 2.160 < d.l. 0.460 2.200 1.760 1.640 0.278 0.910 0.770 0.900 0.563 

Sr 47.080 62.450 9.400 18.550 34.370 24.656 138.020 180.080 168.250 152.230 159.645 18.387 

Y 0.590 0.418 0.164 0.255 0.357 0.188 1.090 1.210 0.508 0.437 0.811 0.395 

Zr 10.360 4.190 0.670 3.700 4.730 4.063 4.030 5.510 1.620 2.410 3.393 1.732 

Nb 0.990 0.364 0.062 0.183 0.400 0.413 0.468 0.618 0.334 0.260 0.420 0.158 

Sn 90.070 232.360 103.030 134.880 140.085 64.333 166.160 118.970 127.260 125.530 134.480 21.420 

Sb 22.130 64.010 2.730 30.040 29.728 25.573 93.240 44.640 29.930 26.470 48.570 30.804 

Cs 0.248 0.223 < d.l. 0.168 0.213 0.041 0.730 0.508 1.710 1.080 1.007 0.524 

Ba 75.500 143.300 26.440 57.180 75.605 49.461 202.400 209.690 265.320 190.730 217.035 33.124 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 11 12 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

La 0.463 0.760 0.086 0.197 0.377 0.301 0.980 1.510 0.690 0.900 1.020 0.349 

Ce 4.650 2.170 0.193 0.660 1.918 2.007 6.010 3.080 1.090 2.530 3.178 2.066 

Pr 0.547 0.304 0.013 0.063 0.232 0.246 0.309 0.466 0.139 0.272 0.297 0.135 

Nd 1.040 1.480 0.069 0.201 0.698 0.676 1.270 1.380 0.392 0.417 0.865 0.533 

Sm 0.054 0.114 0.053 0.068 0.072 0.029 0.354 0.326 0.095 0.160 0.234 0.126 

Eu 0.074 0.090 0.021 0.016 0.050 0.037 0.073 0.064 0.023 0.062 0.056 0.022 

Gd 0.031 0.058 0.037 0.039 0.041 0.012 0.194 0.250 0.106 0.108 0.165 0.070 

Tb 0.026 0.010 < d.l. 0.008 0.015 0.010 0.030 0.029 0.005 0.012 0.019 0.012 

Dy 0.011 0.090 0.033 0.032 0.042 0.034 0.187 0.163 0.081 0.053 0.121 0.064 

Ho 0.030 0.025 0.006 0.005 0.016 0.013 0.035 0.039 0.009 0.013 0.024 0.015 

Er 0.048 0.072 0.018 0.026 0.041 0.024 0.079 0.074 0.038 0.019 0.053 0.029 

Tm 0.146 0.006 0.006 < d.l. 0.053 0.081 0.003 0.026 0.007 < d.l. 0.012 0.012 

Yb 0.094 0.046 < d.l. 0.033 0.058 0.032 0.077 0.095 0.009 < d.l. 0.060 0.045 

Lu 0.021 0.004 0.026 0.002 0.013 0.012 0.012 0.009 0.008 < d.l. 0.010 0.002 

Hf 0.187 0.097 0.022 0.032 0.085 0.076 0.087 0.159 0.026 0.012 0.071 0.067 

Ta 0.026 0.018 0.002 0.004 0.013 0.012 0.021 0.040 0.002 0.021 0.021 0.015 

Pb 231.210 311.860 68.000 96.790 176.965 114.660 1221.520 5701.230 338.060 485.810 1936.655 2539.285 

Bi 7.840 15.550 2.570 5.300 7.815 5.588 20.000 20.440 21.380 13.670 18.873 3.516 

Th 0.147 0.137 0.003 0.077 0.091 0.066 0.175 0.284 0.071 0.102 0.158 0.095 

U 0.112 0.051 0.039 0.029 0.058 0.037 0.146 0.335 0.053 0.124 0.165 0.120 

             

 13 14 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 88.519 95.346 84.286 92.446 90.149 4.807 90.803 89.324 98.928 95.315 93.593 4.376 

CaO 6.067 0.683 7.404 2.285 4.110 3.150 4.077 4.014 0.191 1.554 2.459 1.915 

FeO 0.638 0.304 0.333 0.207 0.370 0.186 0.746 0.585 0.452 0.565 0.587 0.121 

CuO 3.699 3.005 6.756 4.271 4.433 1.633 3.721 5.587 0.348 2.032 2.922 2.248 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 13 14 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Na 561.260 235.320 418.370 310.320 381.318 141.549 422.330 171.480 121.820 1475.890 547.880 632.500 

Mg 589.350 1304.780 1053.940 920.540 967.153 298.011 872.600 530.250 37.350 255.270 423.868 360.786 

Al 3805.860 1189.740 3836.270 2441.480 2818.338 1265.667 1422.400 699.290 207.180 1156.250 871.280 534.026 

K 1080.890 89.240 379.280 138.930 422.085 457.099 366.660 154.270 182.830 625.290 332.263 216.841 

Sc 1.440 2.660 0.660 0.840 1.400 0.904 1.120 0.620 1.020 1.680 1.110 0.437 

Ti 108.690 88.220 264.400 226.160 171.868 86.599 324.850 116.590 14.730 28.730 121.225 143.040 

V 8.870 7.410 6.620 20.760 10.915 6.629 8.360 9.840 2.450 3.390 6.010 3.639 

Cr 10.790 5.340 14.690 2.330 8.288 5.521 1.650 4.900 < d.l. 4.000 3.517 1.678 

Mn 1435.350 1465.400 2050.190 1043.390 1498.583 414.958 1415.750 1915.220 142.390 573.040 1011.600 801.608 

Co 120.300 81.680 114.350 254.300 142.658 76.340 62.020 94.820 48.520 26.180 57.885 28.718 

Ni 37.040 50.850 104.110 25.230 54.308 34.813 43.470 106.960 44.930 26.440 55.450 35.351 

Zn 171.750 143.350 248.390 165.320 182.203 45.770 135.970 324.520 138.220 134.860 183.393 94.095 

As 12.400 14.160 10.640 11.380 12.145 1.525 7.030 9.040 4.370 3.300 5.935 2.597 

Rb 0.780 0.128 8.470 0.428 2.452 4.021 2.150 0.587 < d.l. 0.630 1.122 0.890 

Sr 79.450 59.930 111.170 93.100 85.913 21.652 117.550 310.880 7.990 39.970 119.098 135.879 

Y 0.790 0.780 0.880 0.850 0.825 0.048 0.610 0.452 0.223 0.340 0.406 0.165 

Zr 1.490 2.060 1.130 1.970 1.663 0.434 2.790 5.840 0.231 0.581 2.361 2.582 

Nb 0.263 0.172 0.227 0.371 0.258 0.084 0.313 0.128 0.041 0.082 0.141 0.120 

Sn 321.740 1964.440 184.480 51.690 630.588 896.044 170.930 133.020 26.480 47.130 94.390 68.789 

Sb 20.750 7.340 25.430 2.930 14.113 10.694 29.840 175.130 2.550 19.790 56.828 79.669 

Cs 0.318 0.162 1.880 0.770 0.783 0.776 0.670 3.480 0.076 0.527 1.188 1.549 

Ba 102.730 83.060 137.970 95.180 104.735 23.592 122.230 205.780 10.920 60.100 99.758 84.084 

La 0.466 1.700 1.110 0.680 0.989 0.544 0.940 0.510 0.306 0.461 0.554 0.271 

Ce 2.460 1.640 5.520 1.960 2.895 1.782 3.290 1.110 0.780 1.090 1.568 1.158 

Pr 0.283 0.164 0.453 0.345 0.311 0.121 0.183 0.131 0.031 0.600 0.236 0.251 

Nd 0.880 0.870 1.170 0.550 0.868 0.253 0.660 0.620 0.223 0.433 0.484 0.200 

Sm 0.221 0.086 0.182 0.127 0.154 0.060 0.246 0.059 0.158 0.146 0.152 0.077 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 13 14 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Eu 0.060 0.087 0.069 0.046 0.066 0.017 0.031 0.048 0.064 0.015 0.039 0.021 

Gd 0.165 0.137 0.218 0.116 0.159 0.044 0.231 0.133 0.061 0.102 0.132 0.072 

Tb 0.096 0.025 0.020 0.015 0.039 0.038 0.024 0.009 0.014 0.014 0.015 0.006 

Dy 0.154 0.107 0.134 0.153 0.137 0.022 0.147 0.065 0.083 0.013 0.077 0.055 

Ho 0.124 0.028 0.012 0.018 0.046 0.053 0.028 0.011 0.008 0.009 0.014 0.009 

Er 0.048 0.068 0.047 0.084 0.062 0.018 0.067 0.025 0.008 0.013 0.028 0.027 

Tm 0.012 0.013 0.005 0.012 0.010 0.003 0.009 0.007 < d.l. 0.003 0.006 0.003 

Yb 0.029 0.600 0.041 0.071 0.185 0.277 0.110 0.048 0.119 0.021 0.075 0.048 

Lu 0.017 0.016 0.010 0.014 0.014 0.003 0.006 < d.l. < d.l. 0.002 0.004 0.003 

Hf 0.036 0.036 0.034 0.057 0.041 0.011 0.085 0.074 0.036 < d.l. 0.065 0.026 

Ta 0.021 0.011 0.008 0.008 0.012 0.006 0.023 0.009 0.009 0.010 0.013 0.007 

Pb 427.180 166.830 385.290 240.810 305.028 121.909 561.930 349.040 47.070 172.500 282.635 223.634 

Bi 1.560 1.140 4.890 1.930 2.380 1.704 0.407 0.666 0.249 0.930 0.563 0.299 

Th 0.147 0.095 0.117 0.100 0.115 0.023 0.147 0.075 0.068 0.037 0.082 0.047 

U 0.067 0.022 0.054 0.073 0.054 0.023 0.154 0.075 0.006 0.060 0.074 0.061 

   

 15 16 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 89.780 90.464 90.354 90.354 90.238 0.310 95.517 95.446 92.609 98.758 95.583 2.513 

CaO 0.649 1.542 0.706 0.657 0.889 0.437 0.494 0.333 0.528 0.296 0.413 0.115 

FeO 0.542 0.723 0.564 0.675 0.626 0.087 0.429 0.751 1.011 0.128 0.580 0.384 

CuO 8.499 6.626 7.919 7.694 7.685 0.783 3.021 3.074 5.131 0.739 2.991 1.794 

ppm             

Na 181.770 167.610 317.300 259.660 231.585 70.023 315.230 535.010 401.590 150.890 350.680 160.978 

Mg 421.700 640.240 283.710 410.800 439.113 147.994 299.500 185.500 223.570 74.070 195.660 93.895 

Al 775.280 1211.100 725.270 1134.390 961.510 246.761 1616.320 781.340 1924.620 42.490 1091.193 849.734 

K 72.550 41.030 92.220 39.570 61.343 25.597 117.510 97.230 <4.53 42.720 85.820 38.679 

Sc 0.560 0.500 0.437 0.630 0.532 0.083 1.220 1.960 0.500 0.540 1.055 0.688 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 15 16 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Ti 53.100 138.080 65.540 121.590 94.578 41.576 138.310 134.350 47.280 7.420 81.840 65.010 

V 11.320 10.430 8.340 8.640 9.683 1.429 4.160 6.610 5.170 0.580 4.130 2.571 

Cr 3.990 6.380 4.310 6.930 5.403 1.469 1.480 2.620 2.550 0.350 1.750 1.069 

Mn 2240.180 2214.730 1776.150 2345.370 2144.108 251.738 1090.100 1121.480 2060.250 293.320 1141.288 722.623 

Co 147.870 195.210 148.850 259.200 187.783 52.486 53.190 119.160 148.300 37.260 89.478 52.866 

Ni 167.370 205.900 132.780 224.800 182.713 40.978 75.800 217.410 224.880 37.950 139.010 96.140 

Zn 579.610 473.780 597.850 516.620 541.965 57.248 108.380 164.230 279.380 43.520 148.878 100.011 

As 16.700 14.000 15.660 15.200 15.390 1.119 7.740 18.360 10.030 7.510 10.910 5.095 

Rb 0.397 0.279 0.427 1.270 0.593 0.456 < d.l. 0.251 < d.l. < d.l. 0.251 - 

Sr 103.050 145.700 105.150 107.970 115.468 20.256 34.110 48.450 59.380 8.630 37.643 21.936 

Y 0.710 0.485 0.495 0.660 0.588 0.114 0.157 0.295 0.198 0.022 0.168 0.113 

Zr 1.000 1.340 1.210 2.290 1.460 0.571 2.960 1.430 1.020 0.469 1.470 1.069 

Nb 0.101 0.253 0.135 0.253 0.186 0.079 0.276 0.259 0.069 0.029 0.158 0.127 

Sn 115.390 146.130 183.380 89.330 133.558 40.524 69.830 259.960 62.340 58.850 112.745 98.250 

Sb 5.600 6.820 2.130 1.800 4.088 2.505 11.010 3.900 10.020 0.820 6.438 4.890 

Cs 1.490 1.010 0.940 2.780 1.555 0.852 0.429 1.350 0.620 0.184 0.646 0.502 

Ba 224.490 221.810 203.420 221.790 217.878 9.721 88.330 112.430 165.280 23.130 97.293 58.968 

La 0.349 2.100 0.503 0.590 0.886 0.816 0.142 0.372 0.169 0.061 0.186 0.132 

Ce 0.980 2.280 0.770 1.030 1.265 0.686 0.401 0.640 0.547 0.278 0.467 0.160 

Pr 0.103 0.411 0.102 0.138 0.189 0.149 0.052 0.102 0.022 0.016 0.048 0.039 

Nd 0.468 1.330 0.292 0.500 0.648 0.464 0.182 0.293 0.261 0.020 0.189 0.122 

Sm 0.030 0.118 0.133 0.077 0.090 0.046 0.100 0.089 0.063 < d.l. 0.084 0.019 

Eu 0.044 0.049 0.023 0.012 0.032 0.017 0.004 0.062 0.016 0.004 0.021 0.028 

Gd 0.080 0.067 0.106 0.105 0.090 0.019 < d.l. 0.075 < d.l. 0.029 0.052 0.033 

Tb 0.011 0.022 0.017 0.022 0.018 0.005 0.005 0.006 0.013 < d.l. 0.008 0.004 

Dy 0.100 0.137 0.073 0.170 0.120 0.042 0.031 0.080 0.027 0.005 0.036 0.032 

Ho 0.017 0.019 0.024 0.017 0.019 0.003 0.013 0.011 0.003 < d.l. 0.009 0.005 

Er 0.055 0.049 0.035 0.042 0.045 0.009 0.017 0.055 0.022 0.003 0.024 0.022 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 15 16 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Tm 0.006 0.012 0.012 0.001 0.008 0.005 < d.l. 0.006 < d.l. < d.l. 0.006 - 

Yb 0.069 0.036 < d.l. 0.071 0.059 0.020 0.009 < d.l. < d.l. < d.l. 0.009 - 

Lu 0.009 0.012 0.011 0.014 0.012 0.002 0.004 0.005 < d.l. 0.007 0.005 0.001 

Hf 0.004 0.017 0.034 0.033 0.022 0.014 0.041 0.070 0.034 0.012 0.039 0.024 

Ta 0.001 0.003 0.004 0.011 0.005 0.005 0.008 0.008 0.003 0.001 0.005 0.004 

Pb 469.090 420.440 820.780 332.480 510.698 214.313 116.520 173.830 232.610 36.730 139.923 83.541 

Bi 16.790 9.960 7.010 8.150 10.478 4.380 4.440 4.260 9.340 0.810 4.713 3.508 

Th 0.082 0.119 0.079 0.043 0.081 0.031 0.057 0.089 0.022 0.011 0.045 0.035 

U 0.056 0.049 0.062 0.087 0.064 0.017 0.041 0.052 0.028 0.005 0.031 0.020 

   

 17 18 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 97.105 96.537 94.634 94.478 95.689 1.329 94.775 95.250 93.038 96.752 94.954 1.530 

CaO 0.304 0.261 0.461 0.347 0.343 0.086 0.729 0.316 2.467 0.253 0.941 1.039 

FeO 0.267 0.244 0.218 0.206 0.234 0.027 0.421 0.418 0.409 0.460 0.427 0.023 

CuO 2.029 2.539 4.288 4.502 3.339 1.240 3.194 3.544 3.714 2.174 3.156 0.690 

ppm             

Na 164.840 266.350 153.560 230.410 203.790 53.736 826.090 289.580 462.210 302.710 470.148 249.932 

Mg 327.470 252.910 173.040 221.630 243.763 64.761 351.050 206.210 170.030 174.430 225.430 85.284 

Al 411.290 1230.750 1060.940 1019.840 930.705 358.109 2509.130 609.930 295.220 630.870 1011.288 1010.295 

K 33.850 506.720 35.070 51.720 156.840 233.396 114.790 119.410 42.890 81.880 89.743 35.424 

Sc 1.250 1.320 0.540 1.420 1.133 0.401 1.850 1.780 0.720 1.270 1.405 0.525 

Ti 47.740 73.620 33.450 39.290 48.525 17.729 134.920 75.060 23.610 56.170 72.440 46.761 

V 4.280 2.170 2.670 5.310 3.608 1.449 10.090 7.440 3.270 9.790 7.648 3.150 

Cr < d.l. 2.180 0.790 0.750 1.240 0.814 2.160 1.870 1.950 1.170 1.788 0.429 

Mn 1090.240 842.800 1142.210 1597.800 1168.263 314.746 1832.180 2195.210 1745.170 1330.450 1775.753 355.133 

Co 35.430 23.730 46.790 66.070 43.005 18.030 172.450 112.200 179.780 90.330 138.690 44.229 

Ni 91.300 34.920 65.620 83.240 68.770 24.985 111.010 136.920 80.430 75.290 100.913 28.720 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 17 18 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Zn 92.770 59.020 107.300 106.560 91.413 22.605 113.580 158.760 154.060 77.480 125.970 38.162 

As 7.490 11.120 6.610 33.750 14.743 12.821 148.610 18.350 5.640 28.240 50.210 66.249 

Rb < d.l. 0.390 < d.l. 0.204 0.297 0.132 < d.l. 0.082 0.151 < d.l. 0.117 0.049 

Sr 14.170 16.270 28.460 30.070 22.243 8.181 34.270 39.560 37.200 22.030 33.265 7.796 

Y 0.149 0.347 0.178 0.209 0.221 0.088 1.070 0.600 0.184 0.520 0.594 0.365 

Zr 0.820 2.840 1.760 1.100 1.630 0.898 8.450 2.610 0.471 1.630 3.290 3.549 

Nb 0.064 0.760 0.126 0.096 0.262 0.333 0.349 0.182 0.038 0.123 0.173 0.131 

Sn 45.720 77.960 32.600 72.150 57.108 21.536 94.570 108.140 36.130 149.440 97.070 46.851 

Sb 10.160 8.410 19.230 10.630 12.108 4.843 7.900 7.640 10.860 6.800 8.300 1.770 

Cs 0.250 < d.l. 0.346 0.367 0.321 0.062 0.110 0.239 0.142 0.063 0.139 0.074 

Ba 33.530 34.580 69.260 63.340 50.178 18.778 70.120 84.890 79.750 49.030 70.948 15.842 

La 0.346 0.276 0.185 0.215 0.256 0.071 0.950 0.421 0.256 0.660 0.572 0.302 

Ce 0.548 0.538 0.720 0.580 0.597 0.084 1.440 0.910 0.540 1.100 0.998 0.376 

Pr 0.042 0.046 0.079 0.100 0.067 0.028 0.215 0.100 0.190 0.134 0.160 0.052 

Nd 0.310 0.301 0.192 0.195 0.250 0.065 0.790 0.600 0.228 0.434 0.513 0.239 

Sm 0.036 0.017 0.020 < d.l. 0.024 0.010 0.239 0.102 0.048 0.194 0.146 0.087 

Eu 0.026 0.015 0.007 0.004 0.013 0.010 0.041 0.040 0.041 0.061 0.046 0.010 

Gd < d.l. < d.l. 0.034 < d.l. 0.034 - 0.235 0.074 0.073 0.132 0.129 0.076 

Tb < d.l. 0.005 0.003 0.006 0.005 0.001 0.017 0.015 0.160 0.013 0.051 0.073 

Dy 0.015 0.043 0.046 0.012 0.029 0.018 0.178 0.092 0.030 0.040 0.085 0.068 

Ho 0.016 0.055 0.005 0.002 0.020 0.024 0.029 0.013 0.005 0.020 0.017 0.010 

Er 0.028 0.039 0.014 0.024 0.026 0.010 0.064 0.071 0.018 0.017 0.042 0.029 

Tm < d.l. 0.008 < d.l. 0.002 0.005 0.004 0.016 0.015 0.007 0.005 0.011 0.005 

Yb 0.054 0.065 0.026 0.030 0.044 0.019 0.179 0.063 0.016 0.021 0.070 0.076 

Lu 0.004 < d.l. 0.004 < d.l. 0.004 0.000 0.017 < d.l. < d.l. 0.010 0.013 0.005 

Hf 0.026 0.010 0.022 0.036 0.023 0.011 0.313 0.101 0.016 0.045 0.119 0.134 

Ta 0.005 < d.l. 0.013 0.004 0.007 0.005 0.028 0.006 0.003 0.004 0.010 0.012 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 17 18 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Pb 246.640 193.110 412.270 346.330 299.588 98.358 168.890 187.020 170.160 120.770 161.710 28.517 

Bi 5.760 2.460 5.060 5.220 4.625 1.474 3.610 5.150 4.610 4.390 4.440 0.639 

Th 0.052 0.034 0.032 0.023 0.035 0.012 0.238 0.149 0.029 0.088 0.126 0.089 

U 0.018 0.038 0.016 0.020 0.023 0.010 0.118 0.047 0.030 0.069 0.066 0.038 

   

 19 20 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 79.706 91.546 95.021 93.690 89.991 7.005 76.985 90.017 84.929 89.867 85.449 6.118 

CaO 11.382 0.519 0.409 0.770 3.270 5.410 6.139 0.537 6.134 0.803 3.403 3.158 

FeO 3.705 1.048 0.707 0.340 1.450 1.531 3.195 0.649 0.459 0.598 1.225 1.316 

CuO 2.543 5.127 3.341 4.647 3.915 1.185 10.235 8.330 7.484 8.009 8.514 1.199 

ppm             

Na 1388.470 391.030 212.290 152.550 536.085 577.218 2520.520 1017.210 516.690 355.920 1102.585 986.342 

Mg 1797.920 3784.240 227.950 224.470 1508.645 1688.322 3949.970 188.710 333.520 496.690 1242.223 1809.544 

Al 11173.890 4428.520 1164.790 1139.230 4476.608 4724.480 11507.820 341.640 3121.790 1411.620 4095.718 5072.320 

K 6709.020 40.590 36.500 25.450 1702.890 3337.426 4138.740 865.250 146.290 68.090 1304.593 1923.193 

Sc 5.530 1.460 0.720 0.660 2.093 2.320 1.500 0.650 0.800 0.530 0.870 0.434 

Ti 739.580 98.610 67.430 98.710 251.083 325.998 420.460 79.590 194.290 226.390 230.183 141.641 

V 24.550 5.030 6.320 2.950 9.713 9.989 52.610 3.660 251.450 15.590 80.828 115.642 

Cr 16.620 2.290 0.940 1.850 5.425 7.484 21.900 5.890 3.170 8.220 9.795 8.330 

Mn 522.590 1875.150 1815.500 2164.750 1594.498 730.703 2153.550 1815.210 2166.070 2524.940 2164.943 289.852 

Co 107.670 590.830 416.660 539.930 413.773 216.773 633.870 1870.880 160.720 492.930 789.600 747.646 

Ni 44.770 61.020 45.670 53.200 51.165 7.580 143.700 61.850 97.760 132.470 108.945 36.988 

Zn 131.400 331.380 170.760 273.480 226.755 91.938 309.730 285.160 254.050 396.530 311.368 61.176 

As 92.110 5.380 15.930 2.770 29.048 42.425 12.630 6.140 16.450 19.180 13.600 5.652 

Rb 10.740 1.080 < d.l. < d.l. 5.910 6.831 26.530 1.620 0.660 0.680 7.373 12.780 

Sr 30.910 70.490 40.010 91.500 58.228 27.902 78.920 74.600 63.450 77.860 73.708 7.081 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 19 20 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Y 0.700 1.010 0.411 0.319 0.610 0.312 0.960 2.860 0.367 0.610 1.199 1.134 

Zr 2.170 1.200 2.240 1.160 1.693 0.593 6.740 2.000 3.190 3.830 3.940 2.015 

Nb 0.920 0.085 0.205 0.074 0.321 0.404 1.430 0.271 0.323 0.371 0.599 0.556 

Sn 207.630 16.990 7.890 13.240 61.438 97.533 561.750 483.380 302.290 372.140 429.890 115.275 

Sb 239.020 46.520 6.450 65.160 89.288 102.783 87.350 10.930 14.150 9.820 30.563 37.903 

Cs 0.670 0.337 0.138 1.360 0.626 0.536 1.680 1.680 0.620 0.490 1.118 0.652 

Ba 87.410 87.860 60.200 95.020 82.623 15.349 174.310 171.870 139.490 183.770 167.360 19.276 

La 1.550 0.980 0.344 0.397 0.818 0.567 1.630 0.319 0.490 0.830 0.817 0.582 

Ce 6.170 0.740 0.860 0.760 2.133 2.692 8.470 0.890 1.180 1.210 2.938 3.691 

Pr 0.880 0.102 0.068 0.076 0.282 0.399 0.630 0.131 0.351 0.150 0.316 0.232 

Nd 1.800 0.402 0.450 0.388 0.760 0.694 2.120 0.440 0.540 0.580 0.920 0.802 

Sm 0.460 0.043 0.060 0.026 0.147 0.209 0.403 0.220 0.106 0.164 0.223 0.129 

Eu 0.237 0.011 0.031 0.022 0.075 0.108 0.149 0.091 0.037 0.058 0.084 0.049 

Gd 0.245 0.108 0.044 < d.l. 0.132 0.103 0.271 0.263 0.076 0.106 0.179 0.102 

Tb 0.111 0.158 < d.l. 0.011 0.093 0.075 0.032 0.067 0.030 0.033 0.040 0.018 

Dy 0.176 0.067 0.035 0.047 0.081 0.065 0.215 0.570 0.085 0.116 0.247 0.223 

Ho 0.075 0.007 0.023 0.012 0.029 0.031 0.026 0.090 0.024 0.022 0.041 0.033 

Er 0.105 0.063 0.018 0.039 0.056 0.037 0.086 0.261 0.082 0.044 0.118 0.097 

Tm 0.252 0.005 0.006 0.003 0.066 0.124 0.012 0.020 0.012 0.006 0.012 0.006 

Yb 0.379 0.008 < d.l. 0.011 0.133 0.213 0.072 0.199 0.055 0.088 0.104 0.065 

Lu 0.016 0.003 0.003 < d.l. 0.008 0.008 0.011 0.016 < d.l. 0.019 0.015 0.004 

Hf 0.074 0.064 0.011 0.010 0.040 0.034 0.058 0.014 0.146 0.080 0.075 0.055 

Ta 0.024 0.005 0.008 0.002 0.010 0.010 0.063 0.005 0.022 0.015 0.026 0.026 

Pb 2792.530 637.000 335.020 735.350 1124.975 1124.677 1188.610 294.410 559.590 321.510 591.030 415.818 

Bi 3.970 0.590 0.496 0.680 1.434 1.692 3.580 2.620 3.100 4.290 3.398 0.712 

Th 13.090 0.056 0.043 0.053 3.311 6.520 0.311 0.142 0.066 0.059 0.145 0.117 

U 0.095 0.035 0.043 0.023 0.049 0.032 0.252 0.023 0.147 0.073 0.124 0.100 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 21 22 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 94.712 92.820 96.311 96.051 94.974 1.598 85.414 93.544 97.379 90.305 91.661 5.070 

CaO 1.502 1.836 0.846 0.640 1.206 0.558 3.084 0.675 0.306 0.741 1.201 1.269 

FeO 0.866 0.768 0.350 0.512 0.624 0.236 1.621 0.438 0.313 1.048 0.855 0.603 

CuO 2.378 3.496 2.059 2.338 2.568 0.635 6.327 4.328 1.495 5.600 4.437 2.129 

ppm             

Na 300.560 123.780 549.840 126.790 275.243 200.851 800.540 220.530 91.060 396.230 377.090 308.761 

Mg 523.640 585.950 223.900 148.750 370.560 216.437 635.510 356.210 223.510 691.910 476.785 223.725 

Al 1498.940 4205.580 
1064.43

0 

1588.61

0 
2089.390 1429.244 16215.550 2705.820 1690.870 3360.400 5993.160 6849.452 

K 32.700 32.700 112.020 34.810 53.058 39.321 215.280 356.770 <8.38 337.330 303.127 76.696 

Sc 0.930 1.240 0.790 0.930 0.973 0.190 1.140 0.630 0.490 0.630 0.723 0.286 

Ti 181.390 500.360 41.520 19.180 185.613 221.770 209.930 86.210 95.190 110.800 125.533 57.175 

V 6.190 6.070 2.390 6.830 5.370 2.014 36.710 9.980 10.020 31.240 21.988 14.021 

Cr 2.260 2.700 0.980 2.610 2.138 0.795 6.710 1.370 2.290 2.910 3.320 2.347 

Mn 1027.250 1321.910 934.100 907.800 1047.765 189.812 2150.610 3217.790 1072.630 11634.350 4518.845 4823.833 

Co 92.200 112.710 75.750 59.390 85.013 22.812 226.720 207.360 85.430 182.310 175.455 62.710 

Ni 61.680 96.640 71.000 58.860 72.045 17.198 182.100 191.740 62.290 238.330 168.615 75.015 

Zn 114.990 177.730 75.300 261.520 157.385 81.227 359.010 302.300 61.490 390.230 278.258 149.025 

As 17.510 25.960 19.650 11.780 18.725 5.857 31.660 14.440 4.450 19.970 17.630 11.346 

Rb 6.500 < d.l. 0.204 0.129 2.278 3.657 0.930 < d.l. < d.l. 0.478 0.704 0.320 

Sr 90.620 152.920 64.590 74.110 95.560 39.723 113.040 91.510 29.660 116.160 87.593 40.146 

Y 0.560 0.660 0.246 0.243 0.427 0.215 1.030 0.600 0.205 0.820 0.664 0.353 

Zr 3.510 2.870 1.460 1.560 2.350 1.005 5.790 2.950 1.830 5.640 4.053 1.974 

Nb 0.261 0.397 0.090 0.132 0.220 0.139 0.700 0.196 0.115 0.293 0.326 0.260 

Sn 177.180 111.850 53.130 418.710 190.218 160.534 263.490 115.540 77.530 309.100 191.415 112.207 

Sb 76.170 69.590 3.970 290.400 110.033 124.585 47.240 29.790 17.170 37.590 32.948 12.711 

Cs 0.890 0.810 0.367 0.550 0.654 0.240 0.940 0.404 0.260 0.560 0.541 0.293 

Ba 63.230 100.250 45.950 54.720 66.038 23.874 128.160 136.610 328.800 166.770 190.085 93.950 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 21 22 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

La 0.560 0.407 0.123 0.342 0.358 0.181 1.290 0.500 0.240 0.810 0.710 0.451 

Ce 1.360 1.370 0.570 1.790 1.273 0.509 4.670 5.700 2.720 2.700 3.948 1.490 

Pr 0.131 0.104 0.037 0.080 0.088 0.040 0.287 0.165 0.064 0.125 0.160 0.094 

Nd 0.470 0.560 0.145 0.308 0.371 0.183 1.590 0.480 0.246 0.530 0.712 0.599 

Sm 0.087 0.170 0.063 0.107 0.107 0.046 0.209 0.196 0.041 0.070 0.129 0.086 

Eu 0.020 0.039 0.018 0.022 0.025 0.010 0.079 0.059 0.238 0.039 0.104 0.091 

Gd 0.098 0.078 0.039 0.094 0.077 0.027 0.312 0.070 < d.l. 0.072 0.151 0.139 

Tb 0.012 0.020 0.008 0.004 0.011 0.007 0.034 0.021 0.006 0.015 0.019 0.012 

Dy 0.069 0.105 0.044 0.073 0.073 0.025 0.226 0.181 0.037 0.108 0.138 0.083 

Ho 0.018 0.024 0.013 0.008 0.016 0.007 0.036 0.022 < d.l. 0.056 0.038 0.017 

Er 0.053 0.072 0.011 0.005 0.035 0.033 0.101 0.069 0.018 0.088 0.069 0.036 

Tm 0.012 0.012 0.002 0.007 0.008 0.005 0.014 0.004 0.005 0.011 0.008 0.005 

Yb 0.044 0.051 0.032 0.022 0.037 0.013 0.141 0.080 0.015 0.058 0.074 0.052 

Lu 0.014 0.016 0.008 0.005 0.011 0.005 0.018 0.003 0.018 0.018 0.014 0.007 

Hf 0.084 0.066 0.013 0.024 0.047 0.034 0.124 0.075 0.092 0.150 0.110 0.033 

Ta 0.030 0.011 0.013 0.004 0.014 0.011 0.030 0.006 0.005 0.013 0.013 0.011 

Pb 127.220 194.450 79.160 122.160 130.748 47.629 483.310 313.090 92.760 251.260 285.105 161.463 

Bi 5.170 4.770 6.700 2.560 4.800 1.709 10.490 11.740 5.650 8.770 9.163 2.639 

Th 0.161 0.086 0.043 0.049 0.085 0.054 0.224 0.090 0.064 0.094 0.118 0.072 

U 0.246 0.057 0.044 0.018 0.091 0.104 0.141 0.025 0.017 0.044 0.057 0.057 

             

 23 24 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 99.483 97.580 97.575 97.899 98.134 0.912 90.952 90.579 95.313 94.052 92.724 2.324 

CaO 0.116 0.145 0.149 0.103 0.128 0.022 0.945 1.033 0.547 0.598 0.781 0.244 

FeO 0.055 0.142 0.120 0.246 0.141 0.079 0.411 0.369 0.143 0.128 0.263 0.148 

CuO 0.122 1.942 1.940 1.545 1.387 0.864 7.210 7.680 3.731 4.819 5.860 1.893 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 23 24 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Na 1045.520 165.640 130.140 341.340 420.660 426.684 215.080 112.030 71.340 381.890 195.085 138.452 

Mg 76.930 99.400 54.370 91.090 80.448 19.705 407.760 230.000 205.010 206.380 262.288 97.658 

Al 321.950 439.370 581.430 485.930 457.170 107.810 270.040 291.620 620.840 1005.820 547.080 345.395 

K 187.940 86.410 24.000 52.570 87.730 71.511 20.730 610.140 23.870 94.240 187.245 283.965 

Sc 0.730 0.740 0.490 0.570 0.633 0.123 0.375 0.393 0.510 1.900 0.795 0.739 

Ti 9.520 33.190 11.770 54.880 27.340 21.234 492.830 37.590 111.730 20.120 165.568 221.760 

V 0.401 1.070 0.810 1.290 0.893 0.382 10.290 2.530 1.900 1.210 3.983 4.239 

Cr 0.600 0.510 < d.l. 0.960 0.690 0.238 1.760 1.480 1.840 1.380 1.615 0.220 

Mn 76.220 540.050 614.950 421.950 413.293 238.346 2581.530 1790.010 814.120 978.290 1540.988 814.393 

Co 9.260 17.140 18.750 28.160 18.328 7.756 267.880 89.310 84.600 94.450 134.060 89.304 

Ni 10.850 44.130 44.130 48.290 36.850 17.444 116.610 54.250 66.970 25.540 65.843 38.023 

Zn 19.460 56.540 66.560 54.290 49.213 20.540 371.410 345.420 144.260 216.320 269.353 107.490 

As 14.290 5.820 3.970 6.220 7.575 4.583 3.000 5.690 10.520 5.170 6.095 3.172 

Rb 0.160 0.144 0.151 0.103 0.140 0.025 0.730 1.280 < d.l. 0.297 0.769 0.493 

Sr 9.990 21.000 19.210 13.470 15.918 5.092 190.340 208.860 51.520 79.910 132.658 78.527 

Y 0.081 0.050 0.077 0.360 0.142 0.146 0.098 0.151 0.157 0.090 0.124 0.035 

Zr 0.244 0.970 0.560 1.380 0.789 0.494 1.590 0.500 0.820 0.870 0.945 0.460 

Nb 0.083 0.068 0.025 0.100 0.069 0.032 0.365 0.053 0.101 0.048 0.142 0.151 

Sn 21.500 133.150 25.970 85.080 66.425 53.088 21.630 76.820 29.060 320.450 111.990 141.108 

Sb 2.320 24.040 17.730 4.820 12.228 10.374 3.010 25.280 20.680 15.330 16.075 9.612 

Cs 0.077 0.255 0.094 < d.l. 0.142 0.098 3.680 3.470 0.419 0.940 2.127 1.687 

Ba 19.250 40.160 44.960 32.750 34.280 11.208 194.430 202.360 84.420 101.330 145.635 61.397 

La 0.042 0.072 0.052 2.270 0.609 1.107 0.246 0.224 0.194 0.244 0.227 0.024 

Ce 0.468 0.240 0.104 3.130 0.986 1.438 0.433 0.448 0.379 0.630 0.473 0.109 

Pr 0.008 0.019 0.010 0.455 0.123 0.221 0.044 0.039 0.053 0.057 0.048 0.008 

Nd 0.108 0.023 0.044 1.450 0.406 0.697 0.146 0.120 0.137 0.271 0.169 0.069 

Sm 0.033 < d.l. < d.l. 0.315 0.174 0.199 0.044 0.012 0.055 0.054 0.041 0.020 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 23 24 

ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

Eu 0.005 0.008 0.007 0.102 0.030 0.048 0.020 0.013 0.028 0.055 0.029 0.018 

Gd < d.l. < d.l. 0.055 0.201 0.128 0.103 < d.l. < d.l. 0.017 < d.l. 0.017 - 

Tb 0.040 0.006 < d.l. 0.018 0.021 0.017 0.005 0.003 0.006 0.003 0.004 0.001 

Dy 0.015 0.073 < d.l. 0.035 0.041 0.029 0.022 0.007 0.032 0.014 0.019 0.011 

Ho < d.l. < d.l. 0.009 0.006 0.007 0.002 0.006 0.005 0.009 0.063 0.021 0.028 

Er < d.l. 0.026 < d.l. 0.017 0.022 0.006 0.011 0.018 0.025 0.212 0.067 0.097 

Tm 0.009 0.016 < d.l. 0.003 0.009 0.006 < d.l. 0.003 0.007 < d.l. 0.005 0.003 

Yb 0.099 0.007 < d.l. 0.042 0.049 0.046 0.011 0.009 0.026 0.039 0.021 0.014 

Lu 0.009 0.006 < d.l. < d.l. 0.007 0.002 0.005 0.004 < d.l. 0.003 0.004 0.001 

Hf 0.005 0.650 0.011 0.017 0.171 0.320 0.023 0.005 0.041 0.102 0.043 0.042 

Ta 0.041 < d.l. 0.002 0.006 0.017 0.021 0.019 < d.l. 0.003 0.012 0.011 0.008 

Pb 28.660 866.700 82.280 60.490 259.533 405.377 491.020 688.550 248.150 347.950 443.918 191.136 

Bi 0.890 2.460 2.650 1.760 1.940 0.798 2.510 3.280 1.080 3.150 2.505 1.008 

Th 0.018 0.015 0.011 0.102 0.036 0.044 0.012 0.017 0.025 0.020 0.018 0.005 

U 0.013 0.023 1.950 0.040 0.506 0.962 0.011 0.018 0.020 0.043 0.023 0.014 
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Table F1 (cont.): LA-ICP-MS results of the analysis of 25 disk-shaped beads which were not subjected to any kind of sample preparation prior to their analysis. The spot analysis 

sampling strategy selected did not achieve the reproducibility necessary for sound result interpretation. 

 25   25 

wt.% A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D.  ppm A.S. 1 A.S. 2 A.S. 3 A.S. 4 Avg. S.D. 

SiO2 95.292 88.564 97.861 91.874 93.398 4.049  Cs 0.810 0.780 0.463 0.980 0.758 0.216 

CaO 0.418 0.388 0.176 0.746 0.432 0.235  Ba 69.040 60.470 33.440 59.150 55.525 15.362 

FeO 0.565 6.981 0.244 0.438 2.057 3.286  La 0.420 0.850 0.218 0.670 0.540 0.278 

CuO 3.202 2.455 1.463 6.153 3.318 2.019  Ce 0.700 1.490 0.480 1.260 0.983 0.471 

ppm        Pr 0.057 0.198 0.044 0.139 0.110 0.072 

Na 501.180 3503.850 614.660 200.340 1205.008 1542.500  Nd 0.214 0.770 0.139 0.460 0.396 0.285 

Mg 200.460 364.310 88.420 518.650 292.960 188.343  Sm < d.l. 0.063 0.068 0.063 0.065 0.003 

Al 1245.350 4965.580 431.500 2450.870 2273.325 1977.272  Eu 0.032 0.048 0.024 0.044 0.037 0.011 

K 154.160 1681.910 79.660 10.030 481.440 802.474  Gd 0.078 0.146 0.029 0.077 0.083 0.048 

Sc 0.810 1.220 0.950 0.520 0.875 0.291  Tb < d.l. 0.025 0.009 0.017 0.017 0.008 

Ti 166.250 112.550 63.080 65.780 101.915 48.532  Dy 0.035 0.135 0.061 0.045 0.069 0.045 

V 5.960 6.340 2.170 5.670 5.035 1.930  Ho 0.017 0.049 0.010 0.013 0.022 0.018 

Cr 1.450 3.780 0.640 2.060 1.983 1.332  Er 0.042 0.021 0.009 0.036 0.027 0.015 

Mn 1446.120 1094.630 594.640 1656.120 1197.878 464.100  Tm 0.005 0.011 0.008 0.008 0.008 0.002 

Co 122.150 1534.420 84.810 340.290 520.418 685.327  Yb 0.039 0.058 0.055 0.390 0.136 0.170 

Ni 32.090 1243.790 23.380 102.360 350.405 596.639  Lu < d.l. < d.l. 0.003 0.342 0.173 0.239 

Zn 130.250 418.960 60.920 160.400 192.633 156.528  Hf 0.018 0.269 0.003 0.113 0.101 0.122 

As 13.400 66.220 25.550 49.500 38.668 23.714  Ta 0.018 0.032 0.020 0.085 0.039 0.032 

Rb 0.210 3.090 0.168 1.780 1.312 1.403  Pb 533.650 223.630 130.140 285.040 293.115 172.541 

Sr 39.760 31.110 18.810 34.450 31.033 8.893  Bi 1.560 1.420 0.910 2.920 1.703 0.858 

Y 0.318 0.710 0.313 0.480 0.455 0.187  Th 0.044 0.148 0.041 0.064 0.074 0.050 

Zr 1.770 7.440 0.750 2.640 3.150 2.962  U 0.069 0.083 0.026 0.060 0.060 0.024 

Nb 0.143 0.318 0.121 0.230 0.203 0.090  

Sn 70.740 381.560 8.630 52.350 128.320 170.825  

Sb 10.310 11.300 1.600 10.800 8.503 4.619  
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