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A B S T R A C T

A collection of glass beads found in Lumbu (Mbanza Kongo, Angola) were analyzed by means of a multi-ana-
lytical 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).

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. 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 a major goal of this study, the process of glass
coloring and opacification was also studied in an attempt to establish the technology employed in the production
of these artefacts. Chemical data 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 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 pro-
duction centers, allowing a glimpse into the consumption patterns and economic interactions in place between
Europe and West-Central Africa throughout the 17th-19th centuries.

1. Introduction

Man-made glass artefacts are some of the most common materials
found in archeological contexts. First developed in western Asia in the
3rd millennium B.C., glass composition has changed throughout time.

While silicate glass remained the most prevalent glass from ancient to
historic times, the fluxing agents, glass stabilizers and (de)coloring
agents used in glass manufacture changed according to raw material
availability and fashion and market preference or technological
knowledge.
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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 cations of the
fluxing agents create a weakness in the structure and lower its melting
temperature [1,2]. After the fall of the Roman Empire, in Europe, plant
ash was used to substitute the most common mineral fluxing agent –
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 [3,4]. Halophytic plant ashes, rich in soda and
known as allume catina in the Venetian glass industry, were first im-
ported from the Levantine coast in the 13th century [2,5]. A lower
quality soda plant ash, known as barilla was produced in Europe by
burning local plants in the 17th century onwards in Italy and Spain [2].
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 [2]. Wood ash, on the other hand, was first
introduced in Europe in 800 A.D. [5]. 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 [5,6]. Gripola di vino, tartar from wine barrels,
was used in the Venetian glass industry as their main potash source [2].
The combined use of allume catina and gripola di vino is mentioned in the
1536 anonymous manuscript of Montpellier which describes several
glass recipes [2].

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 [1,2]. 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 magne-
sium can also be found in plant ash [4]. Lead oxides can also be used as
glass stabilizers. Lead oxides have been used in glass production in
Europe since the Iron Age [3], but the Venetian glass industry diffused
and rebranded glass containing these compounds as vetro di piombo [2].
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 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 char-
acteristics responsible for the final color obtained [7]. The opacity of a
glass is also dependent on the particles dispersed within the glass ma-
trix [1,8].

Hence, glass composition is dependent on the raw materials used
(and their purity) and the melting conditions present at the time of
manufacture.

1.1. Glass provenance

Determining the provenance of glass artefacts has been the subject
of many studies (e.g.[9–24].). Geochemical studies, in particular, have
the potential to link glass artefacts to the geological source of the raw
materials used in their production due to their unique fingerprint [13].
This means the term provenance refers not to the actual location of glass
production, but to the geographical location from which the raw ma-
terials 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 [25–27]. 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 sig-
nificant 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 alumino-
silicates, rare earth element (REE) phosphates (e.g. monazite and xe-
notime), chromite (FeCr2O4), and iron and/or titanium oxides (e.g.
magnetite, ilmenite and rutile) [24,28,29]. 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 [24,29]. 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 [29]. 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 [13,29].

Studies have shown that the largest portion of REE found in glass
can be attributed to the silica source, as these elements occur in in-
significant concentrations in both plant ash and carbonates [24]. REE
concentrations are also not influenced by the use of (de)colorants [14].
While other trace elements can be influenced by erosion and sedi-
mentation processes, REE preserve the signature of the source rock
[22]. Moreover, the behavior of europium (Eu) and cerium (Ce) in re-
lation to the other REE reflect the redox conditions of the chemical
system in which REE-containing minerals were formed. The fractiona-
tion of Eu and Ce relative to neighboring trivalent rare earth elements is
known as europium and cerium anomaly, respectively [18,28]. Euro-
pium anomalies are a product of igneous processes such as plagioclase
formation [22], while cerium fractionation can occur in marine en-
vironments during processes of cementation, lithification
and precipitation [28]. Besides the use of REE patterns (e.g.
[9,11–14,16–18,22–24]), Zr-Ti [10], Zr-Ti-Cr-La [19] and Zr-Sr-Ba [21]
have been used to successfully distinguish between different silica
sources.

1.2. Glass sourcing in sub-Saharan Africa

Glass beads have been found in many archeological sites in sub-
Saharan Africa dated to the last 2000–3000 years [17]. These artefacts
are usually testaments of trade networks between sub-Saharan African
societies and glass working communities located in North Africa and
Eurasia [23]. In African societies, glass beads were commonly used as
adornments or amulets to symbolize wealth, social status and political,
cultural and religious affiliation [30]. These objects were also used as
currency [31].

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 [9,12,17,18,20,23,32–34], with barely any
studies regarding European trade beads [15,16,35]. Koleini et al. re-
cently authored a general overview of all glass beads found in Sub-
Saharan Africa that have been subjected to archaeometric studies [36].

2. Materials & methods

2.1. Materials

Located in Mbanza Kongo, the capital of the Kongo Kingdom
[37,38], Lumbu is thought to be either the site of the Royal palace [39],
or an area used by the King to hold public audiences when important
state matters were being decided [40]. The archeological 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
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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 S1
(Supplementary information).

2.2. Methods

The methodology used in this study follows the one proposed by
Costa et al. [16].

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 × 3 mm. Spectra were recorded in vacuum conditions
during a 120-s 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 [16,41].

Only a limited amount 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.

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 dis-
tance. 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 [16,41,42].

2.2.3. Micro-Raman spectroscopy
A Bruker™ Optics SENTERRA dispersive Raman spectrometer cou-

pled 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 au-
thors (e.g. [16,42–45]), 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.

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 acqui-
sition 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 1. Data of two different Fe and Zn isotopes were acquired and
used to determine possible instrumental interferences. Elemental con-
centrations were determined using off-line calculations and data re-
duction with the GLITTER® software, using NIST 612 as primary re-
ference material (recommended concentrations reported by Pearce
et al. [46]) and SiO2 as an internal standard for the samples and re-
ference material. The first 4 or 5 s of ablation were discarded to elim-
inate the interference of surface contamination and weathering.

3. Results & discussions

3.1. Chemical glass types

VP-SEM-EDS results displayed in Table 2 revealed that several glass
bead types have significant lead content. In fact, according to the glass
type classification devised by Schalm et al. [47], 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 [2]. Caution must be exercised when classifying ar-
tefacts 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 de-
termined by VP-SEM-EDS and LA-ICP-MS (Table 3) revealed that an
important number of glass beads have suffered processes of glass al-
teration. Glass alteration is controlled by the pH of the burial en-
vironment and can be described by two reaction processes: selective
leaching and uniform dissolution [48,49]. In 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

Table 1
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
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shown in Table 3 highlight the surface-sensitive nature of SEM-EDS – a
technique with an analysis depth of approximately 1–2 μm [50] – and
the importance of discarding the first 4–5 s 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 (Fig. 1).

The ternary diagram of the normalized concentrations of Na2O,
MgO + K2O and CaO (Fig. 2) has been used to define the main chemical
glass types based on their alkali metal source (e.g. [51]). Fig. 2 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) [51].

The glass beads from types 31, 38 and 40 have been previously
attributed to the Venetian glass industry (Table S1 – Supplementary
information). As seen in Fig. 2, 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. As previously
mentioned, allume catina was imported from the Levantine coast since
the 13th century [2,5] and is commonly mentioned in Venetian treaties
from the 16th and 17th centuries [2]. The glass beads from type 31, on
the other hand, have an intermediate composition between groups II
and III (Fig. 2), 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, 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 Venetian
glass bead production [16].

Glass beads produced in Central Europe (Bohemia and Bavaria) and
found in Angola were previously studied by Costa et al. [16]. Their
results, which indicated that potash plant ash (or wood ash) was used to
produce these glass beads [16], were consistent with what is known of
the medieval and early modern Central European glass production (e.g.
[6,52,53]). The use of potash in the Bohemian glass industry, in par-
ticular, is well known and described in literature (e.g. [6]). However,
the glass beads from types 26 and 28, previously attributed to the Bo-
hemian production (Table S1 – Supplementary information), did not
fall within the of potash-lime plant ash compositional group (group IV;
Fig. 2). 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). Evidences of the use

Table 2
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 3
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

Fig. 1. VP-SEM image of a type 31 glass bead showing evidences of glass decay:
presence of a network of small cracks on the glass surface.
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of different fluxing agents in the Bohemian glass industry have not been
found in the literature. However, Cílová & Woitsch [6] mention that
potash trade during the 17th to the 19th century 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 Fig. 2, the glass beads of unknown origin (Table S1 –
Supplementary information) 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 re-
cipes were considered to be a guild secret, a number of Venetian glass-
makers opened their own glasshouses in Flanders and London [54],
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 17th-19th cen-
turies hinders the determination of the manufacture region responsible
for the production of the 36 glass beads.

3.2. Glass (de)colorants and opacifying agents

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 (Fig. 3a). Copper (Cu2+) and
cobalt (Co2+) are among the most common coloring agents used in
glass production [55]. In their divalent state, both of these transition
metal ions impart blue hues to glass [56]; 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 [55]. In fact, as seen in
Table 2, 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% [57]). LA-ICP-MS revealed that the Co concentra-
tions the blue beads from types 32 and 43 are approximately 689 ppm
and 911 ppm, respectively.

Cobalt is generally exploited as a by-product of copper, nickel,
silver, gold, lead or zinc extraction [58,59], but it can also be associated
iron and/or arsenic minerals [59]. Determining the provenance of co-
balt relies, therefore, on the minor and trace elements that are asso-
ciated with this transition metal. Many studies have focused on de-
termining the provenance of cobalt blue pigments used in glass and
glaze production (e.g. [51,60–62]). However, the use of different ana-
lytical techniques and the small number of samples analyzed limits the
development of a chronology of cobalt sources used throughout history.
Moreover, many pigment sources remain unknown [51,61]. 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 S1 and S2 – Supplementary information).
Variable correlations between cobalt and Fe, Cr, Bi, Ag, U and Mn were
also found (Figures S1 and S2 – Supplementary information). 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 [60]. Erzgebirge, a
150 km long mountain range located on the Germany-Czech Republic
border, is part of the metamorphic basement of the internal Mid-Eur-
opean Variscides [63,64]. Its complex geology is characterized by
granitic plutonism and medium-to high-grade metamorphism [63,65],
which enabled the formation of granodioritic orthogneisses, phyllites,
mica schists, eclogites and skarns [63,65,66]. The Erzgebirge mining
region hosts both hydrothermal five-element Ni-Co-As-Ag-Bi(-U) veins
and polymetallic sulfide veins [65,67,68]. Gangue minerals of five-
element type deposits are mainly quartz and various carbonates [68];
the presence of both ankerite (Ca(Fe2+,Mg)(CO3)2) and rhodocrosite
(MnCO3) have been reported in the Schneeberg area (Germany) by
Dayton [69], while Ondrus et al. [65] mentions calcite, manganoan
calcite and dolomitic carbonate, accompanied by quartz, fluorite and
barite in the Joachimsthal ore district (Czech Republic). Bastin [70]
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

Fig. 2. 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 [51].
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Zn can be explained by the formation of sphalerite (ZnS), among other
sulfides, in the final stages of the formation of five-element deposits
[67]. Dayton [69] describes a sample composed of native silver, ar-
gentite (Ag2S) and sphalerite recovered from the Schneeberg area, a
known region of saffre1 production since 1520. Chromium-rich mi-
nerals are also among the minerals found within the Erzgebirge
mountain range. In fact, the type locality of magnesiochromite
(MgCr2O4) is the Schwarzenberg area (Germany) [71].

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 [72] – were identified in the type 43 glass
beads, while a strong calcium phosphate band at 958 cm−1 [45] 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)24−) [73], while residual feldspar particles
(518–519 cm−1 [73]) were found in the blue beads from type 33. The
Raman spectra of the glass beads from types 26, 32 and 41 only re-
vealed bands attributable to glass.

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
(Fig. 3b). The enrichment in both manganese and iron was further
confirmed by VP-SEM-EDS (Table 2) and LA-ICP-MS (Table S2). 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 [74].

A band at 143 cm−1 attributed to titanium dioxide [42] was iden-
tified 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, these minerals are also among the
most common impurities found in the raw materials used in glass
production [75,76]. The ubiquitous nature of titanium oxides along
with their large Raman cross section make these minerals easily de-
tectably by micro-Raman spectroscopy even when present in very small
quantities [75]. The Raman spectra of the glass beads from type 31 only
revealed bands attributable to glass.

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 [77].
The process of dispersion of gold particles in glass was first described in
Andreas Cassius' 1685 treatise [78].

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 S2). In
fact, the hXRF Pb-As plot (Fig. 3c) 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

Fig. 3. 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.

1 A mixture of calcinated cobaltite (CoAsS) and smaltite ((Co,Fe,Ni)As2) in
siliceous sand used to produce cobalt-blue glass [2].
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lead arsenates [16,45,75] was identified in both the red and white
colored glass of the beads from type 36. Lead arsenates were first de-
veloped by the Venetian glass industry in the late 16th century [45,75],
but were only broadly used since the 19th century [45]. 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 [42] and α-
wollastonite [75], respectively.

3.2.4. Amber glass beads (types 39 and 45)
As seen in Table 2, 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 chro-
mophore is responsible for their color. The iron-sulfur chromophore is
produced when glasses are manufactured under strong reducing con-
ditions and imparts an amber hue to the glass [48,79].

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.

3.2.5. Green glass beads (type 42)
The type 42 glass beads are characterized by significant Cu and Fe

contents detectable by hXRF (Fig. 3d) and quantified by VP-SEM-EDS
(Table 2) and LA-ICP-MS (Table S2). 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 [56].

A band at 143 cm−1 attributed to titanium dioxide [42] was iden-
tified 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 [75].

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 (Fig. 3d) 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) and LA-ICP-MS (Table S2).
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 [2,7,55,78]. 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 ([80] 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 ac-
cording 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 Fig. 4. The en-
richment in tin was also detected by hXRF and LA-ICP-MS.

3.3. Firing temperature

Micro-Raman spectroscopy is commonly used in the study of glass
artefacts due to its versatility (e.g. [16,42,44,45,73,75,81]). The con-
focality 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. [16,42,44,45,72,73,75,81]).

The Raman spectrum of silicate glass is characterized by the pre-
sence 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' com-
position. First proposed by Colomban [81], 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 [44,81]. The calculated IP and their re-
spective firing temperature can be found in Table 4.

These values are consistent with furnace temperatures achieved in
European glass production centers (e.g. [82]), as well as firing tem-
peratures of European trade beads previously reported by Rousaki et al.
[83], Coccato et al. [84], and Costa et al. [16].

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 com-
position 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.
[9–14,16–19,21–24]). 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 [24]. REE concentra-
tions are also not influenced by the use of (de)colorants [14]. Moreover,
while other trace elements can be influenced by erosion and sedi-
mentation processes, REE preserve the signature of the source rock
[22].

Costa et al. [16] 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 archeological
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 16th century by the Venetian glass industry)
were particularly important to establish a credible link between pro-
venance and chondrite-normalized REE patterns [16].

As seen in Fig. 5, 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 (Fig. 5a), 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
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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.

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 (Fig. 5b), indicating a Venetian origin.

The glass beads from types 32 and 40 display REE patters that are
similar to those of Group D (Fig. 5c) with an enrichment of LREE re-
lative 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 sig-
nificant amounts of MnO (Table 2; 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 hydro-
genetic ferro-manganese crusts or nodules [85]. Based typological cri-
teria and comparison with historic sample cards, museum collections,

and archeological specimens, the type 40 glass beads are thought to
have been manufactured in Venice (Table S1 – Supplementary in-
formation). 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 (Fig. 5d), 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 (Fig. 5c). However, a careful examination of the
trace element concentrations shows distinct and important differences
(Figs. 6 and 7). As seen in Fig. 6, 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. Tan-
talum is a rare transition element commonly found in association with
niobium in minerals from the columbite-tantalite series [86]. Ta-
bearing minerals are commonly found in pegmatites, granites and
granite-related greisens, Ta-bearing cassiterite veins, and derived pla-
cers [87]. The type 33 glass beads also have significant amounts of K,
Rb, Cs and Ba (Figs. 6 and 7). Rb+, Cs+ and Ba+ have ionic radius
similar to K+, which allows these elements to be incorporated in the
structure of K-bearing minerals such as phyllosilicates or K-feldspars
[88]. 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.

4. Conclusions

A multi-analytical minimally invasive methodology, which included
handheld X-ray fluorescence (hXRF), variable pressure scanning elec-
tron microscope coupled with energy dispersive X-ray spectrometry
(VP-SEM-EDS), micro-Raman spectroscopy and laser ablation in-
ductively 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 in-
organic compounds responsible for the glass’ color and opacity and the
glass’ firing temperature (micro-Raman spectroscopy) and trace ele-
ment analysis (LA-ICP-MS).

The glass beads were initially subdivided based on typological cri-
teria (Table S1 – Supplementary information). A probable origin was
also assigned during this step by visual comparison with historic sample
cards, museum collections, and archeological specimens.

Trace element analysis and rare earth element pattern analysis in

Fig. 4. 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.

Table 4
Polymerization index and corresponding firing temperature after Colomban
[81]. 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 (°C)

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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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. [16], 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 de-
termination 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 1000 °C.

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

Fig. 5. Chondrite-normalized [89] REE patterns of the glass beads analyzed by LA-ICP-MS. Compositional groups A, B, D and E previously established by Costa et al.
[16].

Fig. 6. Chondrite-normalized [89] 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.

M. Costa, et al. Microchemical Journal 154 (2020) 104531

9



was produced using trace amounts of 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.
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