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Abstract 

Several types of (mostly) blue-green glass beads from Iron-Age archaeological sites in Central Italy were studied using 
a range of spectroscopic techniques: portable X-Ray Fluorescence spectrometry, Fibre Optics Reflectance Spectros-
copy, Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectrometry, micro-Raman spectroscopy 
and Laser Ablation Inductively Coupled Plasma Mass Spectrometry. Complementary information was gathered from 
each technique and discussed in the frame of the archaeological typology of the objects. The systematic evaluation of 
the results allowed us to draw some conclusions on the raw materials employed for primary production and to high-
light some provenance indicators in the glass. Some of the beads found in the Iron Age (IA) contexts were preliminar-
ily attributed to the Final Bronze Age (FBA) production based on their typology, and the compositional data obtained 
in this work confirmed that they were low magnesium high potassium (LMHK) glass, typical of FBA in the Italian 
peninsula. Other beads were assigned to low magnesium glass (LMG) or high magnesium glass (HMG), thus giving 
further information on the fluxing agents employed in the Early Iron Age (EIA) and beyond. Colour variations among 
the beads reflected their chemical composition, with different bead typologies coloured in a specific way. In some 
instances, it was possible to establish different origins for the colouring raw materials. The provenance of the samples 
was difficult to place, but the chemical evidence suggested a subdivision within the raw glass used to produce the 
beads: for one set of samples, a local origin of the glass could be hypothesised, whereas several production sites in 
the Near East were suggested for most of the beads considered in this study. Some preliminary clues for the local 
working of imported glass were also highlighted for one typological group.

Keywords  Archaeological glass, Glass beads, Iron age, Late bronze age, FORS, XRF, LA-ICP-MS

*Correspondence:
Oleh Yatsuk
oleh.yatsuk@unito.it
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-023-00952-1&domain=pdf
http://orcid.org/0000-0003-4690-8666


Page 2 of 26Yatsuk et al. Heritage Science  (2023) 11:113

Introduction
This paper aims at contributing new knowledge on the 
glass circulating in the Iron Age (IA) through archaeo-
metric data obtained by different analytical techniques 
from forty glass beads (whole beads or fragments) found 
in several burial sites in the historical regions called

Etruria and Latium, in present-day Central Italy 
(Fig. 1).

The samples were selected in order to represent differ-
ent types of blue-green glass beads from funerary con-
texts dated to the Early Iron Age (EIA) I, EIA II, Early 
Orientalizing and Middle Orientalising periods, which 
means from the 10th-9th to the 7th century BCE, with a 
prevalence of beads from contexts of the EIA. The beads 
are presently preserved in two archaeological museums, 
namely the Museo Nazionale Etrusco di Villa Giulia and 
the Museo delle Civiltà (both in Rome, Italy).

All the beads were studied thoroughly to identify their 
typology based on macroscopic evidence, to support the 
discussion of the archaeometric data for a  period that 
is particularly relevant for archaeological glass studies. 
Glass-making recipes underwent in fact evident changes 
in the Mediterranean and in the Near East, with new 
shapes and decorations (reflected in the typology of the 

beads) and materials (possibly mirrored by the chemical 
composition of the glass) appearing at the start of the IA.

In Italy, Final Bronze Age (FBA) was a remarkable 
period of glass-working and several archaeometric 
papers deal with glasses of this period: the chemical com-
position of beads from workshops in Frattesina, together 
with that of other places such as the nearby Mariconda di 
Melara or Fondo Paviani (Veneto, Italy) has been deter-
mined, and associated with a well-defined mixed alkali 
glass composition called Low Magnesium High Potas-
sium (LMHK) glass [1–6]. The chemical data suggested 
that this type of glass could have been produced locally, 
and isotopic analyses provided further clues that would 
place the origin of this glass in a volcanic region—possi-
bly near Rome [7]. Several beads included in the present 
study have been recognized on typological bases as FBA 
glass. Since the production of LMHK glass took place 
during a period of about 200  years, surely in different 
workshops, some compositional variability is expected 
[8]. In addition, evidence of Bronze Age Low Magnesium 
Glass (LMG) in Sardinia [9] and in a workshop waste at 
Fondo Paviani [10] also emerged.

The composition of a sample dated to the thirteenth-
twelfth century BC from northern Germany [11, 12] and 
of other samples found in many places in Europe, Asia, 
and Africa [2, 5, 13–17], showed that HMG was used 
throughout the Bronze Age and beyond. In the Mid-
dle East, during the IA, HMG was gradually replaced 
by LMG produced with sodium-rich evaporites instead 
of plant ash [16, 18, 19], leading to an evident change in 
glass-making technology.

As glass from IA contexts in Etruria and Latium has 
not been extensively considered yet from an archaeo-
metric point of view, this paper aims at contributing 
new compositional data to support the archaeological 
interpretation of the complex historical reality of the 
area. Besides investigating the compositional features of 
apparent LBA glass found in EIA contexts, the present 
study also investigates the above-mentioned technologi-
cal transition as mirrored by the chemical composition 
of several typological varieties of glass beads. Typology 
is the first evidence that is considered by the archaeolo-
gists when discussing glass beads, therefore the typologi-
cal frame has been kept throughout this work. The beads 
were selected in order to mirror the variety of the blue-
green glass finds from IA contexts in Central Italy. Sev-
eral bead types included in this work were probably made 
on the Italian peninsula (see Sect.  "Archaeological glass 
beads"), therefore, the determination of their composi-
tion  would reveal whether the raw glass was imported, 
thus deepening significantly our knowledge of the  glass 
supply in central Italy at that time.

Fig. 1  Positions of the archaeological sites where the glass samples 
were found. The map outlines the present-day administrative regions 
in Italy. The sites are the following: 1 – Vulci; 2 – Cerveteri; 3 – Veio; 
4 – Capena; 5 – Terni; 6 – Osteria dell’Osa; 7 – Marino; 8 – Sermoneta; 
9 – Verucchio
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Most of the beads involved in this study were not 
allowed to leave the museum premises, therefore a two-
stage approach was employed to investigate the set of 
glass samples: a non-invasive, on-site campaign with 
portable equipment, namely digital Optical Microscope 
(OM), Fibre Optics Reflectance Spectrometer (FORS), 
and two portable X-Ray Fluorescence (p-XRF) spectrom-
eters. Then, a subset of eighteen samples was analysed in 
the laboratory with Scanning Electron Microscopy cou-
pled with Energy Dispersive Spectrometry (SEM-EDS), 
micro-Raman spectrometry (µ-Raman), and Laser Abla-
tion Inductively Coupled Plasma Mass Spectrometry 
(LA-ICP-MS). The sequence of the scientific techniques 
allowed a broad compositional screening of the beads 
included in this research, while still achieving the depth 
of insight that was possible only in the laboratory. The 
analytical capability of the outlined procedure yielded 
data that were informative for silica and flux sources 
employed in the glass-making and allowed the investiga-
tion of the colouring and opacifying agents. The accuracy 
of the quantitative information was carefully tested in 
this work, since it is a prerequisite that enables the dis-
cussion of the data in the frame of the elemental compo-
sitions already available in the literature for LBA and IA 
glass.

Materials and methods
Archaeological glass beads
The selected set of glass beads (Fig. 2) includes samples 
from eight typological groups and from nine archaeo-
logical contexts (Table 1). The reader shall refer to these 
two elements (i.e.: Fig. 2 and Table 1) whenever specific 
beads are mentioned throughout the text. In addition, the 
main features of the eight typological groups are outlined 
in Additional file 1: Table SI1. Each group poses specific 
questions, which can be addressed by complementing 
with the chemical characterisation presented in this work 
the information already known from the archaeological 
examination of the beads (i.e.: the typological classifica-
tion) and the archaeological context.

A description of the beads selected in this work accord-
ing to their typological classification and the specific 
archaeological questions associated with each group 
are given below, whereas the general frame and the 
goals of the overall research have been presented in the 
introduction.

Group 1. Beads of Final Bronze age typology
Besides being found in EIA funerary contexts, these 
beads can be attributed to an earlier production based 
on typological features. The group includes, in particular, 
two forms that are specific to the Final Bronze Age (FBA): 
the horned stratified eye bead (perla a occhi stratificati 

cornuti, Pfahlbaunoppenperle) and the barrel-shaped 
bead decorated with a white spiral around the body 
(perla a botticella con decorazione spiraliforme, Pfahl-
bautönnchen). Both types have been frequently found in 
Italy and in other archaeological sites north of the Alps, 
and particularly in Swiss pile-dwelling settlements [20–
22]. They are among the bead typologies manufactured 
in Frattesina di Fratta Polesine (Veneto, Italy) during the 
FBA. In particular, the barrel-shaped beads were found 
in Frattesina with much greater colour variations beyond 

Fig. 2  Glass beads (or bead fragments) included in this study. The 
samples are divided into the typological groups described in the text. 
Photographs presented with permission of Museo Nazionale Etrusco 
di Villa Giulia and Museo delle Civiltà
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the simple combination of a blue matrix glass with a 
white decoration mostly found elsewhere (compare 76 f. 
in [6], with Fig. 1 in [11]).

The horned eye beads were made by applying four por-
tions of white glass onto a coiled coloured bead body, 
and topping them with another layer of coloured glass, 

thus creating a typical “eye” protruding from the bead 
body (pl. 121–122 in [23]; 78 nos. 21–22 and 93–95 in 
[6]). With some variations, the beads with four layered 
eyes were the most common in the FBA and the easiest 
to identify, such as VG25 and PG84. In some instances, 
one or even all eyes detached from the bead body leaving 

Table 1  List of the samples and their archaeological contexts. The typological groups (first column) are described in the text

Sample Context

Group Inventory number Name Grave Site Locality Absolute date Relative date Refs

1 59944c-59944o VG25 Bronzetti Sardi Vulci Cavalupo 850–825 BCE Early Iron Age IB [27]

1 59944c-59944o VG26 Bronzetti Sardi Vulci Cavalupo 850–825 BCE Early Iron Age IB [27]

1 59944c-59944o VG29 Bronzetti Sardi Vulci Cavalupo 850–825 BCE Early Iron Age IB [27]

1 69849.014 PG84 Tomb 57 bis Sermoneta Caracupa 770–720 BCE Early Iron Age II [44]

1 73118.001 PG87 Tomb 90 Sermoneta Caracupa 770–720 BCE Early Iron Age II [45]

1 109399.029 PG112 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

1 109310 PG167 Tomb 82 Roma Osteria dell’Osa 750–720 BCE Early Iron Age II [46]

1 109312.002 PG169 Tomb 82 Roma Osteria dell’Osa 750–720 BCE Early Iron Age II [46]

2 59944c-59944o VG22 Bronzetti Sardi Vulci Cavalupo 850–825 BCE Early Iron Age IB [27]

2 59944c-59944o VG23 Bronzetti Sardi Vulci Cavalupo 850–825 BCE Early Iron Age IB [27]

2 59944c-59944o VG24 Bronzetti Sardi Vulci Cavalupo 850–825 BCE Early Iron Age IB [27]

2 91419.001 PG158 Tomb 91 Terni S. Agnese, Acciaierie 950–800 BCE Early Iron Age I [47]

2 91419.001 PG159 Tomb 91 Terni S. Agnese, Acciaierie 950–800 BCE Early Iron Age I [47]

2 91419 PG161 Tomb 91 Terni S. Agnese, Acciaierie 950–800 BCE Early Iron Age I [47]

3 69688 PG65 Tomb 8 Sermoneta Caracupa 770–720 BCE Early Iron Age II [44]

3 109407.002 PG121 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

3 109409.002 PG122 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

3 67722 PG160 No context Terni S. Agnese, Acciaierie 950–700 BCE Early Iron Age I/II [47]

3 73131 PG166 Tomb 91 Sermoneta Caracupa 770–720 BCE Early Iron Age II [45]

4 16530 VG106 Tomb 104 Capena Saliere 800–700 BCE Early Iron Age II [48]

4 109399.011 PG109 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

4 109399.015 PG110_1 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

4 109399.025 PG111 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

4 165946 PG138 Tomb 29 Cerveteri Furbara, Caolino 750–720 BCE Early Iron Age II [49]

5 31614 PG162 No context Verucchio Fondo Ripa 775–725 BCE Early Iron Age II [50]

5 31614.001 PG163 No context Verucchio Fondo Ripa 775–725 BCE Early Iron Age II [50]

5 31614.002 PG164 No context Verucchio Fondo Ripa 775–725 BCE Early Iron Age II [50]

6 68243 PG39 Tomb 14 Veio Vaccareccia 700–650 BCE Early Orientalising [51]

6 74316 PG88 Tomb 61 Capena S. Martino 675–625 BCE Middle Orientalising [52]

6 74344 PG89 Tomb 60 Capena S. Martino 675–625 BCE Middle Orientalising [52]

6 87603 PG97 Tomb 21 Marino Riserva del Truglio 730–600 BCE Orientalising [53]

7 68408 PG59 Tomb 24 Veio Vaccareccia 700–650 BCE Early Orientalising [51]

7 68409 PG60 Tomb 24 Veio Vaccareccia 700–650 BCE Early Orientalising [51]

8 68231.001 PG33 Tomb 13 Veio Vaccareccia 750–730 BCE Early Iron Age II [51]

8 68416 PG63 Tomb 24 Veio Vaccareccia 700–650 BCE Early Orientalising [51]

8 109400 PG116 Tomb 10 Roma Osteria dell’Osa 800–750 BCE Early Iron Age II [46]

8 165929 PG136 Tomb 26 Cerveteri Sasso di Furbara, Caolino 770–730 BCE Early Iron Age II [49]

8 109312 PG168 Tomb 82 Roma Osteria dell’Osa 750–720 BCE Early Iron Age II [46]

8 109312 PG170 Tomb 82 Roma Osteria dell’Osa 750–720 BCE Early Iron Age II [46]

8 109312 PG171 Tomb 82 Roma Osteria dell’Osa 750–720 BCE Early Iron Age II [46]
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a flat (or concave) surface, on which traces of the lost 
decoration may be found, such as in PG87 and PG167. 
Both forms had a long-lasting tradition beyond the FBA 
(ff. 85–91 in [6]; Fig. 2 in [24]), and might have been pro-
duced in Italy as early as in the thirteenth century BCE 
(Bronzo Recente) from a High Magnesium rust-Brown 
Glass – HMBG [25] (f.177 pl. LVIa in [21]; in summary 
ff.81, 85 in [26]).

The beads included in Group 1 were found in the inhu-
mation graves of two Latial necropolises (namely Osteria 
dell’Osa and Sermoneta-Caracupa) and in one famous 
cremation burial in the Etruscan necropolis of Vulci-
Cavalupo named “Tomba dei Bronzetti Sardi” because 
it contained three imported Sardinian bronzes [27]. 
The samples considered here (namely VG25, VG26 and 
VG29) were found in this tomb with other beads, most 
of which showed signs of secondary burning reflected 
in changes of both colour and texture. Two beads from 
Osteria dell’Osa have been included in this group: one 
is a conical, irregularly wound green bead from tomb 82 
(PG169) and the other is a fragment of a green bead with 
a white spot decoration (PG112). The latter corresponds 
to type 18 from Frattesina [6], for which an FBA-typical 
composition can be assumed. Both beads have a slightly 
translucent turquoise-green matrix glass, which is unu-
sual for the EIA. The main goal of the analysis of these 
samples would be to check their correspondence to an 
LBA glass compositions.

Group 2. Small ring beads
(Perlina ad anello; feine Ringperle). This set includes dark, 
blue, and reddish ring-shaped (in some instances also 
oblate) beads. Small ring beads, made in series by wind-
ing hot glass around a mandrel, played a prominent role 
within the burial customs of both FBA and EIA [28] in 
Italy, as more than 95% of the beads from Frattesina were 
undecorated ring beads (pl. LVII in [21]; 71f. Figure 1 and 
Fig. 12 in [6]). Moreover, translucent turquoise ring beads 
were found in large numbers beyond the Frattesina area 
and throughout the Italian peninsula ([29], p. 19 with fig. 
[30]; f. 81 in [6]), also in some IA graves (pl. 11, 74–76 
in [31]). The compositional characterization of the beads 
included in this group would contribute some elemental 
data to the multidisciplinary framework aimed at tracing 
the circulation of these beads during FBA and IA.

Group 3. Green beads with black‑yellow decoration
This group includes five beads from the necropolises of 
Osteria dell’Osa, Sermoneta-Caracupa, and S. Agnese-
Acciaierie (Table  1). Three are ring-shaped beads with 
two or three spiral eyes (perla verde con occhi a spirale 
nero-gialli; grüne Perlen mit gelb-schwarzen Spiralau-
gen). These decorations were unique for the EIA and were 

obtained by assembling through heat two glass portions 
of different colours, which were afterwards drawn into a 
twisted reticella thread (p. 30 Fig. 12 [32]). Two or three 
portions of this thread were then placed on the bead 
body, protruding plastically (such as in PG122) or sink-
ing smoothly in the bead body (PG166). The second type 
is a smaller ring-shaped or cylindrical bead, on which a 
black (and maybe yellow) thread was fused as a line with-
out encompassing the entire circumference of the bead 
body (piccola perla verde con filo nero(-giallo?); kleine 
grüne Perle mit schwarzer(-gelber?) Fadendekoration). 
The fragmented bead considered here only shows the 
shallow groove of the now missing decoration (PG121), 
whereas the other bead (PG65) keeps some remnants 
of the decoration thread. The overall appearance of the 
beads sets them apart from other known EIA bead types. 
Their chemical characterisation can contribute further 
knowledge regarding their origin.

Group 4. Cu‑Co coloured eye beads
Eye beads (perla blu con occhi bianchi ad anello semplice; 
blau-weiße Ringaugenperle) were among the earliest, 
longest-lasting and most widespread beads from the EIA 
[33]. The decoration normally consisted of three "eyes" 
shaped as rings of white glass sunken in the hot blue glass 
matrix, and it was sometimes lost in eye beads (but not 
for the beads considered in this study). Besides the typo-
logical attribution to eye beads, this small group of beads 
was highlighted during previous analyses performed on 
a larger set of eye blue beads coloured by cobalt [34], as 
both copper and cobalt played a role in the blue colour 
of these samples. Differences in size, colour, opacity, and 
technique of production already suggested that different 
compositions would be detected within this group [34]. 
Nevertheless, this specific set of blue beads attracted 
attention because they are one of the first examples of 
LMG in Central Italy, and they are considered here for a 
further compositional insight.

Group 5. Tubular beads
(Vago o pendente a tubetto; Röhrenperle). These rare and 
extraordinary beads from Verucchio were wound on a 
metal rod, similarly to simple ring beads. Then, they were 
decorated with a hot white glass thread spiralled more 
than 20 times around the body and “combed” four to five 
times with a metal tip or a knife to create an arched or 
herringbone pattern [35]. The decorative thread was lost 
in the samples considered here, changing their original 
appearance. Similar beads were found only in two other 
graves of the Lippi necropolis in Verucchio, dated back to 
the middle of the eighth century BCE (19–20 type 13A, 
pl. 31, pp. 228–230 in [31]). The determination of their 



Page 6 of 26Yatsuk et al. Heritage Science  (2023) 11:113

composition would add some information for their 
interpretation, as their rarity led to a general lack of the 
archaeological inference.

Group 6. Melon beads
(Perla costolata o a melone; Melonenperle). Three spheri-
cal melon beads are included in this group. The tech-
nique for producing these beads was already known in 
the LBA and the earliest IA (type 9 in [6]; pp. 37–39 in 
[36]; Fig.  1 in [37]). They became more common in the 
sixth-fifth century BC, and two workshops for their pro-
duction were documented by archaeological evidence 
[38, 39]. The spherical beads were formed on a rod and 
their hot body was then treated with a tool, such as the 
back of a knife, to produce the relief form. The elongated 
pendant PG97 was obtained with a similar technique, but 
the thin bronze rod inside suggests that it was used for 
suspension. Also for this group, the question of their ori-
gin arose; therefore, the chemical characterization would 
allow us to set these samples in the broader frame of 
information for blue glasses.

Group 7. Fibula bow beads
(Vago per il rivestimento dell’arco di fibula; Fibelbügelp-
erle). The sanguisuga (leech-shaped) blue beads PG59 
and PG60 were specially made for the decoration of 
brooches. The body has impressions of a round model on 
the underside, which pushed the "belly" into width, but 
the beads must have already been wound on a curved 
rod (pp. 58–61 photos on CD in [40]; Fig.  7 in [41]). 
They were decorated with a yellow glass that was wound 
around the body and “combed” into a herringbone pat-
tern while the  matrix glass was still quite hot, as the 
decoration glass sunk completely into the matrix. This 
forming procedure distinguishes the fibulae beads of 
this group from those, much more common and larger, 
found in the region of Bologna and Verucchio [40, 41]. 
The shaping technique that characterises the beads con-
sidered here was found only in a few other cases in Veio 
(from the same tomb, but with brown glass), as well as in 
Narce, Falerii, Capena, and a unique green and red exam-
ple in Picenum (cat. no. 154–161 in [40]; Fig. 8 in [41]). 
Archaeological and technical evidence suggested that 
they could have been made somewhere in Southern Etru-
ria, perhaps Ager Faliscus; therefore, their elemental com-
position could clarify if they were made with imported or 
local glass. The comparison with the composition of the 
probably imported bead (PG63, Group 8), found in the 
same grave, would also be of particular interest for the 
interpretation of these bow beads.

Group 8. Blue spherical or ring‑shaped beads
This group includes an assorted set of blue beads. Three 
thick ring-shaped beads were from Osteria dell’Osa. Two 
of them (namely PG168 and PG171) were deep turquoise 
and translucent, and a few similar beads were found in 
archaeological sites widely scattered throughout Italy 
[33]. The third bead from the same tomb (PG170) was 
made of turquoise-light blue opaque glass. Opaque, tur-
quoise glass coloured with copper was used in Egypt 
in the Bronze Age [42], but it was very unusual for EIA 
contexts in Italy. Incidentally, an opaque turquoise deco-
ration glass on a bird bead found in the same tomb (not 
included in this present sample set) is also very unusual 
[43]. The rest of the beads of this group (PG33, 63 and 
116) are made of translucent blue glass. Finally, PG136 
is a small fragment that was (tentatively) assigned to this 
group based on colour/translucency proximity.

The determination of the chemical compositions of 
these beads would support their contextualisation in the 
general frame of glass beads production and exchange.

Techniques and equipment
The list of the samples, with the analytical techniques 
that were employed for each of them is available in Addi-
tional file 1: Table SI2.

Optical microscopy (OM)
A Dino-Lite AM4815ZT–Edge digital microscope was 
used to examine the beads to properly document their 
characteristics and select the analytical spots. Digital 
images at 20X  and 100X  were acquired to enhance the 
overall quality of the photographic documentation avail-
able for the investigated beads.

Fibre optics reflectance spectroscopy (FORS)
This technique was employed to non-invasively detect 
the colouring agents.  It was not possible to find suit-
able conditions to record informative spectra for all the 
samples, and those with pronounced surface weather-
ing did not show any characteristic spectral feature. 
The light of an Ocean Insight HL-2000-HP-FHSA 20 
W Tungsten halogen source was transmitted through a 
2 m long reflection/backscatter fibre optics bundle end-
ing with a probe of 400 µm core diameter and 6.35 mm 
ferrule diameter. Samples were fixed on a sample holder, 
adjusting the angle of the probe to (circa) 45°, in order to 
capture the diffused light and exclude the reflected com-
ponent. With this arrangement, the analytical spot was a 
few mm2, which was often suitable to test the main col-
our of the bead, but not the smallest decorations. Dif-
fuse light was transmitted to an Ocean Insight QEPro 
CCD detector with HC1 grating, operating from 248 to 
1038 nm with an optical resolution of 6.78 nm FWHM. 
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The system was calibrated using a high reflectivity Spec-
tralon reference. Integration time was set from 0.019 to 
0.029 s and 40 scans (or more) were averaged for single 
spectrum acquisition. Several spectra were acquired in 
different parts of each bead. Diffuse reflectance spectra 
were then normalised to 100%, in order to enable a direct 
comparison between the absorption features of glasses 
with different colour saturation.

Portable X‑Ray fluorescence spectroscopy (p‑XRF)
Two p-XRF spectrometers were used. The ELIO unit 
(XGLab S.R.L. Milan, Italy) was employed to analyse the 
“PG” series of the samples. It was equipped with a Rh 
anode source with the beam focused about 1.2 mm diam-
eter, and a 25 mm2 Silicon Drift Detector (SDD). The    
settings were as follows: acquisition time: 90  s; current: 
40 µA; voltage: 40 kV.

The “VG” set was analysed by an in-house-built port-
able XRF spectrometer developed by the Italian National 
Institute of Nuclear Physics (INFN Frascati, Italy). 
This device is equipped with a W anode source and the 
beam  is focused through polycapillary optics down 
to a spot of 300  µm in diameter. The SDD detector has 
an active area of 20 mm2 and a resolution at Mn Kα of 
173  eV. The  instrument parameters were set as follows: 
time: 200 s; current: 80 µA; voltage: 40 kV.

All the p-XRF spectra were fitted to obtain elemental 
concentrations using PyMCA software [54]. The optimi-
zation of the analytical procedure for archaeological glass 
and the tests performed to check the quality of the data 
for the equipment was discussed throughout in a previ-
ous publication [55].  p-XRF results were treated with 
Instant Clue open-source data analysis software [56] 
applying Principal Component Analysis (PCA), which 
was used to check the heterogeneity within the data-
set for averaged compositions of the samples (excluding 
the decorative parts). Values below the estimated Limit 
of Quantification (LOQ) were set to 0 and both row 
and column Z-score standardisation was used for data 
pre-treatment.

(Variable pressure) Scanning Electron Microscopy coupled 
to Energy Dispersive Spectrometry ((VP)‑SEM–EDS)
Eight samples were analysed with this technique – five 
were prepared as polished cross sections and analysed 
under high vacuum, and three (PG39, VG22 and VG106) 
were placed without any preparation in the sample cham-
ber and analysed at low-vacuum conditions (50 Pa). The 
equipment was a JEOL (Akishima, Japan) JSM-IT300LV 
coupled to an Energy Dispersive Spectrometer with an 
SDD detector (Oxford Instruments, Abingdon, UK). 
Spectra were recorded using the following conditions: 1) 
voltage: 15  kV; 2) current: approx. 2  mA; 3) acquisition 

time: 40  s; 4) working distance: 10  mm. The  composi-
tional data on cross sectioned samples were collected 
from square areas of approximately 10 µm side at 5000 × . 
Data from five areas were averaged to calculate the mean 
bulk composition (normalised to 100%) and the standard 
deviation. Besides gaining information on the composi-
tion of the glass matrix, these data were employed to fur-
ther check the accuracy of Ca concentrations determined 
by p-XRF, as these were used as the internal standard 
in  the LA-ICP-MS analyses. Inclusions (if any present) 
were analysed by focussing the electron beam on the tar-
get particle, collecting qualitative elemental information 
from the investigated spots.

Micro Raman spectroscopy (µ‑Raman)
Raman analyses were carried out employing a 
LabRAMHR Evolution (Horiba, Kyoto, Japan) spec-
trometer, equipped with a Peltier-cooled charge-coupled 
device detector (CCD), a He–Ne (633  nm) and an Ar 
(488–514  nm) laser, a BH2 microscope (Olympus Cor-
poration, Tokyo, Japan) and an Ultra-low wavenumber 
module, which allows Raman spectroscopic informa-
tion in the sub-100  cm−1 region with a spatial resolu-
tion of 1 μm and a spectral resolution of about 1  cm−1. 
Four objectives, namely 20X, 50X and 100X (Leica 
DMLM microscope) and a long working distance 50X 
one (Olympus (Japan), were used to focus the laser 
beam on the samples. The instrument was calibrated on 
the 520.5  cm−1 peak of a Si (111) standard. The analyti-
cal parameters were adjusted in order to optimize the 
signal-to-noise ratio, constraining the laser power below 
25% (514  nm excitation) and 75% (633  nm excitation) 
to avoid damaging the sample. Spectra were acquired 
employing an 1800 gr/mm grating in the spectral range 
of 60–1560 cm−1. A linear baseline was subtracted from 
the raw spectra using the software LabSpec6 (Horiba, 
Kyoto, Japan) setting anchors at ca. 60, 300, 700, 800, and 
1300  cm−1. Deconvolution of the bands was then per-
formed using the curve fitting application Fityk [57].

Laser Ablation – Inductively Coupled Plasma – Mass 
Spectrometry (LA‑ICP‑MS)
Seventeen samples (Additional file  1: Table SI2) were 
analysed by a NexION 300 × Perkin-Elmer (Waltham, 
USA) ICP single quadrupole mass spectrometer coupled 
to an ESI NWR 213 laser ablation system (ESI New Wave 
Research Co., Cambridge, UK). The  concentrations of 
38 elements were determined. The measured masses are 
given in Table 2, which also shows the accuracy and pre-
cision of the quantitative results tested on certified refer-
ence materials. In addition, Table  3 reports the settings 
applied during the acquisitions. The preliminary laser 
shots allowed the micro-sampling of the pristine glass 



Page 8 of 26Yatsuk et al. Heritage Science  (2023) 11:113

under the surface and the experimental settings ensured 
the highest sensitivity of the equipment, thus depressing 
the formation of interatomic interferences and double-
charged ions. For each colour on one single glass bead, 
3 to 5 acquisitions were obtained. Quantification was 
then performed using 44Ca as the internal standard, rely-
ing on the concentration values obtained for this ele-
ment through p-XRF. The  data from each sample were 

averaged and normalised to 100% based on major and 
minor elements (expressed as oxide wt. %).

At the beginning and at the end of each analytical ses-
sion, as well as after every 5 samples, blank values (acqui-
sition of the gas flow without ablation) and shots on the 
reference materials were carried out to check the accu-
racy and highlight possible drift. The primary standard 
used for calibration was NIST612, and the QC stand-
ards were CMOG A (major and minor elements) and 
NIST614 (trace elements). The  values of Mg, K and Ti 
were found to be systematically over- or underestimated. 
It was decided to offset the biases of analyses through the 
mean value obtained for these elements for certified val-
ues of CMOG B, C and D reference materials.

Results
Fibre Optics Reflectance Spectroscopy (FORS)
The  detailed results from the FORS investigation are 
reported as Additional file  1: Table SI3, whereas exem-
plary patterns are reported in Fig. 3. The interpretation of 
the spectra was supported by the work of Micheletti et al. 
[58] and the references therein. 

A large number of the beads within our sample set 
yielded spectra with peak reflectance in the blue-green 
region, with the typical absorption band of Cu2+ ions in 
octahedral coordination (Fig. 3, top). All the beads from 
Groups 3, 5 and 7, and most of the beads from Groups 6 
and 8, featured the band of Cu2+, although the feature is 
variously scattered throughout all the typological groups. 
Some beads also feature other bands in addition to that 
of Cu2+: a weak band of Fe3+ at 380 nm for PG136 and 
the Fe3+ band at 450  nm for PG63; moreover, spectral 
features would indicate a possible presence of Mn3+ in 
the samples of Group 7, to be confirmed through other 
elemental techniques.

Another group of spectra (Fig. 3, middle) mostly con-
sisted of representatives of Groups 2 and 4, but also 

Table 2  Average recoveries and relative standard deviations 
(n = 69) of QC standards during LA-ICP-MS sessions: CMOG A for 
major and minor elements, NIST614 for trace elements

CMOG A NIST614

Average 
recovery (%)

RSD (%) Average 
recovery (%)

RSD 
(%)

23Na 97 2.2 85Rb 99 5.2
24 Mg 100 5.9 88Sr 98 0.3
27Al 88 3.1 90Zr 97 3.4
28Si 92 3.2 133Cs 97 1.6
39 K 80 23 138Ba 102 3.4
48Ti 102 8.6 139La 87 8.2
51 V 99 1.3 140Ce 99 6.1
55Mn 115 7.6 144Nd 97 9.2
57Fe 91 6.4 147Sm 107 5.2
59Co 96 0.7 153Eu 78 0.1
60Ni 111 1.2 158Gd 107 4.8
63Cu 74 37 159 Tb 100 3.4
64Zn 103 9.6 163Dy 98 3.2
75As 86 2.4 166Er 112 12
118Sn 87 8.3 174Yb 109 6.4
121Sb 96 11 175Lu 105 4.7
208Pb 85 4.8 177Hf 101 0.6

205Tl 98 1.0
232Th 95 6.3
238U 100 0.7

Table 3  LA-ICP-MS settings

Laser settings Plasma settings

Type 213 nm Nd:YAG​

Energy at the sample
(For 100 µm spot and 20 Hz)

3.2 mJ Nebuliser gas Ar, 0.7 L/min

Mode Continuous pulse Auxiliary gas Ar, 1.2 L/min

Energy 80% Plasma gas Ar, 15 L/min

Repetition rate 20 Hz RF power 1550 W

Spot size 80 µm Acquisition mode Peak hopping

Ablation time 60 s Dwell time for the detector 20 ms (5 ms for 
23Na, 27Al, 28Si and 
44Ca)

Gas flow He, 1L/min Detector readings per acquisition 40
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includeed spectra of other typological groups, namely: 
VG23 and 106, PG109, 111, 158, 159, and 171. These 
spectra featured Fe3+ bands at 380  nm and 420  nm, 
which possibly also indicated the presence of Mn2+, and 
the characteristic Co2+ triplet, detected at 540, 595, and 
650 nm.

Within this general picture, different trends were high-
lighted in the NIR region: samples of Group 4 mainly 
featured a pronounced Cu2+ band, while other samples 
mostly showed the Fe2+ one. In addition, a division in the 
reflectance at around 400 nm emerged: PG158, 159, and 
VG106 showed low reflection in that region, having their 
maxima after 700 nm; samples PG138 and VG23 showed 
average levels of reflectance and the rest of the samples 
reflected strongly at about 400 nm (Fig. 3, middle). Such 
differences could be caused by the different relative con-
tents of Fe3+ and Mn2+ in the glass matrix [59].

Reddish glasses (VG24, 25, 26, 29) showed the Cu0 
band at approximately 560  nm, with some samples fea-
turing the broad Fe2+ band in the NIR region (Fig. 3, bot-
tom), supporting the evidence of heating under reducing 
conditions.

No information was obtained by this technique for the 
small decorative parts of white or yellow glass, as the 
spectra did not feature any characteristic band except 
those from the bulk of the bead.

Portable X‑Ray Fluorescence (p‑XRF) spectrometry
On-site p-XRF analyses were crucial for tracing the com-
positional links among different samples, which were 
then used to determine if the sample subsets that were 
allowed to be analysed in the laboratory could properly 
represent the whole set of samples.

The composition of the samples determined in this 
work by p-XRF is reported as Additional file  1: Table 
SI4. For sake of comparison, the  data already published 
for the Co–Cu coloured beads of Group 4 [34] are also 
included. The results of a preliminary inspection of the 
p-XRF data with PCA (the first three PCs accounted for 
59.94% of explained variance) are reported in Fig. 4.

The typological groups were separated by PC1, with 
K2O and CaO playing the main role. Samples of groups 
1 and 2 featured higher levels of K2O than the samples 
included in the other groups, with Group 1 reaching the 
highest levels (4–5 wt% of K2O), and Groups 3 and 7 with 
the lowest (some 1.5–3% of K2O). For all the other sam-
ples, the K signals were mostly below the LOQ (i.e. 1.2% 
K2O), with some exceptions in Group 8 (PG33, 63 and 
170). The CaO values showed a different picture: Groups 
2 (Terni samples only), 3, 4, 5, and 8 featured the highest 
concentration, whereas Groups 1 and Vulci samples of 
Group 2 featured the lowest ones within the whole sam-
ple set.

For PC2, the key elements were Ti, Zr, Cu, Mn, and Sn, 
although no specific separation emerged for this PC. PC3 
accounted for a separation due to the different contents 
of Co and Ni.

The PCA plots in Fig.  4 highlighted that composition 
mostly reflected typology, with few noticeable excep-
tions. PG112 (Group 1) joined Groups 5, 6, and 8, con-
firming the results in [34]. Similarly, PG169 (Group 1) 
was more associated with Group 3. Group 8, though 
being placed along a trend of PC2, proved to be quite het-
erogeneous from a compositional point of view. Groups 1 
and 2, although broadly dispersed in the plots, were the 
only ones with positive values for PC1. Tubular beads, 
although typologically well distinguishable, were closely 
associated with Groups 6 and 8 on compositional basis.

Besides giving a general overview of the distribution 
of the typological groups from a compositional perspec-
tive, the purposes of the p-XRF analyses was to track the 
representativeness of the smaller set of samples analysed 
in the laboratory, as all the groups, except Groups 5 and 
7, had some representatives in the subset investigated by 
micro-invasive techniques. Samples in the bottom right 
quadrants of the PCA plots in Fig.  4, e.g. the reddish 
glasses from the Bronzetti Sardi tomb, were underrep-
resented and it was not possible to obtain these samples 
to be analysed in the laboratory. This issue shall be kept 

Fig. 3  Representative FORS spectra with bands for spectral 
interpretation and images for colour/texture reference
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into consideration in the discussion of the data reported 
in Sect. “Discussion”.

A deeper insight into the general trends shown by PCA 
on p-XRF data was obtained from some binary plots rel-
evant to glass characterisation (Fig. 5). Fe2O3 vs TiO2 plot 
showed that samples PG88, 89 (Group 6) and 136 (Group 
8) featured more Ti than the rest of the samples in their 
groups, without a proportional gain in Fe. CaO vs SrO 
plot suggested the same trend line for almost all the sam-
ples, and different typological groups showed somewhat 

different levels of these elements. Regarding the reddish 
samples from Group 1, they all were within the concen-
tration ranges of Groups 1 and 2, leading us to   assume 
that the compositions of the samples from Groups 1 and 
2 would be representative of a same type of glass. Group 
5 samples were associated with Groups 4, 6 and 8. PG63 
was the sample closer to those of Group 7 (fibula bow 
beads) on compositional bases, despite their evident 
typological difference. These assumptions on composi-
tional similarity allowed us to broaden the discussion of 

Fig. 4  Biplot of PCA for p-XRF data. PC1 vs PC2 (top) and PC1 vs PC3 (bottom). Data on decorative parts are not included in the plots
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the data from samples that were analysed in the labora-
tory to those analysed in the museum with a different 
analytical approach.

The small dimensions of the decorations (both in 
thickness and in width) did not allow the instrument to 
capture the sole response from these glasses, but some 
elemental evidence was collected from the opacifiers. 

Ca and Sb peaks were high in the white decorations of 
Group 4, suggesting that calcium antimonates, already 
documented in Egypt since the LBA [60], were present 
in the white glass. This was not the case for Group 1 
samples, where Sb was not detected in the white parts, 
although high levels of Ca were apparent for VG25 and 
29. In the yellow-coloured parts (present on the beads 
from Groups 3 and 7), signals of Pb and Sb suggest the 
presence of lead antimonates to give both colour and 

Fig. 5  Binary plots of p-XRF data. Fe2O3 vs TiO2 (top) and CaO vs SrO (bottom)
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opacity. The dark decorations did not show any signifi-
cant variation in the composition when compared to 
the main body of the same bead.

(Variable pressure) Scanning Electron Microscopy coupled 
to Energy Dispersive Spectrometry ((VP)‑SEM–EDS)
The composition determined by SEM–EDS, either in 
cross sectioned samples or on the untreated surface of 
the bead, are visualized in Fig. 6 with the primary aim 
of showing the content of alkali and alkali-earth. Na2O 
prevails over K2O in all the samples prepared as cross-
sections. This evidence, in addition to the low levels 
of MgO, indicates the use of a mineral source of flux. 
PG121 – the only representative of Group 3 that was 
analysed with this technique—featured high concen-
trations of alkali-earth oxides and more K2O than the 
other samples, which might be suggestive of the use 
of plant ash as flux. Unfortunately, the  data for the 
samples analysed in VP mode were compromised by 
the  surface alteration of glass, but they might anyway 

give an idea of the distribution of the alkali, taking into 
consideration that Na is more leached than K from the 
glass surface [61].

Inclusions were frequently present in the glass matrix, 
and a varied assortment of particles was observed on the 
surface of the beads analysed in VP mode. PG39’s surface 
was covered in particles rich in Sn and Pb, which size and 
distribution are shown in Fig.  7 (left). VG22 featured a 
heterogeneous surface (Fig. 7, right), having inclusions of 
highly variable compositions. In the white decorations of 
Group 4 beads, Ca and Sb-rich inclusions were detected. 
Cu seemed to be unevenly distributed on the surface of 
VG106.

SEM–EDS data were also employed to further check 
the accuracy of p-XRF data for calcium, since this ele-
ment was employed as the internal standard for LA-ICP-
MS analyses. For this purpose, 18 glass beads, including 
those considered in this work and featuring CaO concen-
tration from 2 to 10% wt, were analysed as cross sections. 
The biplot of the data obtained by p-XRF and SEM–EDS 

Fig. 6  (VP)-SEM–EDS data. Values of selected oxides normalised to 100% are presented. The asterisk indicate the data that were obtained in the VP 
mode

Fig. 7  BSE images of PG39 (left) and VG22 (right) surface. Heavy elements inclusions are visible as light spots
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(not reported) on the same beads showed  that they are 
randomly distributed mainly within the 20% interval 
around the bisector of the first quadrant, thus supporting 
the approach for the quantification with LA-ICP-MS.

Micro Raman spectroscopy (µ‑Raman)
Raman spectra contributed two separate pieces of infor-
mation: 1) the glass matrix general composition and 
indicative melting temperatures, obtained by the bands 
of Si–O bending at approximately 300–700  cm−1 and of 
Si–O stretching at 800–1200 cm−1 [62, 63]; 2) characteri-
sation of the crystalline inclusions dispersed in the glass 
matrix [64, 65].

Not all analysed samples produced spectra with suit-
able Si–O signals. For those that yielded well-defined 
spectra, the areas of the bands were compared after 
Colomban (2003). The ratios of these areas were mostly 
within the 0.7 – 1.3 interval, which corresponds to 700–
1000 Cº melting temperature. The maxima of the bands 
of the stretching and bending Si–O modes mostly group 
around CMOG A and B reference glasses, i.e. soda-lime 
glass.

Other peaks observed in the Raman spectra high-
lighted the presence of Pb2Sb2O7 in the yellow parts of 
PG60 and PG122 (peaks at 136 cm−1 and 509 cm−1) and 
of CaSb2O6 in the white part of VG106 (peaks at 237, 328, 
337 and the main one at 671 cm−1). Calcite was detected 
on the surface of sample PG159 through its intense peak 
at 1087 cm−1. Alkali sulphates were detected on samples 
PG122 and VG106 [64, 65]. Spectra with pronounced 
peaks are presented in Fig. 8.

Laser Ablation‑ Inductively Coupled Plasma—Mass 
Spectrometry (LA‑ICP‑MS)
LA-ICP-MS analyses yielded data on a wide set of ele-
ments in the pristine glass. In fact, an array of preliminary 

laser shots removed any weathered layer, so that the 
unaltered glass was analysed with minimal damage to the 
sample. The compositional data obtained by this tech-
nique are reported in Table 4 (major and minor elements) 
and Table  5 (trace elements, including Rare-Earth Ele-
ments – REE).

The alkalis and MgO gave some indications to sepa-
rate the samples on compositional bases (Fig. 9). Groups 
1 and 2, except PG112, featured the highest concentra-
tion of K2O (4 – 10%) and the lowest concentration of 
Na2O (5 – 7%) within the dataset. On the other hand, 
Groups 8 and 6 (and PG112 from Group 1) showed the 
lowest amount of K2O – less than 0.5% (except for the 
PG63) with a predominant concentration of Na2O. The 
data obtained for K2O were fully comparable with those 
obtained by p-XRF. Na2O also prevailed over K2O in 
Group 3, but this group, and PG63 from Group 6, fea-
tured the highest concentration of K2O in this low-K set 
of samples (Fig. 9, top). Al2O3 vs MgO binary plot (Fig. 9, 
bottom) showed a less pronounced division between the 
groups, although a division by relative content of the 
two oxides emerged: high Al low Mg – Groups 1 and 2; 
medium Al medium Mg – Group 4, and high Mg low 
Al – Group 3 with PG63 (from Group 8). Group 6 and 
PG116 from Group 8 were characterized by having less 
than 1% of both Al2O3 and MgO.

Across all the groups, Mn was associated with Ba, 
which suggested the probable presence of psilomelane in 
the raw materials [66]. The Mn/Ba ratio was considerably 
higher for samples in Group 4 (where Mn is associated 
with Cu) and 3 samples from Groups 1, 6 and 8 – PG112, 
PG89 and 116 respectively, suggesting higher Ba content 
in the silica source (for high Mn samples r = 0.93). The 
rest of the samples contained considerably less Mn, yet 
keeping high correlation coefficients: 0.98 for Groups 1 
and 2, and 0.92 for the rest of the low Mn beads.

Fig. 8  Raman spectra that featured the peaks of inclusions, w – white, y – yellow. Attribution of the peaks is given by the arrows
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Data for REE normalised to the Upper Continental 
Crust (values from McLennan [67]) and several other 
trace elements (Hf, Th, and U) are reported in Fig. 10. 
They suggested other kinds of subdivision, beside those 
emerging from the major elements. Samples of groups 
1 and 2 followed a similar pattern (except PG112), with 
PG159 having higher REE values (Fig. 10, top). Group 4 
featured high levels of Eu, Tb, and Dy, followed by the 

samples of Group 3 and PG159 from Group 2. Never-
theless, the general profile of the samples of Group 3 
was flatter along the considered elements. PG110_1, 
and PG112 showed negative Ce anomaly (Fig.  10). In 
Group 6, samples featured high Hf relative concentra-
tions. The trend for Group 8 samples, with levelled pro-
files, was similar to those of Groups 1, 2 and 3, though 
the relative concentration of REE differed for each 
group (Fig.  10). U and Th values kept together some 

Fig. 9  LA-ICP-MS results. Binary plot of Na2O vs K2O (top) and Al2O3 vs MgO (bottom)
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samples despite their different typology: Groups 4 and 
6 (plus PG112 and 116 from Groups 1 and 8 respec-
tively) showed U prevailing over Th, whereas the nor-
malized values for these two elements  were similar in 
the rest of the samples.

Discussion
The data reported in Sect.”Results” are discussed in this 
section keeping the same typological frame presented 
in 2.1, with the aim to infer some conclusions about the 
sources of silica, the type of flux, the colourants and the 
opacifiers used in the blue-green base glass and in the 
white and yellow decorations. The compositional data 
reported in the previous section highlighted some het-
erogeneity within the sample set, therefore the attention 
is focussed both on every typological group separately 
(and in some instances on one sample individually) and 

also on the overall set of samples, in order to highlight 
any specific aspect that can contribute new knowledge on 
the glass circulating in IE central Italy.

Silica sources
The chemical composition of sand (or of the silica source 
that was used in glassmaking) can trace the provenance 
of the primary glass. To properly discuss the composi-
tional data of the glass in order to draw some conclusion 
on the silica source, we need to pick out those elements 
that would enter the batch exclusively with the network 
former [68]. In the present case, due to the variety of col-
ourants used for the glass, the following set of elements 
was selected to investigate the silica source: Ti, V, Zr, 
REE, Hf, Th and, partially, U. The latter one can also enter 
the batch through natural evaporites employed as fluxes 
and therefore should be reconsidered after the overall 
discussion of the data [66].

Fig. 10  REE values plus Hf, Tl, Th and U normalised to Upper Continental Crust values (McLennan, 2001)
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LA-ICP-MS results highlighted, for samples of Group 
4, a higher content of Eu, Tb, and Dy in comparison to 
other REE. The La vs. Eu binary plot (Fig. 11, top) dem-
onstrateed the trend in greater detail. Indeed, Group 
4 samples (except PG110_1) followed a different trend 
line, which might be an indicator of separate prove-
nance, possibly Mesopotamia, as they fit the trend of the 
glasses from Bologna (imported from Mesopotamia) and 

Nimrud [70, 71]. On the other hand, the enrichment in 
middle-REE might be a consequence of the addition of an 
Egyptian source of cobalt. This evidence, together with 
the low content of K2O (Fig. 9, top) indicated as an alter-
native hypothesis that these samples could be associated 
with Egyptian production.

Another difference occurred for Hf values for several 
samples of Group 6. Hf is commonly associated with 

Fig. 11  LA-ICP-MS data obtained in this work for some chemical elements reasonably related to the source of silica, compared with some 
published data. La vs Eu (top), Ti vs Th (bottom). External data refers to glass from: Nuzi LBA, Tell Brak LBA, Amarna LBA, Malkata LBA – [69]; Bologna 
IA – [70]; Pella IA and Nimrud IA – [71]
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Zr in sands as   an indicator of heavy mineral impurities 
[66, 72], and the ratio of heavy minerals was used as a 
proxy for glass provenance in many case-studies [73–75]. 
Although Zr was not included in our element list, we 
may reasonably assume that Hf would mirror its trend. 
High Hf glasses from Group 6 contained 3.6 ppm of Hf 
on average, while the mean value for the rest of the sam-
ples is 0.8, i.e. 4.5 times less. High Zr content is typical 
for glass made from Egyptian sands [69], therefore Egypt 
could the possible origin for these samples. It is worth 
stressing that the peculiar Hf content of some samples 
from Group 6 was associated with the higher Ti/Fe ratio 
– 0.18 against an average of 0.09 -  calculated across all 
the groups. This evidence might not necessarily point to 
a different provenance, as it could also derive from the 
intentional selection of sands of a specific colour—thus 
different amount of Fe in comparison to Ti  to obtain the 
desired colour of the resulting glass.

Samples of Groups 1, 2 and 3 followed a same line 
in the Ti vs Th plot in Fig. 11 (bottom). They share this 
trend with other glasses found in Iron Age contexts on 
the Italian peninsula, and to a lesser extent with sam-
ples of Group 4. It seems that all these glasses were made 
with sands that derived from similar parental rocks, but 
despite the different Ti/Th ratio, no other compositional 
clues emerged to distinguish them from other Mediter-
ranean glasses. Samples from Groups 1, 2 and 3 usually 
featured the highest concentrations of REE (as shown in 
Fig. 12), with Group 4 representatives featuring the high-
est concentrations of middle-REE. Sands used to produce 
glasses of Group 3 seem to be even richer in impurities 
than that employed for groups 1 and 2, although all these 
groups demonstrated similar profiles with a slightly nega-
tive Hf anomaly. Group 4 glasses should be associated 
with Group 1, 2 and 3 samples, but with less Ti.

By considering the overall data, we can suggest that 
the glasses considered in this study were made by three 

or, perhaps, even four different kinds of sand. This might 
signify three or four different sites of production: glass 
of the beads of Groups 1, 2 and 3 was made with sands 
richer in REE impurities (except PG112); Group 4 sam-
ples (except 110_1) featured distinctly higher Eu, Tb 
and Dy relative concentrations, which would point to 
separate provenance, although also some colouring raw 
materials could contribute to these elements to the batch; 
Groups 5 and 6 were made of sands with higher Zr con-
tent, whereas the glass of the beads belonging to Groups 
7 and 8 was made from relatively pure silica. The origin 
of the glass of Groups 4 to 8 would be Mesopotamian, 
though higher Ti and Hf content were more inherent to 
the glasses of Egyptian origin [69].

Fluxes
Alkali-rich substances such as soda evaporitic deposits or 
halophytic plant ashes were used as fluxes for glass pro-
duction in the Iron Age Mediterranean [76]. Alkali and 
alkali-earth element concentrations play a key role in dis-
tinguishing the source of the fluxing components in the 
glass batch. Figure  13 shows the division that emerged 
between the groups with high K2O values and those with 
high MgO. The general criterion to recognize mineral-
flux glass (produced with the addition of Egyptian natron 
or similar evaporitic deposit) is the content of both K2O 
and MgO lower than 1.5% [77–80]. Groups 4, 6 and 8 
(except PG63), plus PG112 from Group 1 fitted this cri-
terion. Figure 10 shows that U level, which is also an indi-
cator of the mineral flux, was higher than the Th one in 
these glasses.

PG63 (this sample represents also Group 7, PG33 and 
PG170 analysed with p-XRF that produced similar results 
for K) and the samples of Group 3 clustered together and 
separated from the other samples with high Na2O. On 
the other hand, high K2O concentrations in the samples 

Fig. 12  REE + Hf, Th and U linear plot of UCC normalised values (one sample per group). External data sources (dotted lines): Bologna IA – [70]; Pella 
IA and Nimrud IA – [71]
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of Groups 1, 2 and 3 were the evidence of plant ash used 
as a flux to make these glasses.

Samples of the present study were compared with sev-
eral flux-determined compositional groups of glasses 
from the Bronze and the  Iron Ages. The LMHK group 
of samples represented by the values of glasses found in 
Poland, South Italy and Veneto (North Italy) was associ-
ated with the LBA glass-making site of Frattesina [4, 8, 
81].

Fluxing material for this type of glass could be potas-
sium-rich plant ash with low content of magnesium and 
calcium, although we cannot establish the species of 
the plants that were burned or the technological pro-
cesses of the ash preparation due to the high variability 
of the resulting ash composition [1, 81]. Groups 1 and 
2 samples (without PG112 and PG169) fitted this glass 
composition.

Group 3, PG63, 169 and, incidentally, Group 7 (based 
on XRF data) fell in the range for HMG, therefore soda-
rich ash was employed as a flux to produce the glass of 
these beads.

Higher Mg concentrations in the glasses of Group 4 
can be explained by the cobalt-bearing alum that was a 
popular choice of cobalt ore, as discussed in   "Colour-
ants and opacifiers" Sect. Taking into consideration the 
contribution of the colourant, the composition of these 
samples could be placed in the LMG interval, along with 

Groups 6 and 8 (without PG63), with natron used as the 
fluxing agent.

Colourants and opacifiers
Details on the information that was obtained from the 
different analytical approaches are reported in Table 6.

In several cases, the typological groups included sam-
ples of various colour. All the samples of Group 1, despite 
the difference in their appearance (Fig. 2), owe their col-
ours to copper. As already mentioned in   "Fibre Optics 
Reflection Spectroscopy (FORS)" Sect., all the red glasses 
were coloured in the same way as VG24 (Group 2), i.e. 
with metallic copper particles suspended in the glass 
matrix. VG25 shows a peculiar situation, featuring both 
red and green–blue parts without specific boundaries 
(Fig.  14, left). Other samples, probably from the same 
necklace, had similar spots of dark and dark-blue colour. 
Since the red colouring with Cu0 requires precise redox 
conditions of the furnace and cooling process, it can be 
suggested that either these conditions were not kept per-
fectly, resulting in some copper dissolving in the matrix 
in octahedral coordination with non-bridging oxygen 
atoms, or firing of the beads occurred, possibly dur-
ing the funerary rituals. Evidence supporting the first 
hypothesis was found in Frattesina: a piece of the crucible 
covered in green–blue glass with opaque red glass whirls 
[4]. A bead discussed in Angelini et al. [85] has distinct 

Fig. 13  MgO vs K2O plot. Groups 1–8 are representatives for samples considered in the present study. External data sources: Poland HMG and 
Poland LMHK – [5]; Veneto LMG and Veneto LMHK – [4]; “Etruscan” LMG – [82]; Average Egyptian and Mesopotamian LBA Cu glass – [83]; Pella LBA/IA 
Cu glass – [71]; South Italy HMG and LMHK glass – [84]
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zones of blue and red colour that have defined bounda-
ries, with metallic copper crystals 2–4 microns in size 
observed by transmission electron microscopy in the red 
parts. On the other hand, another source of the red col-
our would be the burial practice of cremation, which was 
the case for the tomb where the samples considered in 
this study were found. Reducing flames must have heated 
the bead causing the alteration of the surface without sof-
tening the glass.

In addition, all the green–blue coloured samples of 
Group 1 (PG84, 87, 112, 167 and 169) had high values of 
copper (> 0.7% CuO). FORS spectra proved the already 
mentioned Cu2+ presence, which is obtained by heat-
ing the glass in an oxidising environment. Co was also 
detected in PG84 by p-XRF and LA-ICP-MS, but FORS 
spectra demonstrated that it did not affect the colour, 
probably because of its oxidised redox state. Different 

workshops in Po valley and north of the Alps that might 
have produced LMHK glass seemed to be  specialised 
in the use of specific colourants (Cu and Co), as sug-
gested by Towle and considered in Koch [26], but it was 
impossible to assign Group 1 and 2 samples to a specific 
workshop based on their Cu and Co concentrations. A 
greenish tinge might be created by the Fe3+, as its absorp-
tion modifies the spectrum of Cu-coloured glass shift-
ing the maximum of reflectance towards the red region, 
which resulted in the greenish hue of the Cu2+ – Fe3+ 
glass.

Group 2 samples (Vulci ring beads) are dark (VG22, 
23) or red (VG24). FORS spectra for VG23 demonstrated 
Fe3+, Fe2+, and Co2+ bands, while spectra for VG24 
revealed Cu0 and Fe2+; this latter was expected because 
Fe, and also Sb, act as reducing agents to promote the 
formation of metallic copper micro-particles [86]. p-XRF 

Table 6  Information on chromophores and opacifiers with the indication of the methods that provided the information

Samples Chromophore(s)/Opacifier Technique for confirmation

RED VG24, 25, 26, 29 Cu0 FORS, p-XRF

GREEN PG65, 121, 122, 160, 161, 166, 169 Cu2+, Fe3+ FORS, p-XRF, LA-ICP-MS

DARK-GREEN PG84, 87, 162, 163, 164, 167, VG25 Cu2+, Fe3+ FORS, p-XRF, LA-ICP-MS

BLUE-GREEN PG110_1, PG112 Cu2+, Fe3+ FORS, p-XRF, LA-ICP-MS

BLUE PG33, 39, 59, 60, 63, 88, 89, 97, 116, 136, 170, VG28 Cu2+, Fe3+ FORS, p-XRF, LA-ICP-MS

Co–Cu BLUE PG109, 111, 138, VG106 Co2+, Cu2+, Fe3+, Fe2+ FORS, p-XRF, LA-ICP-MS

Co BLUE PG168, 171 Co2+ Fe3+ Fe2+ FORS, p-XRF

DARK PG158, 159, VG22, 23 Co2+, Fe2+, Fe3+ FORS, p-XRF, LA-ICP-MS

WHITE 1 PG109, 110_1, 111, 112, 138, 170, VG 106 CaSb2O6 p-XRF, SEM–EDS, µ-Raman, LA-ICP-MS

WHITE 2 PG84, 167, VG25, 26, 29 Fine bubbles OM, p-XRF, µ-Raman, LA-ICP-MS

YELLOW PG59, 60, 122, 166 Pb2Sb2O7 p-XRF, µ-Raman, LA-ICP-MS

Fig. 14  Sample VG25 (left, photograph presented by the concession of the Museo Nazionale Etrusco di Villa Giulia). Differently coloured parts can 
be observed. Sample PG121 (right) cross-section. Bubbles on and beneath the surface can be observed
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analyses detected in fact both Fe2O3 (0.72%), and Sb2O5 
(0.21%). VG22, 23, PG158 and 159 were coloured by 
cobalt, which was present in all the beads of Group 2 
(including VG24, in the lowest amount, but excluding 
PG161). Co was confirmed by both p-XRF (all samples) 
and LA-ICP-MS (for those analysed with this technique). 
Fe (either in the oxidised or in the reduced form) might 
also influence the colour of all the samples in this group, 
in addition to Co2+, which is the main chromophore. 
PG161 was Cu-coloured (Fig. 3) with Sn also detected by 
the p-XRF.

The green colour of the bodies of Group 3 is caused 
by the presence of Cu2+ and Fe3+ (evident from FORS 
spectra and confirmed on elemental bases by p-XRF). 
The p-XRF analyses also revealed the presence of Sb and 
Pb in minor quantities in some of the samples (less than 
0.3% of each oxide in PG166, LOQ bordering values in 
PG65, and PG160), although these elements could derive 
from the partial inclusion of the decoration in the analyt-
ical spot of the p-XRF, as they were not detected by LA-
ICP-MS in the bulk bodies of PG121 and PG122. Since 
no compositional evidence of opacification emerged, it 
was concluded that the small bubbles observed under the 
optical microscope (Fig. 14 right) in the glass matrix were 
the cause of the opaque appearance.

The colour of Group 4 was already discussed in a pre-
liminary paper [34], and data from the micro-invasive 
approach presented here gave a further insight into the 
composition of these beads. The Cu content determined 
by p-XRF in VG106 was not confirmed by LA-ICP-
MS, placing that bead into the Co-coloured group [34]. 
For the rest of the samples, LA-ICP-MS indicated that 
PG110_1 and PG112 (which were preliminarily assigned 
to the Co–Cu coloured group) appear to be solely col-
oured by Cu2+, as no Co was detected. PG109 and PG111 
featured Cu and Mn in comparable concentrations, with 
also 200–250  ppm of CoO – a concentration sufficient 
to influence the colour, but too low to justify the inclu-
sion of this bead into the Co-coloured beads group high-
lighted in [34], which featured some 400–900  ppm Co 
according to p-XRF data.

Group 5 and 6 samples appear to be Fe-Cu coloured, 
a configuration that was closer to PG110_1 and PG112 
samples. Fibula bow beads (Group 7) also have Cu2+ as 
the main colourant.

Group 8, which includes differently coloured beads, 
showed data that proved a Cu2+ colouration for most of 
the samples. Two exceptions were PG168 and 171, which 
were coloured by Co2+, Fe2+ and Fe 3+. The opaque bead 
PG170 probably had calcium antimonate crystals sus-
pended in the matrix in addition to dissolved Cu2+, as 
p-XRF analysis detected 2.6% of Sb2O5 and one of the 
highest CaO concentrations in Group 8 (7.2%).

Regarding the decorations, samples of Group 1 show 
no compositional evidence of white opacifiers but PG112, 
which might contain CaSb2O6 in its white part, which 
was also detected through Raman in all the samples of 
Group 4. Apatite, as a white opacifier, already proposed 
by Towle and Henderson [82] for “Etruscan” glasses was 
excluded for PG84 (Group 1) since no significant P peaks 
were present in any of the p-XRF spectra. Low and scat-
tered P counts were obtained for PG84 analysis with LA-
ICP-MS; although the high concentration of Ca detected 
by p-XRF in the white decoration of a reddish subgroup 
of samples (namely, VG25, 26 and 29) would not exclude 
its presence in these samples. Given the rough surface, 
which was comparable with those observed for Group 
3 samples, we could also assume that the opaque white 
appearance was caused by the bubbles densely distrib-
uted in the colourless glass.

Yellow decorations of Groups 3 and 7 owed their 
appearance to lead antimonate – Pb2Sb2O7, confirmed by 
the Raman analysis, which further supported the elemen-
tal compositional evidence.

Dark-coloured decorations in Group 3 samples did not 
show any significant compositional difference from the 
main bodies, except for some lower (if any) concentra-
tions of Fe and Cu. Therefore, it is still unclear what agent 
was responsible for dark colouration.

As bronze could be the source of copper in the sam-
ples, the quantitative relationship between copper and 
tin was investigated. p-XRF data for samples in which 
both Cu and Sn were detected show a weak positive cor-
relation (r = 0.61). A positive relationship also emerges 
from LA-ICP-MS data. The average ratio of Sn and Cu in 
ancient bronzes is typically assumed to be 1:10 [83], but 
low tin bronzes were also produced for specific purposes 
in the Bronze and, later, in the  Iron Age Mediterranean 
[87, 88]. Here, the average value for this ratio  was 0.025, 
which excluded bronze as the source of copper, except for 
PG63, for which this ratio was 0.13.

Cobalt was associated with Ni, Zn, Fe, Al and Mg in 
the samples of Group 4. Particularly Co, Ni, and Zn val-
ues were roughly equal, while Co was slightly prevail-
ing. This was an indication of the use of Egyptian alum 
as the raw material for Co [89]. Samples from Group 2 
and PG84 featured high Co values, too. For these beads, 
the lack of Co correlation with Al and Zn, and its strong 
association with Ni and As (r values 0.87 and 0.65, 
respectively) made this group of samples similar to the 
ones from LBA Frattesina, for which a European source 
of Co was suggested [4].
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Conclusion
The scientific investigation of several typological groups 
of glass beads from Iron Age contexts of Central Italy 
enabled an insight into the chemical composition of 
ancient glasses down to trace elements, improved the 
picture given by the typological classification to face spe-
cific archaeological questions and contributed some new 
knowledge on glass found in IA Central Italy.

First of all, it emerged that beads from Group 1 (except 
PG112 and 169) and Group 2 probably belong to the 
Final Bronze Age production that was flourishing in the 
lower Po valley, supporting the typological attribution 
with compositional evidence, as they were recognized as 
LMHK glass. This confirmed the archaeological assump-
tion that beads of FBA glass continued being used also 
in EIA. Since there is no evidence that the production of 
LMHK glass continued in the Iron Age, we can assume 
that these objects were finally put in a grave some 100–
150  years after their production. PG112 (Group 1) was 
an exception, as it could be linked compositionally to 
another small translucent green–blue bead – PG110_1 
(Group 4), with a common (probably Mesopotamian) 
provenance. Despite the typological attribution to FBA, 
the flux source for PG112 points to an EIA production, 
supporting the hypothesis that it could be an imitation of 
an older local production which, in turn, supported the 
hypothesis of local glass-working in IA Central Italy.

The chemical composition of the beads in Group 3 kept 
these samples somehow apart from all the other beads 
considered here, although some compositional similari-
ties emerged with Groups 1 and 2 for trace elements. As 
Group 1 and 2 were probably produced locally, this simi-
larity could be suggestive of a local primary production of 
glass in EIA Central Italy. This assumption remains tenta-
tive in the absence of more data, but having determined 
the composition of these beads gives a first contribution 
to this topic. The analyses have shown that the two types 
of beads in Group 3, made of visually similar glass, were 
also compositionally similar, and sample PG169 was also 
associated with these samples.

Two hypothesis can be suggested for most of the glass 
of the beads of Group 4 (since PG110_1 and PG112 made 
a separate group): provenance could be Egypt accord-
ing to the evidence of the use of Egyptian Co source and 
natron as a flux; in addition, the production in Assyrian 
Nimrud could be suggested for all the cobalt blue beads 
of the same appearance. Cu (associated with Mn) might 
have been added to achieve a similar colour.

Groups 5 and 6 glasses probably had a common origin 
in Egypt (Fig. 12 for Group 6 and Fig. 4 to compare simi-
larly located Groups 5 and 6). These samples, as a rule, 
have high Hf (and Zr) concentration, and the sand might 

have been intentionally selected to contain the proper 
iron concentration to obtain a specific glass colour. 
Sample PG136 was re-assigned to Group 6 based on its 
composition, as this small fragment was only tentatively 
assigned to Group 8 based on colour and translucency.

Form and distribution indicated that the  fibula bow 
beads (Group 7) were shaped in Central Italy, and we 
demonstrated here that they were compositionally simi-
lar to PG63 glass, with trace element pattern similar to 
those of the glasses from Nimrud and Pella. The glass was 
then imported and shaped locally.

For most of the samples of Group 8, compositional 
data gave no clear suggestions for raw glass provenance, 
although they can be recognized as imported glass due 
to the use of natron as the fluxing agent and REE profiles 
similar to other Eastern Mediterranean glasses.

The colours of glasses in this set were manipulated with 
the knowledge of the influence of the redox state of the 
furnace on the final colour of the glass, using Cu, Co, and 
Fe as the colouring agents. Peculiar was the use of bub-
bles (intentional or not) for opacification.

In general, the set of beads considered in this work 
reflected the tendencies of the glass circulation already 
highlighted for the EIA in the Mediterranean area and 
beyond – with the transition to the evaporitic deposits as 
flux, and the simultaneous use, if not local production, of 
plant ash glass. It appears that the glass supply in Central 
Italy was divided between the glass imported from the 
Near East (seemingly both Egypt and Mesopotamia) and 
small local production of primary glass that grew with-
out continuation with LMHK tradition. Evidence of local 
working of imported glass also emerged by combining 
the archaeometric and the typological evidence.
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