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Abstract: This work reports the results of the analyses performed on a set of glass finds from the
“Gaetano Chierici” collection in the Civic Museums of Reggio Emilia. Forty-eight typologically
heterogeneous glass finds were included in the list of the analyzed objects, dating from the fifth
century BCE to the first century CE. The objects primarily consisted of glass beads; however, bangles,
pinheads, and one vessel fragment were also included in the set. The items were analyzed using non-
invasive spectroscopic methods that were implemented with portable equipment on the museum’s
premises. Fiber optic reflectance spectroscopy was used to identify the coloring species in the glass
matrix, while X-ray fluorescence spectrometry provided compositional information. Both techniques
allowed for a discussion of the mechanisms of coloring and opacification, as well as the raw materials
used for this purpose. The results provided a complex picture of the various colorants used to
manipulate the appearance of the glass, which was a crucial aspect in the creation of the personal
adornments represented by these glass items. The data revealed evidence of different sources of raw
glass and colorants. Most of the samples were colored with cobalt, but iron and copper also influenced
the color of many of them. Both white and yellow were utilized for the glass decorations, and these
colors were achieved with the addition of either antimony-containing crystals or tin-containing
ones. This finding suggests that the transition from antimonate to stannate started as early as the
second century BCE. The “Gaetano Chierici” collection contains representative objects distributed
throughout the investigated period. The results obtained here are a starting point for future studies
of glass technology and provenance in the area.

Keywords: ancient glass; Iron Age; glass beads; archaeometry; XRF; FORS

1. Introduction

One of the primary uses of glass in ancient times was for the creation of various types
of personal adornments. Glass was an ideal material for this purpose due to its plasticity
at high temperatures and its potential for a limitless manipulation of color and opacity.
Glass opened the way for crafting adornments on a larger scale, overcoming the limits of
precious stones and metals. Despite being largely overlooked, glass ornaments provide
an important source of evidence for commercial and cultural exchange. As they became
accessible to a broader population, they gained increasing significance in people’s lives.
The chemical composition of these ornaments preserves traces of their level of complexity,
possibly indicating social differences within (and between) communities [1].

During the second half of the first millennium BCE, craftspeople experimented with
a wide range of coloring, decoloring, and opacifying materials, leading to innovations in
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glassworking [2–5]. Meanwhile, glass production was moving towards standardization,
resulting in more precise batch formulas and object designs [6–8].

During the period under study, the Italian Peninsula was marked by the growth of
the Roman state and the decline of city-states and tribal unions. The area around modern
Reggio Emilia, where most of the objects in this study were unearthed, was inhabited
by groups with uncertain ethnic affiliations, possibly including Ligurians and Etruscans.
In the middle of the first millennium BCE, particularly in the sixth to fifth centuries,
the area was influenced by Etruscan urban civilization [9,10]. The fourth century BCE
saw Celtic incursions, but the presence of settlements in the area was preserved until
Roman times [11,12]. Mixed grave sets containing goods inherent to different cultures were
common, making it difficult to distinguish specific cultural groups [13–15]. This may be
attributed to the development of the Mediterranean–Trans-Alpine trade and exchanges,
which are well documented [13,16,17]. The diversity of the material culture is reflected in
the diversity of the glass finds. The objects considered in this study appear to originate
from different glassworking traditions associated with several material culture entities,
confirming the complex nature of cultural exchange in the area during the Iron Age and
the beginning of Roman times.

Unfortunately, the objects in this collection originated from old (and probably unsys-
tematic) excavations, which means that the precise archaeological context of these glass
items is unknown. They were dated by considering the materials found in their immediate
vicinity or based on their typological features. This explains the broad range of dating,
which is indicated in Table 1, together with the museum codes for identifying the finds and
the related literature. These materials were found in six different places, most of which are
situated near present-day Reggio Emilia (Emilia–Romagna region, Italy). Therefore, this
study could be the first step toward understanding chemical features of the glass found in
this area.

Table 1. List of the samples with their attribution and references to similar type/archaeological
context; “-“ indicates the item is still unpublished.

Group 1. Spherical Blue Beads

Museum ID Lab ID Site Approx. date Ref.

S.53/126 RE3 Remedello Sotto - -
S.53/131 RE7 Remedello Sotto - -
S.53/129 RE8 Remedello Sotto - -

S.27/120 RE29
Sepolcreto di
Bismantova

(or surroundings)
500–50 BCE [18]

S.38/123 RE32 S.Polo campo
Servirola 600–500 BCE [18]

S.38/125 RE34 S.Polo campo
Servirola - -

S.38/129 RE38 S.Polo campo
Servirola 525–450 BCE [19]

S.38/131 RE41 S.Polo campo
Servirola - -

S.38/134 RE44 S.Polo campo
Servirola 600–500 BCE [18]

S.38/135 RE45 S.Polo campo
Servirola - -
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Table 1. Cont.

Group 2. Pear-shaped beads

Museum ID Lab ID Site Approx. date Ref.

S.27/214 RE30
Sepolcreto di
Bismantova

(or surroundings)
400 BCE–100 CE [12]

S.38/143 RE48 S.Polo campo
Servirola 525–450 BCE [18]

Group 3. Large-ring beads

Museum ID Lab ID Site Approx. date Ref.

S.53/134 RE9 Remedello Sotto 300 BCE–100 CE [20]
S.53/138 RE10 Remedello Sotto 300 BCE–100 CE [20]

T.89 RE16 Remedello Sotto 300 BCE–100 CE [20]
T.89 RE18 Remedello Sotto 300 BCE–100 CE [20]

Group 4. Small-ring beads

Museum ID Lab ID Site Approx. date Ref.

S.27/230 RE31
Sepolcreto di
Bismantova

(or surroundings)
- -

S.38/126 RE35 S.Polo campo
Servirola 600–500 BCE [18]

Group 5. Large-eye beads

Museum ID Lab ID Site Approx. date Ref.

S.27/36 RE27
Sepolcreto di
Bismantova

(or surroundings)
400 BCE–100 CE [12]

S.38/130 RE39 S.Polo campo
Servirola - -

S.38/130(1) RE40 S.Polo campo
Servirola - -

Group 6. Small-eye beads

Museum ID Lab ID Site Approx. date Ref.

S.38/124 RE33 S.Polo campo
Servirola 500–400 BCE [18]

S.38/128 RE37 S.Polo campo
Servirola 500–400 BCE [18]

S.38/132 RE42 S.Polo campo
Servirola 500–400 BCE [18]

S.38/136 RE46 S.Polo campo
Servirola 500–400 BCE [18]

S.38/137 RE47 S.Polo campo
Servirola 500–400 BCE [18]

Group 7. Disc-shaped beads

Museum ID Lab ID Site Approx. date Ref.

S.53/127 RE4 Remedello Sotto 200 BCE–100 CE [21]
S.53/130 RE5 Remedello Sotto 200 BCE–100 CE [21]
S.53/132 RE6 Remedello Sotto 200 BCE–100 CE [21]
S.53/140 RE11 Remedello Sotto 200 BCE–100 CE [21]
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Table 1. Cont.

Group 8. Toroid beads

Museum ID Lab ID Site Approx. date Ref.

S.53/136 RE13 Remedello Sotto 300 BCE–100 CE [20]
T.89 RE14 Remedello Sotto 300 BCE–100 CE [20]
T.89 RE15 Remedello Sotto 300 BCE–100 CE [20]
T.89 RE17 Remedello Sotto 300 BCE–100 CE [20]

Group 9. Bangles

Museum ID Lab ID Site Approx. date Ref.

S.44/163 RE19 Bibbiano 300 BCE–100 CE [22]
S.44/164 RE20 Bibbiano 300 BCE–100 CE [22]
S.44/166 RE22 Bibbiano 300 BCE–100 CE [22]
S.44/167 RE23 Bibbiano 300 BCE–100 CE [22]
S.44/168 RE24 Bibbiano 300 BCE–100 CE [22]
S.44/170 RE26 Bibbiano 300 BCE–100 CE [22]

Other objects

Museum ID Lab ID Site Approx. date Ref.

S.97/24–38 RE2 S.Ilario d’Enza 525–400 BCE [18]
S.44/169 RE25 Bibbiano - -

S.27/37 RE28
Sepolcreto di
Bismantova

(or surroundings)
- -

S.38/127 RE36 S.Polo campo
Servirola - -

S.38/133 RE43 S.Polo campo
Servirola 600–500 BCE [18]

S.38/170 RE49 S.Polo campo
Servirola 525–400 BCE [17]

S.73/100 RE50 Volterra - -
S.73/101 RE51 Volterra - -

The objects involved in this research are part of the museum’s permanent collection.
Therefore, it was necessary to analyze them using portable equipment with minimal
handling. Such a non-invasive approach provided fast insight without damaging the
objects that could remain on display.

The main aim of this work is to provide new knowledge on the selected group of
objects through a compositional approach. Given the lack of precise archaeological context,
this seems to be a way of improving the archaeological attribution of the objects. A partial
understanding of the composition of the glass, with an emphasis on the coloring/opacifying
agents, is provided by the data collected and presented in this work. The (somewhat limited)
archaeological information available for these objects in the “Gaetano Chierici” collection
at the Civic Museums of Reggio Emilia can then be supplemented with archaeometric data
to support their interpretation.

The results and discussion sections highlight chemical similarities and differences
within and between types, despite some limitations resulting from the use of a non-invasive
approach with portable instruments. In addition, the information on the composition of
the glass and the identification of the chemical species employed for coloring can support
the discussion on the glass circulating in the area during a wide period in the second half
of the first millennium BCE.

2. Materials and Methods
2.1. Materials

Forty-eight glass objects were examined and analyzed. Most of them are glass beads
of various types, with a minority of pinheads and (fragmentary) glass bangles. In addition
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to these objects, one fragment of glassware was considered. The objects shown in Figure 1
are divided into groups, each of which includes items that can be attributed to the same
(or similar) type according to macroscopic characteristics (mainly dimensions, shape,
and purpose). Some details on the dimensions and appearance of each object are given
as supplementary information (Supplementary Materials, Table S1), while the ways of
forming such objects are discussed elsewhere [7,20,23–25]. These objects represent several
glassworking traditions: small beads (both monochrome and decorated) and a vessel
fragment can be associated with Iron Age–Hellenistic glassworking traditions. In contrast,
larger beads and bangles can be associated with the Late Iron Age Celtic glassworking
tradition. Nevertheless, many objects cannot be easily assigned to one or the other.

Among the beads included in the glass collection, the most numerous are spherical
blue beads of semi-translucent glass (Figure 1, Group 1). Within this group, RE29 and
RE38 have a white wavy decoration. Their size is variable. Their widest diameter is in the
range of 8 to 16 mm. They tend to be somewhat flattened perpendicular to the aperture
so that the distance between the apexes does not exceed 13 mm in the largest specimens
and decreases as the size decreases. The diameter of the opening is consistently around
3–4 mm. They were found at different sites, and some of them have not yet been published
in the archaeological literature (Table 1).

Another type encompasses pear-shaped beads (Figure 1, Group 2), represented in
the collection by two objects, namely RE30 and 48. They are made of blue glass, have a
diameter of more than 20 mm, and are decorated with grooves and waves. Although they
were included in the same group, these two objects were found at different locations and
attributed to different periods (Table 1).

Large-ring beads of blue translucent glass (Figure 1, Group 3) are represented by four
samples (RE9, 10, 16, and 18). They were formed as rounded glass coils, except for RE9,
which is slightly flattened. The diameter of the rings is between 25 and 40 mm, and the
apertures are also relatively large: 10–13 mm. Due to these characteristics, they can be
attributed to the ring-bead type. They were all found in the same area and dated to the
same period (Table 1).

Another group of much smaller rings (Figure 1, Group 4) includes two samples: RE31
and RE35. Apart from the common type, they were found in different localities and may
not be coeval. RE31 has no reference in the archaeological literature (Table 1).

The glass finds in the Gaetano Chierici collection in Reggio Emilia include several
beads with eye decorations. Here, they are divided into two groups according to the
diameter of the bead: the large ones (Figure 1, Group 5) and the small ones (Figure 1,
Group 6). The eyes were made in different ways: by applying a piece of soft glass to the
base of the bead to create a protrusion and then spiraling a different colored glass on its
surface (in the case of larger beads); by making simple ring eyes with a thin coil that “sinks”
into the hot body of the bead (such as for sample RE37); or by alternating layers of different
colored glass (white and blue) by simply dropping them on the hot surface. The bases of
these beads are differently colored and appear to be blue, yellow, or green glass. The eyes
feature white, yellow, and blue glass. The small-eye beads in Group 6 have a common place
of discovery and the same date, while the group of large beads has a more heterogeneous
origin (Table 1).

Another group of beads consists of flat, disc-shaped beads of translucent yellow glass
(Figure 1, Group 7). They were all found in the same area and dated to the same period
(Table 1).

Toroid beads (Figure 1, Group 8) are made of thick and round in-section glass coils,
covered by a layer of dark glass. They are decorated with stripes of white or yellow glass.
These beads are among the largest pieces in the assemblage—up to 40 mm in diameter and
up to 17 mm in height, with openings up to 13 mm. Spirals of colorless or blue glass are
observed on the sides of some of the samples parallel to the apexes. They are all attributed
to the same period and come from the same site (Table 1).
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Figure 1. Photographs of the archaeological objects involved in the study. The samples are divided
into groups. The scale is the same for all samples and is indicated in the figure.
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The non-bead objects mainly consist of fragments of glass bangles (Figure 1, Group
9) of various colors and decorations. The base glasses are predominantly blue and semi-
translucent, and some feature yellow wave decorations. RE20 is made of yellow-brown
glass and has decorative patches of opaque white glass. Despite their differences in color
and decoration, they were all found in the same area and dated to the same period (Table 1).

The last group, called “other objects” (Figure 1), includes all the samples that could
not be included in the above-mentioned typological framework. Consequently, this is a
heterogeneous assortment of eight objects from different sites, most of them without a clear
archaeological interpretation (Table 1).

2.2. Methods
2.2.1. Photography

The photographs were taken with a Panasonic DMC-TZ80 digital camera under
natural light illumination. They were color-corrected using X-Rite ColorChecker (Grand
Rapids, MI, USA) references for the white balance and color correction [26]. Small areas
distant from glares and shadows in the color-corrected photographs were processed with
the ImageJ software (v.1.53c) [27] to obtain the RGB coordinates. RGB values were used to
compare the colors of the studied objects and to highlight homogeneity/heterogeneity in
relation to the common/different coloring species.

2.2.2. Fiber Optic Reflectance Spectroscopy (FORS)

FORS allows for the rapid and straightforward characterization of colorants in glass.
The instrumental setup used in this work consisted of an Ocean Insight (Orlando, FL, USA)
HL-2000-HP-FHSA 20 W tungsten halogen light source. The light was transmitted through
a 2 m long Y-shaped reflection/backscatter fiber optic probe with a 400 µm core size and
6.35 mm ferrule diameter. A holder held the probe in place, and the samples were exposed
to the probe at an angle of approximately 45◦. The actual value of this angle was arranged
to optimize the quality of the captured spectra. With this arrangement, the analyzed area
was an oval of about 1–2 mm2 in diameter. The spectra were recorded in a darkened room.
The diffuse light was transmitted to the QEPro CCD detector (Ocean Insight, Orlando,
Florida, USA) with HC1 grating operating in the range of 248–1038 nm with an optical
resolution of 6.78 nm FWHM. The detector was calibrated using a Spectralon (Edmund
Optics, Barrington, New Jersey) 99% diffuse reflectance standard. No less than 40 scans
were averaged for a single-spectrum acquisition with an integration time of 0.020 to 0.030 s.
Multiple spectra were acquired for each sample, with decorations treated as different
samples. Reflectance spectra were normalized by setting their minimum value to 0 and
their maximum value to 100.

2.2.3. Portable X-ray Fluorescence (p-XRF)

An ELIO (XGLab S.R.L. Milan, Italy) was used for the acquisitions within the premises
of the museum. It was equipped with a Rh anode source with the beam focused on a
1.2 mm diameter spot, and a 25 mm2 silicon drift detector (SDD). The nominal resolution
of the spectra was 140 eV at the Mn Kα line. The following settings were used: time—90 s,
current—40 µA, and voltage—40 keV. Three spectra were acquired from different spots on
each sample. When different colors were present on the same object, three spectra were
acquired from each of them.

The spectra were fitted with the PyMCA software (v. 5.6.7) [28] after creating a model
with fundamental parameters, which was implemented (and verified) using the Corning
Museum of Glass references A, B, and D, and several chips of archaeological glass of
known composition. A separate paper is available with a more detailed description of the
workflow [29]. The estimated accuracy and limit of quantification (LOQ) of the method are
shown in Table 2.
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Table 2. Accuracy estimates for each oxide considered in the fitting procedure (see text for details)
and limit of quantification (LOQ); n.a.—the estimate is not applicable.

Element Relative Error (2σ, %) LOQ (wt%)

K2O 54.5 1.2
CaO 15.8 0.26
TiO2 32.1 0.26
MnO 12.4 0.05
Fe2O3 33.6 0.04
CoO n.a. 0.03
CuO 22.7 0.4
ZnO 22.7 0.03
SrO2 33.0 0.01
SnO2 n.a. 0.16
Sb2O5 100.0 0.19
PbO2 33.4 0.09

3. Results
3.1. Color (from Color-Corrected Photographs)

Color is the most noticeable feature of glass objects, and it is also the most difficult to
document and communicate, as color measurements, especially for translucent materials
and small archaeological objects, are far from obvious [30]. Consequently, the color of ar-
chaeological glass finds is usually reported descriptively, as it appears to the eye, neglecting
the subtle variations within the sample set examined. This type of information is reported
in Table S1.

In this paper, we relied on an empirical procedure implemented on digital photographs
in order to report the color of the studied samples (both translucent and opaque) in more
detail. This approach allowed us to properly document the color similarities/differences
within and between the typological groups described in Section 2.1.

The RGB values extracted from the color-corrected digital photographs of the samples
are shown in a ternary plot (Figure 2a). The large colored dots in the triangle represent the
RGB coordinates for the colored squares of the ColorChecker (see Section 2.2 for details);
they guide the eye to the hues in the RBG ternary plot. The lightness/darkness of each
sample is represented in the bar graph (Figure 2b), which shows the mean value calculated
from the three RGB values of each sample. Darker colors have lower mean values, and
lighter colors have higher mean values.

The majority of the samples in all the outlined groups tend to lie on the trend line
that runs approximately from yellow to blue through the center of the ternary plot, where
the grayscale values are placed (achromatic center). The higher the color saturation, the
farther the position of the sample from the achromatic center, while the samples closer to
the center have more even RGB values and therefore less intense hues.

In the center of the ternary plot, we find samples with relatively high blue tones within
the dense group. As expected, this includes samples from Groups 1 to 5, Group 8, most of
the bangles from Group 9, and some of the samples from the “other objects” group. The
heterogeneity of the two pear beads of Group 2 is evident in the ternary plot, as they are
separated, with RE48 positioned on the yellow-green side of the plot. Similarly, one of the
two small-ring beads in Group 4, RE31, appears to be close to the cyan area of the triangle,
away from the rest of the group.

Toroid beads (Group 8) and bangles (Group 9) are much darker in color than the other
blue beads (of course, if the white and yellow decorative elements are excluded), and RE20,
which belongs to the latter group, is expectedly placed in the red-brown area away from
the other samples but not far from the center.
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Figure 2. (a) Ternary plot of the RGB data collected from the color-corrected photographs. The
colored numbers are the Lab. ID of specific samples, as reported in Table 1. Large round markers are
the values measured for ColorChecker tiles; their color reflects the color of the tile and guides the eye
in identifying the distribution of the hues in the ternary plot. The achromatic center indicates the
position of the colors in the grayscale, from black to white. (b) Bar plot showing the mean of the three
RGB values for each sample (decorative parts are omitted). The colors of the bars and the order of the
groups reflect what is reported in the legend of the ternary plot.

The small-eye beads in Group 6 are scattered in both the ternary and bar plots: samples
RE33 and RE46 are closer to the yellow-brown area, while the rest of the samples are more
on the blue side, with RE47 skewed towards the green region; two of them (namely RE46
and 46) have particularly high RGB values, which is related to the generally lighter color of
the matrix, the presence of white parts and a better state of preservation (Figure 1).

Group 7, consisting of weakly colored yellow beads, forms a dense and distinct group
of samples between the brown and green regions of the plot, together with the small-eye
bead RE46, although the lightness of this bead is much higher than that of the beads in
Group 7.

As expected, the “other objects” are scattered, with RE2 being skewed to the green
side, RE28 skewed to the red site, and the remaining samples closer to the center, which
indicates less intense colors (Figure 2).

Color trends are reflected in the colorants used in the glass, which are presented and
discussed in the following sections.

3.2. Fiber Optic Reflection Spectroscopy (FORS)

FORS allows for the differentiation of certain colorants. When color is obtained by
dissolving transition metal ions, this spectroscopic approach allows the nature of the ion
to be determined in terms of element, oxidation state, and coordination geometry [31]. In
this section, the FORS data are presented according to the interpretation of the spectra
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reported in [32] and references therein. Unfortunately, interpretable spectra were not
always obtained using this non-invasive approach. In particular, the spectra of white
and yellow decorations did not provide any information. Therefore, the p-XRF data are a
much-needed supplement for the characterization of the coloring/opacifying species in the
glasses of the Chierici collection.

Table 3 summarizes the information about the chromophores detected in each group
of samples. It shows that most of the spectra reveal the bands of Fe2+, Fe3+, and Co2+. The
Fe2+ absorption band is broad and centered in the NIR region at about 1050 nm, which
is beyond the analytical range of the spectrometer. However, it can be suggested in the
spectra by the absorption starting after 800 nm. Fe3+ can exhibit several absorption bands
concentrated in the UV and the blue regions of the spectrum, the most prominent ones
being at approx. 380 nm and 420 nm. Co2+ is characterized by a triplet of bands at approx.
540, 590, and 650 nm.

Table 3. Results from FORS. Chromophores are listed in descending order—from the most evident
features to the least prominent ones. If the group is split based on the spectra, separate samples are
mentioned. Only samples that produced meaningful spectra are included in the table.

Group Sample Chromophore(s) Detected by FORS

Group 1. Spherical blue beads All Co2+, Fe2+, Fe3+

Group 2. Pear-shaped beads All Co2+, Fe2+, Fe3+

Group 3. Large rings RE10 Cu2+, Co2+, Fe3+

RE18 Fe2+, Fe3+, Co2+

Group 4. Small rings RE31 Cu2+

RE35 Co2+, Fe2+, Fe3+

Group 5. Large-eye beads RE27, 39 Co2+, Fe2+, Fe3+

RE40 Fe2+, Fe3+, Co2+

Group 6. Small-eye beads
RE33b, 42, 46b Co2+, Fe2+, Fe3+

RE37, 47b Co2+, Fe3+

RE47 Cu2+

Group 7. Disc-shaped beads All Fe3+, Fe2+

Group 8. Toroid beads All (except RE17) Co2+, Fe2+, Fe3+

Group 9. Bangles
RE20 Fe2+, Fe3+

RE19, 22, 23, 24 Co2+, Fe2+, Fe3+

RE26 Co2+

Other objects

RE25 Fe3+, Fe2+

RE28 Cu0, Fe2+

RE36, 49b Cu2+, Fe3+

RE49d, 50, 51 Co2+, Fe2+, Fe3+

The predominant color of the glass objects in the Reggio Emilia collection is deep blue,
which is often obtained by adding cobalt. A certain amount of iron is always expected in
glasses, as it usually enters the batch as an impurity of the silica source [33,34]. Samples
RE10, 31, 36, 39, and 47 show the broad absorption band of Cu2+ in the NIR region
(750–900 nm). Copper in octahedral coordination reflects light in the blue-green region of
the visible spectrum, causing the resulting glass to turn blue.

One sample, RE28, produces spectra with the Cu0 band at ca. 560 nm. It is the only
red-colored sample in the assemblage.

The spectra collected from the samples in the assemblage can be roughly divided
into two types. One can be called the Fe-Co type, and it is shown in Figure 3a, where
the representative spectra obtained for samples of different groups are reported. All the
spherical blue beads of Group 1 show the same trend, although they show a slight variability
in the RGB plot (Figure 2) and are represented in Figure 3a by RE8. The Fe3+ bands are
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observed at 380 and 440 nm, but at the same time, the absorption close to 1000 nm indicates
the presence of Fe2+.
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The positions of the absorption bands of the labeled ions are shown as vertical lines (for Fe3+, Co2+,
and Cu0) or spectral regions (Cu2+ and Fe2+).

RE11 (Group 7) exhibits a strong absorption at 420 nm. RE25 (other objects) shows
an absorption of 420 nm instead of the Fe3+ band at 440 nm. Both Fe3+ bands can also be
interpreted as signals from Mn2+, as they are difficult to distinguish. We have not mentioned
Mn2+ in Table 3 because it is a weak chromophore that probably has a minimal effect on
the final color of these glasses. As reported in Section 3.3, Mn was detected in quantifiable
amounts via XRF in all of these samples except RE8. Sample RE47b (the eye decoration
of Group 6 representative) also shows the Fe3+ band at 380 nm, while Fe2+ ions were not
detected in this sample (Figure 3a). The configuration of Fe3+ and possibly Mn2+ bands
is variable among the remaining samples that produced this type of spectrum, just as in
Figure 3. This distribution is not systematic and cannot be interpreted in a semi-quantitative
way. The same can be said about the distribution of the Co2+ triplet of bands. They were
not detected in RE25 because the absorption of Co2+ is too intense, as expected from the
dark color of this sample (Figure 2b); therefore, only the intense absorption band between
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500 and 800 nm was detected in the spectrum. This is also the case with some samples of
Group 10 (bangles), which are made of deep blue glass. This glass is difficult to be analyzed
with FORS because of the low diffusion of the light. For this reason, Co2+ sub-bands were
not detected in RE19, 22, 23 and 25. RE11, like in all the beads of Group 7 (disk-shaped
beads), shows absorption bands of an unclear chromophore at 590 and 650 nm. Similar
spectra have been reported in [35] without any clear interpretation. Most of the spectra of
the Fe-Co type show variously pronounced Fe2+ absorption bands in the NIR region, with
intensities between those of RE25 (no absorption) and RE8 (pronounced absorption).

Another relevant type of spectra is related to the presence of copper. Examples are
shown in Figure 3b, and almost all spectra of this type show a more or less pronounced
absorption band of Cu2+. In addition to Cu2+, these spectra also show the absorption of
Fe2+ (RE28) or Fe3+ (RE10 and 31). RE28 (other objects) is a noticeable exception, as it shows
the Cu0 band, which justifies its red color.

RE10, one of the large-ring beads, shows the combination of Fe3+, Co2+, and Cu2+,
although its color is perceived as similar to the other large-ring beads (Figure 2a).

3.3. Portable X-ray Fluorescence Spectrometry (p-XRF)

It is generally accepted that, although the accuracy may not be ideal for other specific
applications, p-XRF supports the classification of glass according to some major composi-
tional differences, provided that an appropriate calibration is followed [29].

The results are reported in this section (and further discussed in Section 4), taking into
account both the limitations of the approach and its strengths, without drawing conclusions
that would go beyond the intrinsic issues of the collected dataset.

The data obtained here from the p-XRF analyses are reported in Table S2 (Supporting
Information), subdivided according to the groups indicated in Section 2.1. The expected
accuracy has been discussed in [29] and is reported in Table 2. The elements detected
sporadically in a few analytical spots are not included in Table S2. In particular, vanadium
was detected in RE9, the red part of RE11, RE14, and RE40; chromium was detected in RE9,
RE14, RE40, and RE49; the white parts of RE29 and RE48; and the blue part of RE47; nickel
was detected in RE43 and the white parts of RE14 and RE17; and zirconium was detected
in RE2, RE26, RE46, and RE51. The first noticeable piece of information comes from K2O,
which is mostly below 2% and higher only for a few samples without any obvious group
distinction. RE51 (a pinhead of dark opaque glass, “other objects”) is notable in this regard
for the high K2O concentration (7.6%).

CaO concentrations are in the 5–10% range. TiO2, Fe2O3, ZnO, and SrO were also
detected rather systematically; they could have entered the batch as impurities of the raw
materials, although amounts of Fe2O3 above 1% would suggest a deliberate addition for
coloring purposes (or at least a deliberate selection of a silica source rich in iron). SnO,
Sb2O5, and PbO are associated with the presence of white and yellow opacifiers.

The dataset is visualized in Figure 4 using a principal component analysis scatter plot,
in which only data from the bulk glass were considered. Data from samples with light
decorations could be influenced by the composition of these decorative elements (elevated
SnO2, Sb2O5, and PbO2 values). This is due to the size of the analytical spot of the ELIO
p-XRF instrument. All values below the LOQ were set to zero, and rows and columns of
the data set were Z-score scaled prior to the calculation. Ten principal components were
calculated, with the first two accounting for 57.84% of the explained variance (42.59% for
PC1 and 15.25% for PC2). It can be seen that the negative part of PC1 is influenced by
CaO, SnO2, SrO, CoO, and ZnO, and samples are stretched along PC1, with the majority
of them showing negative scores on PC1. On the other hand, both large- and small-eye
beads (Groups 5 and 6) tend to have positive scores on this PC. As already highlighted by
their color and colorants, the two samples within the small-ring group (Group 4) are very
different from a compositional point of view.
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Figure 4. PCA scatter plot of p-XRF data (decorations excluded), with loadings and scores displayed
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RE45, a round blue bead in Group 1, is an outlier within its group. The objects from the
Reggio Emilia museum can be distinguished by two emerging trends that have different
directions along the PC2, which is influenced by oxides such as MnO, CuO, Sb2O5, and
Fe2O3, mostly related to color and opacity. In addition, K2O plays an important role in this
PC. RE45, RE28, and most of the representatives of Group 6 are stretched within the bottom
right quadrant (CaO–PbO2 axis) while large rings, large eyes, toroid beads, and bangles
groups are stretched along the ZnO–CuO axis.

4. Discussion

In this section, we first discuss the data from the perspective of the typological groups,
which provide the most directly accessible information, and then proceed to the full set of
archaeological objects.

4.1. Group 1—Spherical Blue Beads

The color of these beads was achieved by Co2+ ions in tetrahedral coordination with
non-bridging oxygen atoms [36], as suggested by the FORS spectra. p-XRF measurements
confirmed the presence of cobalt. Only two samples within this group, namely RE38 and
RE45, show CuO levels above the LOQ of the p-XRF instrument. In these samples, Cu2+

was not detected using FORS, indicating that copper was probably in the reduced state, as
Co blue glasses would have required reducing conditions of the furnace [37,38], leading
to the formation of Cu+, which does not significantly affect the color of the glass [39].
Given the similarity in composition, all the samples in this group, including those for
which precise dating was not available, can be tentatively dated to the middle of the first
millennium BCE.
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In addition, RE45 contains a high amount of PbO2 (measured at 9.4%, which is only
an indication of the actual value, as the calibration range of the instrument only extends
to 3.13% PbO2) and a much lower amount of Sb2O5 (0.5%). If lead antimonate crystals
were present in the glass matrix, the sample would likely be green, which is not the case
(see Figure 2). Therefore, it is more plausible that this bead was produced by recycling
Sb-containing glass without the intention of opacifying it with lead antimonate. A high
amount of Pb can be attributed to the intentional addition to improve workability, or
to glass recycling. However, this sample is significantly smaller than the other samples
in the group and can therefore be distinguished from the other beads in the group both
compositionally and typologically.

By comparing the p-XRF spectra of the other beads in this group (Figure 5), it is evident
that trace amounts of copper are present in all the samples, although they are not reported
in Table S2 because the amounts are below the threshold level set for reliable quantification.
Lead is also present in trace amounts in several samples.
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The source of cobalt in these beads can be deduced from its association with several
other elements. Nickel was not detected (the absence of peaks at 7.48 KeV is shown
in Figure 5). This prevents the association of these glasses with the Egyptian source of
cobalt [40]. The correlation of zinc with cobalt is positive for all the samples in the group
except RE29. Such an association could be indicative of the cobalt source, but the proximity
of the data to the LOQ of the instrument does not allow for further speculation. The Iranian
and European Erzgebirge/Krušnohoří mining regions are excluded as potential cobalt
sources because the samples do not show arsenic and nickel associated with cobalt [41,42].
Also, the cobalt source employed in LMHK glass production in the Late Bronze Age in Italy,
already documented in the Early Iron Age contexts [43], does not fit the compositional data
due to the absence of the same type of association. It should be noted that the compositional
approach used here, with the same p-XRF equipment and measurement conditions, has
already allowed us to establish the origin of the color in another (and older) set of blue eye
beads in Egypt [44]. For the present group of samples, a strong positive correlation between
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Fe2O3 and CoO (r = 0.82) can be seen in Figure 6. In addition, the presence of minor to
trace amounts of copper and lead (Figure 5) would suggest that the source of cobalt could
be the same as the still unknown source proposed for some Roman glass [45,46], although
further analysis focusing on minor and trace elements would be necessary to support
this hypothesis.
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4.2. Group 2—Pear-Shaped Beads

These two samples seem to have a similar composition to those of Group 1, and we
can extend the same hypothesis about the cobalt source given for the beads of Group 1 to
the two pear-shaped beads in this group.

The glass for the white decoration in RE48 was probably colored with calcium anti-
monate, because of the high concentration of both CaO and Sb2O5 found in the white glass
compared with the blue body of the bead. The content of these elements in relation to white
or yellow opacifiers is shown in Figure 7. Sb-containing white decorations were usually
applied as thin layers on top of the base glass; therefore, they may not be “infinitely thick”
to allow for proper analysis with X-rays, causing the heavier element concentrations to
be underestimated.
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4.3. Group 3—Large-Ring Beads

According to the composition and the appearance of the four beads in this group,
they can be further divided into three types. RE9 contains an elevated amount of MnO
(4% is an indicative value beyond the calibration curve). This sample also has a detectable
amount of CuO. Smaller amounts of Mn are present in all the other representatives of
this group, and Mn shows a clear correlation with Fe2O3, along with the large-eye beads
included in Group 5 (for both groups, r is 0.86). The much clearer glass RE10 contains
less of the transition metals, although Co2+ was still detected with FORS. Finally, samples
RE16 and 18 have less MnO and Fe2O3 than RE9 but more than RE10. They were also
colored with Co2+, for which the same source as those suggested for Group 1 samples can
be hypothesized. The distinguishing feature of RE9 is the yellow stripe, which does not
appear to be an intentional decoration. p-XRF analysis shows that it may have been colored
with lead stannate (due to the elevated tin and lead values). In this and other cases of
yellow coloration, it is not possible to distinguish between Type I (Pb2SnO4) and Type II
(PbSnO3) due to the excess of lead.

4.4. Group 4—Small-Ring Beads

RE31 and RE35 seem to be made of different glasses. They were colored with different
chromophores: RE31 with Cu2+ and RE35 with Co2+, and, according to FORS data, Fe2+. p-
XRF data confirm this difference and provide further information. RE31 has small amounts
of tin in its composition, and the Sn/Cu mass ratio is close to 0.08, suggesting that bronze
is the source of both elements in this sample [47]. On the other hand, the composition of
RE35 would place this small-ring bead in Group 1.

4.5. Group 5—Large-Eye Beads

These beads tend to have elevated K2O concentrations, at 1.5–2%. In addition, MnO
and Fe2O3 are correlated with Group 3 samples (r is equal to 0.86 for both groups), sug-
gesting that these elements entered the batch from the same source, and therefore these
two groups of samples can be placed in the same compositional frame. Cobalt is a primary
chromophore for this group of samples, although calcium and, possibly, lead antimonate
(suggested by the elevated CaO values, compared with the glass of the blue decoration, and
the elevated PbO2 and Sb2O5 values compared with the rest of the samples in this group)
also contributed to the pale green color of the body of RE39. As for the decorations, the blue
decoration was produced through the application of Co-blue glass, whereas the yellow one
(as for RE27 and RE40) was produced via the addition of lead antimonate, and the white
one with calcium antimonate (Figure 7). The Pb-to-Sb ratio in the yellow decorations for
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all the samples is between 10 and 22, and the stoichiometric ratio for Pb2Sb2O7 is around
1.7; this indicates that lead was added in excess as oxide in the mixture with Pb2Sb2O7 (its
correlation with antimony is very strong (r = 0.96)). The synthesis of Pb2Sb2O7 crystals
probably occurred ex situ [48], and additional lead could help keep the crystals stable in
the melt [49]. Based on the compositional evidence, the production of RE39 and RE40 can
be tentatively dated to the end of the first millennium BCE–first century CE, similar to the
date assigned to the beads of Group 3 and RE27 through archaeological inference.

4.6. Group 6—Small-Eye Beads

This heterogeneous group of samples is characterized by very different coloring
techniques. The bodies of samples RE33 and RE46 were probably colored via the addition
of lead antimonate, similar to the decorations in the previous group. FORS and XRF results
for RE47 suggest that Cu2+ is the main chromophore in this glass. The opaque appearance is
probably due to calcium antimonate crystals suspended in the glass matrix, as a significant
amount of Sb2O5 was detected, although the CaO values are not too high compared with
other samples. All of the above samples have similar decorations of alternating white and
blue layers that form the stratified eyes. The white parts were realized via the addition of
calcium antimonate, as indicated by the increased amounts of CaO and Sb2O5 (Figure 7).
The blue beads are Co2+-colored (FORS and XRF evidence). Samples RE37 and RE42 have
different colors of the body (colored with Co2+, which is associated with iron and traces of
copper and lead, as shown in the XRF spectra similar to those reported in Figure 5). Their
white parts were not accessible to the p-XRF equipment and were not analyzed.

4.7. Group 7—Disc-Shaped Beads

These beads are characterized by the apparent absence of colorants, the presence of
MnO associated with Fe2O3 (r = 0.92), and the presence of Sb2O5 (in RE4, RE5, and RE6).
The spectral features observed with FORS suggest that Fe3+ is the main chromophore
in this group of samples. Mn2+ could also contribute to the spectra, as its absorption
maxima coincide with those of Fe3+. Perhaps these glasses were decolorized with antimony,
although this element could be related to the thin bright yellow elements within the glass
matrix (perhaps colored by lead antimonate). Manganese may also have a decolorizing
function in these glasses, although its low concentration (which is consistently higher than
that of iron) would indicate a natural abundance of Mn- and Fe-containing minerals in
the silica source. The absorption at 600 and 650 nm observed in other glasses [35] remains
unexplained. These beads are more recent than the rest of the set [21] and are an example
of the glass industry’s simultaneous progress in glass decolorization processes [34].

4.8. Group 8—Toroid Beads

The base glass in these beads was colored with Co2+ and Fe2+. Unlike in the pre-
vious group, high Fe2O3 levels are not associated with high MnO levels. Comparable
concentrations of Fe2O3 and MnO have been found in other contemporary Co-blue objects
by Roman glass makers and have been interpreted as the intentional addition of man-
ganese compounds [50,51]. Therefore, a difference from the older glasses (such as those
in Group 1) is noted. Groups 3, 5, and 7 (which are also attributed to the Roman period)
tend to contain detectable amounts of MnO. This is evidence of the technological change
mentioned in Section 4.7. The fact that at least some of these beads belong to a different
(Celtic) glassworking tradition, which also includes large-eye beads and bangles, gives the
opportunity to speculate on differences in glass supply for different glassworking sites.
More robust and detailed compositional data should be obtained to significantly contribute
to this discussion.

The opaque appearance could be achieved via the addition of a small amount of tin
oxide or lead stannate (SnO2 levels are near the LOQ, and PbO2 concentration is also low
and could be interpreted as resulting from the abundant yellow and white decorations).
RE13 stands out in this picture, as no SnO2 was detected. This sample and RE17 have
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Mn/Fe ratios similar to that found for the samples in Groups 3, 5, and 7. White decorations
contain significant amounts of SnO2 and PbO2 (Figure 8). In yellow decorations, the Pb/Sn
ratio is higher. Lead–tin calx has been used to make white and yellow glass in Europe since
the second century BCE, and the Pb and Sn ratio in the calx was critical in adjusting the
final color. Values below 3.5 result in tin oxide opaque white glass [52,53]. Such values
were determined for RE13, RE15, and RE17 (in white parts). The white glass in RE14 has
a Pb/Sn ratio of 6.9, but it is still much lower than in the yellow parts of RE9, RE15, and
RE17 (ranging from 22.3 to 33.5). With such a range of ratios in the yellow parts, we can
assume that here, the formation of the lead stannate was achieved with calx, and then the
compounds were added to the batch. Unfortunately, the p-XRF results do not allow us to
further discuss the technological aspects of the opacifier production technology [52,53].
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4.9. Group 9—Bangles

The FORS spectra of this group of samples typically show strong absorption in the
interval from 500 to 700 nm, and p-XRF analysis revealed one of the highest CoO concen-
trations in the set. Such concentrations made the samples quite dark (see RGB values in
Figure 2), preventing adequate reflection of the visible light and reducing the quality of the
FORS data. It is possible that the cobalt in these glasses (except RE20 and 26) originated
from different sources (Figure 6), although this assumption is solely based on the Co/Fe
ratio. The lower amount of Fe2O3 can also be explained by the use of a purer silica source.
This is not the case for RE20, where no CoO was detected in the glass, as it is likely that the
color of the bulk of this sample is caused by Fe3+ ions. White and yellow decorations were
colored with calcium antimonate and lead antimonate, respectively.

4.10. Other Objects

Each sample in this heterogeneous set deserves its own discussion.
RE2 could have been made from Co-Cu glass, as both elements were detected via

p-XRF. RE25, on the other hand, is Co-blue glass, and the Sb2O5 amount of 0.2% suggests
some recycling. RE28 was colored with Cu0 crystals in the matrix. The PbO2 concentration
in this sample is quite high but insufficient to argue that copper is present in the form of
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dendritic crystals of cuprite. Instead, the high amounts of Fe2O3, SnO2, and Sb2O5 suggest
that copper might be present in the form of microcrystals dispersed in the matrix [54]. The
role of tin and antimony could also be that of opacifiers. Tin and lead play a crucial role
in the color of the white to pale-green decoration on this bead. RE36, apart from a small
amount of Cu (detected via FORS and p-XRF, although below the p-XRF’s LOQ), has a high
concentration of MnO (4.5% is an indicative value, as it is above the calibration range of
the instrument). Together with iron, manganese is responsible for the dark brown color of
this sample.

RE43 appears to be colored with cobalt and possibly iron, as both elements showed
high concentrations in the XRF analysis.

The composition of RE49, and the detected colorants, link this sample to the Mediter-
ranean Group 1 glass, which from a compositional point of view supports the attribution
based on the shape and decoration of the original object [6]. The sky-blue decoration color
was produced by introducing Cu2+ ions together with calcium antimonate crystals. The
yellow decoration was colored with lead antimonate.

RE50, like many blue and white samples, was colored with Co2+ and its white part
owes its color to calcium antimonate (Figure 7).

RE51, on the other hand, belongs to the minority of objects (Group 8, as well as RE9
and RE28) whose sources of light color decoration were lead and tin compounds. The base
color of this sample is apparently caused by Co2+, as suggested by its FORS spectrum. Iron
ions may have also contributed to the final color.

4.11. General Observations Across Groups

Cobalt is the main colorant in the objects included in this study (Groups 1, 2, and most
of the objects in Groups 3, 5, 8, and 9), and compositional inferences point to the same raw
materials as those used in coeval or later Mediterranean glasses [45,46]. They are different
from those used in the Late Bronze Age and Early Iron Age, which have a different chemical
signature [43,44]. However, the set of samples considered here also showed alternative
ways of producing blue glass, such as by combining copper with cobalt.

The light-colored objects or (in most cases) their decorative parts were made with
the addition of opacifying compounds (calcium and lead antimonates, lead and antimony
stannates). It is interesting to note a possible relationship between white and yellow
opacifiers and the age of the objects. Samples from the older contexts (dated to the middle
of the first millennium BCE), such as Group 1 and 6, tend to rely on the presence of
antimonates, while the more recent objects, starting from the second century BCE, may
contain either antimony or tin compounds. This evidence can be a first indication. However,
the beginnings of this transition in the area would be better traced by extending the number
of objects analyzed.

A peculiar division can be observed by plotting CaO against SrO values (Figure 9).
A strong cross-group correlation was observed between these two oxides, with 0.83, as
Sr is a common substituent of Ca atoms in various materials, and most of the samples
follow a single trend line. However, Groups 1, 2, 6, and 9, and most of the samples from
the “other objects” group tend to have less CaO (and also SrO) in their composition than
Groups 3, 5, 7, and 8, which usually have more than 8% of CaO (samples of these groups
also usually have more MnO). Such a division is marked by a dotted line in Figure 9,
although we cannot speak of two clusters, and such a division is only indicative. The
samples in Group 4 (small-ring beads) are divided, with RE31 belonging to the low-Ca
range and RE35 to the high-Ca one. This result is not surprising, since these samples are
also distinguished by their colorants. RE43 (other objects) is the only representative of its
part of the assemblage that belongs to the high-Ca range. The low-Ca range corresponds
to the Levantine II compositional group of ancient glass and the high-Ca range to the
Levantine I one. However, the peak production of the Levantine group glasses occurred in
Late Antiquity [8,55], although glasses with comparable lime content occur elsewhere in
similar contexts [50]. Since the pre-Roman times in the area, high-Ca contents have been
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associated with both the use of plant ash and the use of a mineral flux [56,57]. Groups 5 and
8 show elevated potash contents. These beads may have been made from plant ash glass,
although further analyses aimed at quantifying light elements are required to identify the
raw material for fluxing the silica. Nevertheless, the results for K2O and CaO suggest, if
not a different origin, at least a different formula for raw glass.
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high-Ca groups are marked with diamonds. The suggested boundary between the low and high-Ca
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concentrated in the low-Ca range.

Samples with K2O below the LOQ are assumed to have been prepared using mineral
evaporites, such as natron, to flux the silica. On the other hand, K2O above the LOQ (>1.2%
wt. oxide) was found in a smaller portion of the sample set and indicates the use of plant
ash as the alkali source.

Samples with elevated K2O content are present in virtually all groups without forming
any obvious pattern. For these samples, the K2O content is within 2%, which does not
allow us to exclude the possibility that an evaporitic flux source was used, although plant
ash glasses are known from the Early Iron Age in central Italy [43]. In fact, plant ash is not
the only source of potassium in glass, as this element can also come from the silica source,
glass alteration [58], or glass recycling [59].

For the few samples with K2O content above 2%, namely RE24 (bangles), RE42 (small-
eye beads), and RE43 and RE51 (other objects), it can be assumed that plant ash was used
in the preparation of the glass batch.

5. Conclusions

Glasses from various personal ornaments in the Civic Museums of Reggio Emilia, Italy,
show a wide range of colors, which were characterized beyond their visual appearance.
It was found that most of the objects owe their color to cobalt, with copper and iron ions
playing a role in the final color of some samples.

The relative concentrations calculated for several key elements allowed some conclu-
sions to be drawn about the origin of the raw materials used to introduce the colorants,
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distinguishing them from those found in the Late Bronze Age and in other Early Iron Age
glasses, for which a comparison was possible thanks to the common analytical procedures
and equipment [43,44]. For example, the set of elements that were found to be in associa-
tion with cobalt (partially iron, copper, and lead) indicates a specific raw material source
common to many coeval Mediterranean glasses.

It is interesting to note that the yellow and white decorative elements were divided into
those colored with Sb-containing crystals and those colored with Sn-containing compounds,
highlighting a transition from antimonate to stannate that may have started as early as the
second century BCE.

Data on potassium and calcium concentrations suggested some differences in the
primary glass recipes, some of which could be interpreted as glass recycling. In general, the
elemental data highlighted some compositional similarities between different typological
groups and allowed for the differentiation of some objects within the same typological
cluster based on their composition, thus increasing our knowledge of the collection of glass
finds of the second half of the first millennium found in the Reggio Emilia area.

Even if the information provided by such a non-invasive screening process was
significant, further laboratory analyses, at least on a limited set of representative samples,
would be beneficial to make the present conclusions more robust or to deepen the level of
insight into production technologies and raw glass provenance in the area. Therefore, this
work represents a first step that will hopefully stimulate the production of new data that
will allow the possibility of comparing data from different sources. This will open new
possibilities to draw conclusions about the glass supply in the region. Further typological
work combined with archaeometric data can contribute to the knowledge of different
glassworking traditions, providing the opportunity to better interpret the place of glass in
past societies.
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