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An interdisciplinary and multi-analytical approach — combining non-invasive and non-destructive with micro-
destructive techniques — has been applied, for the first time, to glass artifacts from Central Italy dating from
the Middle Bronze Age to the Early Iron Age. This research provides the unique and extraordinary opportunity to
investigate glass materials shedding light on ancient glassmaking techniques and tracing the trade networks that
p-XRF shaped the distribution of these artifacts across Central Italy.

SEM-EDS The non-invasive and non-destructive techniques (i.e. p-XRF, FORS and XRD) provided a preliminary char-
EMPA acterisation of all the analysed samples that was used to further identify and select a considerably reduced
number of artefacts to be investigated by micro destructive ones (i.e. SEM-EDS and EMPA). The combination of
all these techniques allowed to identify two main glass types. The majority of the samples display the chemical
composition of LMHK glass (one of which High-K) with several characteristics comparable to those from
Northern Italian production centres. One sample displays instead a composition typical of natron glasses, with
similarities to glass artifacts produced in the Eastern Mediterranean and Egypt. Two main types of chromophores
play a role in the origin of the blue colour, Cu and Co. Sb was used to impart both the opacity and the white
coloration.

The findings of this work suggests that this archaeological site was included in an international framework of
long-distance trade and confirm the importance of the Paduli archaeological site in Central Italy at the end of the
II millennium B.C. Here, phenomena of social complexity seem to have emerged with the presence of nascent
local elites capable of inserting themselves into the network of international traffic.

1. Introduction manufactured objects and/or to locate geographically the primary glass

workshop (Angelini et al., 2019). In studies of Italian and European

Over the recent decades, the analytical study of ancient glass has
allowed an extraordinary advance in the understanding of the ancient
world (Henderson, 2013). Chemical, mineralogical and textural ana-
lyses together with geochemical and isotopic determinations allow the
identification of the different recipes used for ancient glass production,
the level of technology reached, the nature and the origin of the raw
materials. These analyses can also help to trace the diffusion of the

protohistory, the integration of archaeometric data with the traditional
study of archaeological materials is a work in progress. Despite the lack
of standardised and commonly shared intervention protocols or
analytical procedures, this multi-disciplinary approach has proved
fundamental for investigating the evolution over time of the different
recipes used to produce ancient glass and for tracing the exchange
networks between different regional areas.

* Corresponding author at: Institute of Heritage Science, National Research Council of Italy (ISPC — CNR), Via Madonna del Piano 10, 50019 Sesto Fiorentino,

Florence, Italy.

E-mail addresses: silvia.vettori@cnr.it (S. Vettori), francesca.giannettil @unifi.it (F. Giannetti), eleonora.braschi@igg.cnr.it (E. Braschi), riccardo.avanzinelli@
unifi.it (R. Avanzinelli), carlo.virili@uniromal.it (C. Virili), alessandro.jaia@uniromal.it (A.M. Jaia), azanini@azanini.it (A. Zanini), emma.cantisani@cnr.it

(E. Cantisani).

https://doi.org/10.1016/j.jasrep.2025.105396

Received 3 April 2025; Received in revised form 21 August 2025; Accepted 8 September 2025

Available online 12 September 2025

2352-409X/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-2435-129X
https://orcid.org/0000-0002-2435-129X
https://orcid.org/0000-0002-7013-7542
https://orcid.org/0000-0002-7013-7542
mailto:silvia.vettori@cnr.it
mailto:francesca.giannetti1@unifi.it
mailto:eleonora.braschi@igg.cnr.it
mailto:riccardo.avanzinelli@unifi.it
mailto:riccardo.avanzinelli@unifi.it
mailto:carlo.virili@uniroma1.it
mailto:alessandro.jaia@uniroma1.it
mailto:azanini@azanini.it
mailto:emma.cantisani@cnr.it
www.sciencedirect.com/science/journal/2352409X
https://www.elsevier.com/locate/jasrep
https://doi.org/10.1016/j.jasrep.2025.105396
https://doi.org/10.1016/j.jasrep.2025.105396
http://creativecommons.org/licenses/by/4.0/

S. Vettori et al.

In this work, we present the first archaeometric study of Middle
Bronze Age (17th — 16th cent. B.C.) to the Early Iron Age (10th cent. B.
C.) glass materials form Central Italy (Table 1S in the Supplementary
Materials), specifically from the lakeshore settlement of Paduli (Colli sul
Velino, Rieti), performed through a multi-analytical approach that
combines non-invasive and non-destructive with micro-destructive
techniques.

Several studies have investigated Protohistoric glassy materials from
Northern Italy and Sicily (e.g., Angelini et al., 2002, 2003, 2004, 2005,
2006, 2019; Towle et al., 2001; Arletti et al., 2011; Conte et al., 2015,
2016, 2018, 2019), but no analytical data are present in literature for
Central Italy. Our study provides the unique opportunity to compare the
characteristics of the finds from Paduli (Colli sul Velino, Rieti) with
those of the aforementioned studies, in order to determine the glass
composition and to trace the distribution routes of these artifacts in
Central Italy. Indeed, the finding of hoards with bronze manufacts and
exotic objects, such as ivory artifacts and amber pearls, has suggested
that this archaeological site was included in an international framework
of long-distance trade (Licordari and Virili, 2021).

The study was performed in two steps, the first based on non-invasive
and non-destructive techniques, the second planned and applied to a
specific selection of objects, based on the previous data, which were
analysed with micro-destructive techniques. The data acquired by the
non-invasive approach are crucial and essential as they allow to gain as
much information as possible on a large number of glass artefacts in a
rapid, low cost and non-destructive way, significantly reducing the
number of objects to be sampled (Fermo et al., 2016; Micheletti et al.,
2020; Yatsuk et al., 2023). This approach was adopted to provide a first
detailed characterization of the objects (through Optical Microscopy —
OM), colouring agents (by Fibre Optics Reflectance Spectroscopy —
FORS in the UV-Vis region), elemental composition (determined by
portable X-ray Fluorescence — p-XRF) and crystalline phases in the glass
matrix (investigated by X-ray Diffractometry — XRD). It is worth
stressing that the investigated set of beads represents all the glassy ar-
tefacts found in a large area, equal to 20 ha and corresponding to the
maximum extent of the site in the Final Bronze Age. Then, on the basis of
the gathered information, it has been possible to select a limited, but
representative number of objects to be sampled for detailed analyses of
the microstructures and chemical composition (through Scanning Elec-
tron Microscopy-Energy Dispersive Spectroscopy — SEM-EDS and Elec-
tron Probe Microanalysis — EPMA), with the aim of identifying the raw
materials used and establishing their origin and, ideally, the
manufacturing site. In this regard, the history of glass acquires great
importance.

Glass manufacturing uses raw materials to produce a synthetic
product (Henderson, 2013) such as i) SiO; from crushed quartz or sand
as a network former, ii) a fluxing agent to lower the melting point of
silica, and iii) colorants. The classification of the glass type is based on
the chemical elements introduced in the glass batch through the fluxing
agent. The first man-made glass artefacts, found in the eastern part of the
Mediterranean, date back to the 3rd millennium B.C. (Oppenheim,
1973; Henderson, 2013), but the occurrence of highly coloured glassy
objects only becomes common in Mesopotamian and Egyptian archae-
ological records from the Middle Bronze Age 1 (16th—15th century BCE)
onwards (Lilyquist et al., 1993; Nicholson, 1993; Shortland, 2000;
Freestone, 2006; Shortland and Eremin, 2006; Dardeniz et al., 2022).
The 14th century BCE marks the earliest evidence of glass-making in the
Syro-Levantine area as well (Dardeniz et al., 2022). These first glassy
materials were usually obtained using quartz pebbles as a silica source
and plant ash as a fluxing agent (Sayre and Smith, 1961; Henderson
et al., 2005), and they were commonly known as High Magnesium Glass
(HMG). HMG artefacts were widespread during the Bronze Age in the
whole Mediterranean (Santopadre & Verita, 2000).

During the Recent and Final Bronze Age, and particularly between
the 12th and 10th centuries B.C., another glass type was produced: in
this case, the fluxing agent was probably made using leached plant ash
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as source of alkali (Brill, 1992; Angelini et al., 2004), and the obtained
material was described as “mixed alkali glass” or Low Magnesium High
Potassium (LMHK) (Henderson, 1988). This type of glass was only found
in Europe (Henderson, 2013), with a particular abundance of findings in
excavations carried out in Frattesina di Rovigo (Italy), a relevant glass-
production site (Biavati and Verita, 1989; Brill, 1992; Angelini et al.,
2004; Angelini, 2011). In the context of the network of long-distance
trade of this period, Frattesina certainly represents the centre of great-
est interest and importance for the whole peninsular Italy (Bellintani
and Angelini, 2020) and beyond. LMHK glasses, likely coming from
Frattesina, were found in Switzerland, Germany, France, Ireland, En-
gland, Greece, Czechia and Poland (Venclova et al. 2011; Bellintani
2014; Conte et al. 2019; Purowski et al., 2018). This vast settlement was
the central place of a cluster of settlements, located at the mouth of the
Po River, in which the processing and (re)distribution of metallurgical
and valuable products were concentrated. These exchanges connected
Europe to the Aegean and Middle East regions and vice versa, passing
through Southern Italy. The time of maximum development of this in-
ternational network is to be placed at the beginning of the final phase of
the Bronze Age.

At the beginning of the 1st millennium B.C., natron glasses started
being produced in Egypt (Schlick-Nolte and Werthmann, 2003; Short-
land et al., 2006), indicating that the ashes derived from desert plants
were replaced, as fluxing agent, by mineral soda (trona,
NayCO3-NaHCOs3-2H50). An alternative source of soda might be the
Eastern Anatolian Area in Turkey (Dardeniz 2015).

This type of glass, widely produced since the 8th century BCE in the
Mediterranean and Levantine regions, used calcareous sand as source of
silica, and was known as Low Magnesium Glass (LMG). During the Iron
Age, this type of material could be found from the Middle East to Italy
(Towle et al., 2001; Towle and Henderson, 2004; Arletti et al., 2011;
Conte et al., 2019). This transition between the 2nd and 1st millennium
BC is therefore one of the key periods in the further development of
glassmaking, with the supplanting of the previous plant-ash technology
by natron-based production (Henderson, 2013; Dardeniz, 2015; Conte
et al.,, 2016, 2019). The latter production, which was already (even
though scarcely) in use in Egypt (Moorey, 1985), became predominant
during the Iron Age (Dardeniz, 2015).Therefore, the present study ac-
quires importance not only because it represents one of the first study on
glass samples from Central Italy, but also because it provided a way to
further investigate the glass-related production and the trade that
characterized the Italian peninsula during that time.

2. Archaeological site of protohistoric age of Paduli (Colli sul
Velino, RI)

The Department of Classics at Sapienza University of Rome has been
engaged since 2015 in the excavation of the lakeshore settlement of
Paduli near Lake Piediluco, located in central Apennine Italy between
the intramontane basins of Rieti and Terni (Fig. 1), at the boundary
between inland Lazio and southern Umbria.

The research project aims at reconstructing the diachronic evolution
of human adaptation to the lacustrine environment. Such environmental
niche conditioned and directed both the settlement patterns and the
socio-economic and political articulations of a territorial system con-
sisting of a polycentric network of perilacustrine settlements, which
were close to each other and with a long continuity of life.

The beginning of the occupation of the site of Paduli seems to have
begun in the early stages of the Middle Bronze Age, a moment that
marked the genesis of a long historical cycle of occupation of the Pie-
diluco basin (Virili, 2021) that persisted until the end of the ancient
phase of the Early Iron Age.

In the late stage of the Recent Bronze Age (about 1200-1150 cent. B.
C.) the settlement continued its development with a prevalence of ma-
terials attributable to its most advanced phase, a moment that corre-
sponds to the presence of a domestic structure, resting on a reclamation
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Fig. 1. Study area located in central Apennine Italy, between inland Lazio and southern Umbria (Rieti basin-Terni basin); a) excerpt I.G.M. 1:25,000 (s. 25 DB, 347 IV
— Arrone) with distribution of the archaeological sites of the protohistoric age. The dots indicate the settlements; the triangle indicates the area of the Piediluco
bronze deposit(s): 1. loc. Paduli (from Virili et al., 2022); b) drone photo of the archaeological site area. The circle indicates the excavation area corresponding to
parcel no. 23 (sheet 1 of the municipal register of Colli sul Velino, from Virili et al., 2022).

platform consisting of wooden beams (Jaia et al., 2020).

The Final Bronze Age (about 1150-975 cent. B.C.) represented the
period of maximum development of the area, including demographic
growth: the Paduli site seems to have occupied, although not continu-
ously, an area of just under 20 ha configuring itself, at the current state
of research, as the largest site in the settlement system. Between final
phase of the Final Bronze Age and ancient phase of the Early Iron Age
(about 975-910 cent. B.C.) the area underwent a transformation in its
use, from domestic space to open area. The spaces insisted on walkways
made of limestone silt beatings, representing the highest part of an ar-
ticulated reclamation structure created through successions of material
discharges (from which some of the glass materials originated, see
Section 3) from previous domestic units. The rubble in turn was cast and
levelled over a base platform consisting of a lattice of wooden shingles
(Virili, 2022, Fig. 2). This moment possibly brought a mutation of
community arrangements, with the emergence of forms of social
complexity represented by élites capable of inserting themselves into a
network of continental and Mediterranean trades (Baltic amber, Pole-
sian and Aegean glassy materials, ivory, etc.) and of organizing a large-
scale metallurgical production with notable Tyrrhenian affinities (Virili
et al. 2022).

The local communities had their peak development during the Final
Bronze Age and gradually declined during the Iron Age until they dis-
appeared at the beginning of its recent phase perhaps due to the
concomitance of a climatic-environmental crisis (rising lake shoreline;
Curci et al. forthcoming) and social factors aimed at disrupting the old,
partly egalitarian, arrangements (Diamond, 2007). Among the causes of
the system’s collapse were also historical reasons: the advent of urban-
ization processes (towards the establishment of larger and more complex
agglomerations and territories of relevance) replaced societies based on
systems of organized exchange between village communities.

3. Materials and methods
3.1. Vitreous materials

The survey campaigns were preparatory and essential to the exca-
vation activities and have covered, in recent years, an area equal to 20
ha corresponding to the maximum extent of the site in the Final Bronze
Age. Most of the vitreous materials of Paduli comes from the survey in
the so-called nucleus A, namely (Fig. 3):
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Fig. 2. Walkway system: a) Dig II, calcareous silt floor levels covering the discharges of material; b, ¢) Dig III, discharges of organic and inorganic materials below
floor levels where two vague rings were found (SU 41 and SU 52) and blue barrel-shaped vagus inlaid white spiral thread (SU 52); d) Dig IIII, detail of the
arrangement of the wooden slats, parallel to each other and equidistant, covered by discharges of organic and inorganic materials.

Fig. 3. C.T.R. 1:5,000 (347063 — Madonna della Luce) cross-section of the area in relation to the Paduli archaeological site. The topographic distribution of the glass
artefacts (a-b; d-e: from survey; c: from excavation) is presented within the framework of the superficial archaeological deposit. The red patches indicate the areal
articulation of the archaeological deposit according to the survey of the Sapienza University of Rome. The boundaries of the area subjected to artefact-level survey are

indicated in blue. The area subjected to survey at the artefact level is indicated by the blue rectangle at the corner of the area, which indicates the excavation area.
The red asterisks indicate the five artefacts selected for the microsampling.

@ 11 beads from blue to turquoise (sample AB_1-11 see Supplementary
Materials Table 2S);

@ 1 vessel fragment, bichrome blue and white (sample Vf see Table 2S);

@ 1 “star” bead with light and dark blue bands (sample STAR see
Table 2S).
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Three more glass artifacts come instead from the excavation of the
filling layers, aimed at raising the floor levels (Fig. 2), dating back be-
tween the Final Bronze Age final and the Early Iron Age early (10th cent.
B.C.), namely:

@ 2 light blue/turquoise beads, very similar to the others (in SU 41 and
SU 52; Figs. 2b, c); (sample AB_12-13 see Table 2S);

@ 1 blue barrel bead with white spiral decoration (in SU 52; Fig. 2b)’
(sample BB Table 2S).

Concerning the chronological issue, only these three objects, actu-
ally, coming directly from the stratigraphic excavation, can be dated
with certainty to the Early Iron Age 1A. For all the other glass artefacts,
coming from the survey of the area, therefore, the chronology frame
supposed is wide (Table 2S).

3.2. Experimental approach

The multi-analytical protocol for the characterization of ancient
glasses was designed and developed at the Institute of Heritage Science
of the National Research Council (CNR) in Florence (Italy), in collabo-
ration with the Institute of Geosciences and Earth Resources (CNR) and
the Department of Earth Sciences of the University of Florence.

The first step of the analytical protocol involved the use of non-
invasive and non-destructive methods, such as p-XRF, FORS, and XRD,
carried out directly on glass artefacts as they are. The possibility to carry
out a preliminary compositional screening on vitreous materials,
allowed us to evaluate the homogeneity in terms of colour, surface
characteristics and state of conservation of each sample, and to identify
the major and minor elements chromophores elements and the presence
of specific crystalline phases.

On the basis of the information gathered in this first step, five
representative artefacts were selected for micro-sampling followed by
detailed analyses by SEM-EDS and EMPA, for morphological, chromo-
phoric and chemical composition investigation. These are (Fig. 3): i) a
light blue/ turquoise annular bead (AB_9); ii) a dark blue annular bead
(AB_2); iii) the “star” bead with light and dark blue bands (STAR); iv) a
bichrome (blue and white) vessel fragment (Vf); v) a blue barrel bead
with white spiral decoration (BB).

3.2.1. Non-invasive and non-destructive techniques

All glass artefacts were examined under a stereomicroscope, model
Leica S9i, equipped with a high-resolution camera for photographic
acquisitions (see Table 2S).

XRF spectra were collected by means of handheld Tracer III SD
Bruker spectrometer, equipped with rhodium anode and solid state sil-
icon detector energy dispersion system. The used set-up was: 40 keV and
12 mA for 120 sec. The measuring area was an elliptical spot of 4 mm X
7 mm.

Spectra were elaborated by PyMCA software.

FORS measurements in the 350-2200 nm range were performed
using two single-beam Zeiss spectrum-analyzers, model MC601
(190-1015 nm range) and model MC611 NIR 2.2WR (910-2200 nm
range), housed together in a compact and portable chassis for in situ
analyses. The data acquisition step was 0.8 nm/pixel for the 1024-
element silicon photodiode array detector (MCS601), and 6.0 nm/
pixel for the 256-element InGaAs diode array detector (MCS611 NIR
2.2WR). The radiation between 320 nm and 2700 nm, which was pro-
vided by a voltage-stabilized 20 W halogen lamp (mod. CLH600), was
conveyed to the sample by means of a quartz optical fiber bundle that
also transported the reflected radiation to the detectors. Due to the form

! The vague could fall into the typological category of the so-called pfahl-
bautonnchenperlen. About the circulation of these artefacts: Jennings 2014;
Bellintani 2011, Bellintani & Saracino 2015.
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and dimension of the samples, spectra were acquired without using a
probe head, positioning the fibers end in a way to exclude the specular
component of the reflected signal. Each measurement was the average of
3 acquisitions. Calibration was performed by means of a 99 % Spec-
tralon® diffuse reflectance standard. Spectra were processed using
Aspect Plus® 1.80 software.

X-ray Diffraction (XRD) data were collected using a Bruker New D8
Da Vinci diffractometer (Cu-Kal radiation = 1.54056 /o\, 40 kV x 40
mA), equipped with a focussing mirror for incident beam and a Bruker
LYNXEYE-XE detector. Samples, as they are, were placed on a Eulerian
cradle, allowing the focusing of the X-ray beam on the sample by means
of two positioning lasers. Data were collected in the scanning range 26
= 16-62°, with a step size of 0.05° and a counting time of 7 s/step. Phase
identification was performed with High Score software.

3.2.2. Micro-destructive techniques

The five selected representative samples were analyzed with a SEM-
EDS electronic microscope (ZEISS EVO MA 15) with W filament
equipped with analytical system in dispersion of energy EDS/SDD, Ox-
ford Ultimax 40 (40 mm? with resolution 127 eV @5.9 keV) with Aztec
5.0 SP1 software in order to obtain morphological and semi-quantitative
analyses. The measurements were performed with the following oper-
ative conditions: an acceleration potential of 15 kV, 500 pA beam cur-
rent, working distance comprised between 9-8.5 mm; 20 s live time as
acquisition rate useful to archive at least 600.000 cts, on Co standard,
process time 4 for point analyses; 500 ps pixel dwell time for maps
acquisition with 1024x768 pixel resolution. The software used for the
microanalysis was an Aztec 5.0 SP1 software that employed the XPP
matrix correction scheme developed by Pouchou & Pichoir in 1991. This
is a Phi-Rho-Z approach which uses exponentials to describe the shape of
the ¢ (pz) curve. XPP matrix correction was chosen because of its
favourable performance in situations of severe absorption such as the
analysis of light elements in a heavy matrix. The procedure is a “stan-
dard-less” quantitative analysis that employs pre-acquired standard
materials for calculations. The monitoring of constant analytical con-
ditions (i.e. filament emission) is archived with repeated analyses of a Co
metallic standard.

The major elements composition of the samples has been investi-
gated through Electron Microprobe Analysis (EMPA). The quantitative
determination of major and selected minor elements (Cu, Sb and Pb), as
well as volatiles (Cl and S) was performed using a JEOL Superprobe JXA-
8230, equipped with five wavelength-dispersive spectrometers (WDS),
under the following operating conditions: 15 kV, beam current at 10nA
and beam diameter 10 pm. The peak counting time was of 10 s for Na,
15 s for MgO, Al,03, SiO3, K20, Ca0, FeO, TiOg, 30 s for P20s, Cl, S and
40 s for MnO, Sb,0Os, PbO, NiO, CoO, ZnO and CuO. The matrix effects
were corrected by ZAF algorithm. A selection of natural phases and pure
metals is used as primary standard for the elemental calibration (Asti-
mex albite for Si and Na, plagioclase for Al, olivine for Mg, diopside for
Ca, sanidine for K, apatite for P, celestine for S, tugtupite for Cl, barite
for Ba and Smithsonian ilmenite for Ti and Fe; Astimex pure metal for
Pb, Ni, Co, Sb, Zn and Cu). Synthetic reference material glass NIST-
SRM1832 and three different Smithsonian Corning glasses (Corning-A
NMNH 117218-4, Corning-B NMNH 117218-1 and Corning-D NMNH
117218-3) are used as secondary standards for the analytical quality
control. Replicate measurements (10 to 25) on the international refer-
ence standards show a good precision with a variation coefficient lower
than 1 % for silica, up to 2 % for the other major elements and up to 5 %
for minor elements. Accuracy is within 1 % for major and most of minor
elements (with the exception of Sbo,Os and PbO showing average values
within 2 %) and total R? considerably lower than 1 for all the analysed
standards.
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4. Results and discussion
4.1. Non-invasive and non-destructive techniques

4.1.1. Portable X-ray fluorescence spectroscopy

The samples were first analysed by p-XRF to investigate the
elemental composition of the glass matrix and to identify the chemical
elements responsible for the colouration (Table 1).

The elements detected by p-XRF are Si, S, Cl, K, Ca, Ti, Mn, Fe, Co, Ni,
Cu, Zn, As, Sr, Sn, Sb and Pb. We used this technique not to obtain
quantitative concentration values, but to provide useful hints about the
glass composition. For samples with a silicate glass matrix, only
incomplete information can be inferred from p-XRF spectra, and no in-
formation can be obtained on important constituents such as, for
example, boron, sodium, magnesium, and aluminum oxides (Z < 14):
therefore, this method cannot provide an accurate estimation of the
glass matrix composition (Van der Linden et al., 2011). Light elements
are moreover affected by the surface alteration of samples, as the
analyzed depth depends on the energy of emitted characteristic X-rays.
For this reason, some information on vitreous matrix can be obtained
through the comparison of medium Z elements (Fe, Mn and Ti) and the
use of Ca to K ratios (Bonizzoni et al., 2013; Micheletti et al., 2020).

The ratio of Ca to K (Table 1) permits to infer the nature of the fluxing
agent (Gallo et al., 2013; Van der Linden et al., 2011), in particular
distinguishing between three possible fluxing agents employed (i.e.
natron, plant and wood ashes). Ca/K ratio higher than 14 is typical of
natron, whilst a ratio lower than about 1.5 is interpreted as related to the
use of plant ashes (Micheletti et al., 2020). The extreme Ca/K ratio of Vf
clearly indicates the use soda (i.e. natron glass) for this sample. All the
other samples have lower Ca/K, most of which below 1.5, suggesting the
use of plant ashes (i.e., Ca/K < 1.5). Few samples, however, display Ca/
K slightly higher than 1.5. These ratios, in fact, permit us to reduce the
influence of any systematic error in the determination of elements with
comparable energy emissions even if surface alteration still can play an
important role, increasing, for example, the considered ratio for a
possible loss of K ions (as a consequence of lixiviation).

Mn/Fe and Ti/ Fe ratios can provide information about the type of
sand used in the glass-making process (Micheletti et al., 2020). In our
samples, the Fe/Mn and Fe/Ti remains rather constant in all samples,
with a slightly lower ratio only for sample AB_2 (see Table 1), the darker
blue bead, showing also the higher Co content. Since Fe and Ti are
considered sand impurities — that is oxides naturally associated with
sand (Gliozzo et al., 2013) — the data suggest the employment of similar,
low iron sands for all the samples and no Mn addiction, sometimes used
for producing colourless or better manufacturing glass (Micheletti et al.,

Table 1

Ca/K, Mn/Fe, Ti/Fe, Cu/Fe, Co/Fe and Co/Cu ratios obtained for glass samples
under investigation. For Co, bdl indicates cobalt content below the detection
limit. Ratios are based on net peak areas and elaborated by PyMCA.

Sample Ca/K Mn/Fe Ti/Fe Cu/Fe Co/Fe Co/Cu
AB_1 1.28 0.02 0.18 4.83 bdl bdl
AB_2 1.71 0.01 0.19 0.78 0.24 0.31
AB_3 2.18 0.02 0.22 8.53 bdl bdl
AB 4 2.49 0.02 0,22 6.46 bdl bdl
AB 5 1.13 0.02 0.17 5.29 bdl bdl
AB_6 0.43 0.02 0.23 8.08 bdl bdl
AB_7 3.04 0.02 0.33 8.32 bdl bdl
AB_8 3.60 0.02 0.27 8.75 bdl bdl
AB 9 1.40 0.04 0.37 6.82 bdl bdl
AB_10 0.76 0.02 0.29 6.96 bdl bdl
AB_11 1.44 0.02 0.23 6.30 bdl bdl
vt 19.18 0.02 0.11 0.12 0.10 0.86
STAR 1.66 0.02 0.15 5.61 bdl bdl
AB_12 2.11 0.02 0.31 7.96 bdl bdl
AB 13 1.16 0.02 0.33 6.42 bdl bdl
BB 1.07 0.02 0.11 1.12 0.10 0.09
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2020).

Blue colouring can be linked to the presence of different metallic
oxides, both from the raw (such as Fe) and intentionally added (i.e. Co or
Cu) materials. Three darker blue samples (i.e., BB, Vf and AB_2) show
higher Co/Fe and Co/Cu than the rest of the samples, which have instead
a lighter blue colour. In these three samples some Cu has been also
detected, although they show the lowest Cu/Fe among the whole data-
set. This suggests that cobalt may contribute, along with copper, to the
blue colour of these samples, possibly through mineralisation, such as
trianite  (2C00,-Cu0-6H,0) and skutterudite (Co, Fe, Ni)As;3
(Henderson, 1985). The presence of some trace elements such as Ni and
As in BB and AB_2 and Pb in Vf may be associated with cobalt-bearing
raw material, as observed by Gratuze et al. (1992).

On the other hand, the light blue samples are characterized by high
Cu/Fe (>5, Table 1) and cobalt content under the detection limit, sug-
gesting that copper is the only element responsible for the blue colour.

Moreover, p-XRF data highlight the presence of Sb in the white
opaque decorations of the vessel fragment.

4.1.2. Fiber optic reflectance spectroscopy

The use of FORS in the UV-Vis region can provide information on the
nature of the chromophore system in a simple way, including the
oxidation state of the species responsible for light absorption. Cobalt, for
example, is well-known as a metal responsible for deep blue colorations;
it has a very high colouring power and can be seen in FORS spectra due
to three characteristic absorption bands (540-600-640 nm), more easily
than with XRF, where Co Ka emission may be hidden by Fe K line.

The light blue bulk of the beads mostly produced similar spectra.
Representative spectra from the whole sample set are reported in Fig. 4.
Most of the samples exhibit spectra similar to that reported for the AB_9
(red spectrum) showing only the presence of Cu>* (broad band centered
at about 835 nm) to obtain turquoise/light blue glass (Mirti et al., 2000;
Meulebroeck et al., 2010). The strong broadening up to about 1400 nm
could suggest also the presence of Fe?", with its typical broad band that
starts to increase at about 1000 nm (Moncke et al., 2014; Meulebroeck
et al., 2016), that might contribute to the light blue shades (Micheletti
et al., 2020).

The three darker blue samples described in the previous section (i.e.
AB_2, Vf and BB) show the presence of the pronounced set of Co>™ triple
bands at approximately 540, 600 and 640 nm (Mirti et al., 2000; Meu-
lebroeck et al., 2010; Moncke et al., 2014; Meulebroeck et al., 2016) in
addition to Cu®* (green spectrum in Fig. 4, related to Vf), consistently
with what observed by p-XRF.

4.1.3. X-ray diffraction

XRD patterns were acquired on the whole objects, directly on the
bead surface without any preparation in a non-invasive and non-
destructive mode and proved the presence of crystalline phases
dispersed in the glass matrix, which are responsible for the opacity of the
blue and white glass. For many samples the patterns did not show
diffraction peaks, suggesting that the number of particles dispersed in
the samples is too low to be detected. For few samples, however, the X-
ray diffraction revealed peaks that could be used to identify specific
mineral phases that may have played a role in the opacity of the glass.

The opacity of the white in the Vf sample is due to the presence of
dispersed particles of calcium antimonate as hexagonal CaSbyOg
(Fig. 5), a neo-formation phase produced by adding Sb (probably as
oxide) to a Ca-rich glass batch or raw glass (Shortland, 2002; Arletti
et al., 2006a, 2006b). Experimental studies on the synthesis of pure
crystals of Ca antimonate (Butler et al., 1950; Lahlil et al., 2008) show
that CaSbyOg crystallizes from 927 °C at the expense of CaySbo07
(orthorhombic phase that forms at lower temperatures), and becomes
the only phase above 1094 °C. Moreover, a more recent experimental
study by Lahlil et al. (2010) on syntheses of in situ opacified glass,
highlights that both time of fire and temperature play an important role
in the crystallization of the two different Ca antimonates phases. The
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Fig. 4. Representative FORS spectra for the dark blue (in green) and lighter blue (in red) beads, with indicated the characteristic bands (Co?* bands: black vertical

lines, Cu®* — light blue area, Fe?™ — light green area).

presence of only the hexagonal phase in our sample allows us to hy-
pothesize a high melting temperature for the production of this glass
and/or short firing time.

Few other samples reveal the presence of quartz and more often of
tridymite. The abundance of the latter mineralogical phase indicates
that relatively high temperatures and/or prolonged heating times were
used during processing (Artioli et al., 2008). In the AB_9 sample cris-
tobalite has been identified and its presence is important since it is one of
the high temperature polymorphs of silica. Pure quartz starts converting
into cristobalite above 1300 °C, depending on the heating path and the
kinetics, with fast transformation rates above 1470 °C (Stevens et al.,
1997). Such high temperature seems too high for the technology of the
studied period (e.g., Turner 1954; Henderson, 2013 and reference
therein). However, it has been shown that both cristobalite and tridy-
mite are stabilized by the presence of alkali ions, namely Na and K,
hence allowing lower temperatures. In fact, Stevens et al. (1997)
demonstrate that tridymite does not form at all in alkali-free
environments.

4.2. Micro-destructive techniques

As mentioned in Section 3.2 five representative samples were
selected on the basis of their shape, colour and compositional charac-
teristics determined through the non-invasive and non-destructive
approach. In particular, among the 13 annular beads, we selected: a)

AB_9 has a light blue/turquoise colour (Fig. 3) and several similarities
with the other beads, and b) AB_2 that has the darkest colour and the
highest Co/Fe ratio. Also the two bichrome blue and white objects (i.e.
Vf and BB) and the STAR were selected.

4.2.1. SEM-EDS

Morphological and compositional differences among the selected
samples were obtained using a SEM equipped with EDS. Differences in
texture homogeneity and in the amount, shape and composition of in-
clusions were also investigated.

Concerning the two annular beads, sample AB_9 (Fig. 6a), which is
the most transparent, presents a homogeneous glass matrix, character-
ized only by the presence of a few bubbles and an inclusion; sample AB_2
presents, instead, greater inhomogeneity due to the presence of several
bubbles and irregularly shaped, spherical inclusions containing ele-
ments with higher atomic numbers (lighter colors in BSE, Fig. 6b). Non-
reacted inclusion grains are also present, and they are essentially
composed of pure SiO,. Metallic inclusions are often found, sometimes
with a nearly pure copper (Cu) composition (in light blue sample AB_9),
other times with copper (Cu) and sulphur (S), and enriched in other
metals, most frequently nickel (Ni), cobalt (Co) and arsenic (As) (in dark
blue sample AB_2; Fig. 6b).

The Vf sample shows visible morphological and compositional in-
homogeneities attributable to the bichromy of the glass material
(Fig. 6¢). In particular, the areas of white glass appear lighter in the BSE
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Fig. 5. XRD pattern obtained from surface analysis of the white part of the vessel fragment. The main peaks of calcium antimonate as hexagonal CaSb,Og is evi-

denced (*).

image, being richer in elements with high atomic number, and are
characterized by grains and inclusions of different and irregular shapes.
The inclusions present in the white zone, of irregular shape, are finely
dispersed in the glass matrix, and they contain calcium (Ca) and anti-
mony (Sb), most probably ascribable to calcium antimoniate com-
pounds, as previously detected by XRD analysis (Fig. 6d). In the blue
glass portion, instead, the glass matrix is darker and more homogeneous,
but also characterized by the presence of several bubbles and some
rounded or sub-rounded grains mainly of SiO; and some inclusions. The
latter are composed of either cobalt (Co) and iron (Fe), or iron (Fe),
antimony (Sb) and lead (Pb).

The BB sample with white spiral decoration has the greatest textural
inhomogeneity, not only due to the different composition of the blue and
white areas of the glass material, but also for the presence of micro-
cracks and many differently shaped grains, sometimes grouped in
large rounded or sub-rounded aggregates, and inclusions. The inclusions
in the blue zone are composed mostly of copper (Cu), nickel (Ni) and
arsenic (As). The white area, instead, shows the presence of grains finely
dispersed in the glass matrix containing silicium (Si) and calcium (Ca)
(Fig. 6e).

Lastly, the STAR sample, with light and dark blue bands macro-
scopically visible to the naked eye, is characterized by morphological
and textural differences in correspondence of the different bands: the
darker blue portion has a more homogeneous texture and is less rich in
bubbles (Fig. 6f), whereas the lighter part is richer in acicular SiO; in-
clusions, often present as glomeruli. The inclusions containing copper
(Cu) are present in both bands.

4.2.2. EMPA

EMP analyses have been performed on the same five samples
investigated with SEM-EDS. The data are showed in Table 2 and report,
for each sample, the average of several data points (4-13, depending on
sample homogeneity) with the associated standard deviation (1 s.d.).
For samples with colour variations (i.e. Vf and BB), we report separately
the chemical composition of the white (“-W) and blue portion (“-BLUE”).
Concerning STAR sample, the distinction has been made taking into
consideration the lighter-blue parts and darker-blue parts.

EMPA results will be first used for the glass classification and then
discussed grouping the elements according to their affinity to the
different components used in the glass making process, as defined by
Degryse and Shortland (2020), namely: i) elements related to the type of
fluxing agent (i.e., Na, K, Mg, P, Cl, S); ii) element related to the glass
stabilizers (i.e., Ca, Mg); iii) network forming elements, linked to the
sand (i.e., Si, Al, Fe, Ti, Cr); iv) elements used as glass colourants and
associated elements (i.e., Co, Cu, Mn, Sb, Pb, Zn, Ni).

4.2.2.1. Glass classification. The classification of ancient glass generally
is based on MgO and K5O contents (Sayre & Smith, 1961; Henderson,
1988, 1989, Fig. 7a) that are mainly introduced with the fluxing agent.

Fig. 7a shows that Vf pertains to the natron group (characterized by
K20 and MgO < 1.5 wt%) whilst the other four samples (i.e. AB_2, AB_9,
BB and STAR both parts) lie within the LMHK field (with MgO < 1.5 wt%
and K30 > 1.5 wt%); among these, AB_9 sample can be further classified
as a HIGH-K glass (Fig. 7b), having relatively high KO content (> 12 wt
%) together with low NasO concentration(1.56 wt%), distinguishing it
from the other LMHK samples discussed in this study (see Conte et al.,
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Fig. 6. SEM backscattered electron (BSE) images of a) AB_9 annular bead; b) round-shaped droplet in AB_2 annular bead; c) Vf vessel fragment; d) inclusions
containing Ca and Sb dispersed in the glass matrix of the white decoration of Vf; e) grains finely dispersed in the glass matrix containing Si and Ca in the white
decoration of BB; f) textural differences of the lighter and darker blue bands in the STAR.

2019; Mildner et al., 2014; 2015).

To integrate and implement this classification we used the Ca/K
ratios, previously mentioned as an index of the fluxing agent (Gallo
et al., 2013; Van der Linden, 2011; section 4.1.1.), plotted vs the MgO
content (Fig. 7c). The figure confirms the use of natron (Ca/K > 14) only
for sample Vf, and of leached ashed plants for all the other samples, in
agreement with the evidence deriving from non-invasive and non-
destructive methods (i.e. Portable X-ray fluorescence spectroscopy:
section 4.1.1).

4.2.2.2. Elements linked to the type of fluxing agent. The Vf sample is
characterized by high contents of NapO (15.0 + 0.4 wt% for the blue
body and 12.2 + 0.2 wt% for the white decoration; Table 2) and is also
the most enriched in Cl and S, among all the analysed glass samples,
confirming the use of soda as fluxing agent and its evaporitic nature, as
typically suggested for natron glasses (e.g., Shortland et al., 2006). This
is also consistent with the low P2Os content of this samples compared to
LMHK ones.

Among the LMHK samples, the HIGH-K AB_9 has the highest K50 and
lowest NayO contents, whereas all other samples present comparable
Nay0 and K30 contents. The most accredited hypothesis considers that
the fluxing agent of LMHK glasses is produced by the recrystallization of
the water used to leach ashes of plants, (Brill, 1992; Hartmann et al.,
1997). In this context, the alkali variation among LMHK (including the
HIGH-K) samples might be associated with differences in the mixed-
alkali technology used in glass making centres (Towle and Henderson,
2004). Different plants, different environments in which these plants
grow, and different incineration methods can, indeed, produce fluxing
agents with variable proportions of alkali metals (Barkoudah & Hen-
derson, 2006, Towle and Henderson, 2004).

4.2.2.3. Elements linked to the stabilizing agent (Ca, Mg). All samples
show higher CaO contents compared to MgO; therefore, CaO acts as the
primary stabilizer in all the samples analysed in this study. Samples with
the highest lime (CaO) contents are the AB_9, the BB-W and both Vf-W
and BLUE portions. As previously stated (Section 1), the stabilizer in
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Table 2
Mean chemical compositions and standard deviations of the 5 samples analyzed by EMPA. Major and minor elements expressed as weight % (element oxide).
ID Sample AB9 AB_2 BB-BLUE BB-W Vf{-BLUE VE-W STAR STAR
lighter blue darker blue
No. of point 7 9 8 4 5 3 13 8
analyses
Average 1s. Average 1s. Average 1s. Average 1s. Average 1s. Average 1s. Average 1s. Average 1s.

d. d. d. d. d. d. d. d.
Si0, 73.2 0.5 78.2 0.6 76.2 0.4 74.0 0.5 69.5 0.2 68.0 0.2 75.0 0.4 75.7 0.4
TiOy 0.04 0.03 0.06 0.02 0.10 0.02 0.16 0.01 0.06 0.01 0.01 0.01 0.07 0.02 0.07 0.02
Al,03 1.09 0.04 2.38 0.08 2.44 0.02 2.96 0.06 2.45 0.05 2.34 0.06 1.94 0.04 2.01 0.03
Cry03 bdl — bdl — 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01
FeO 0.39 0.04 0.73 0.09 1.02 0.05 0.97 0.03 0.86 0.04 0.32 - 0.59 0.05 0.45 0.04
MnO 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01
NiO bdl — 0.31 0.14 0.37 0.03 0.02 0.02 0.01 0.01 0.01 0.01 bdl — bdl —
ZnO bdl - 0.02 0.02 bdl - bdl - bdl - bdl - 0.01 0.01 0.02 0.02
MgO 0.61 0.02 0.71 0.03 0.93 0.01 1.35 0.08 0.54 0.02 0.51 0.03 0.80 0.03 0.55 0.03
CaO 6.98 0.17 1.64 0.09 2.33 0.05 6.99 0.25 7.77 0.14 7.01 0.10 1.56 0.04 1.43 0.05
Na,0 1.56 0.03 7.23 0.16 6.47 0.20 6.46 0.19 15.04 0.39 12.17 0.17 7.96 0.26 5.73 0.22
K20 12.97 0.15 7.90 0.11 7.98 0.21 6.30 0.11 0.39 0.03 0.42 0.03 7.99 0.14 10.27 0.17
P,05 0.28 0.05 0.08 0.08 0.19 0.04 0.19 0.05 0.04 0.03 0.04 0.04 0.18 0.09 0.14 0.08
Sb,0s5 bdl — bdl — 0.75 0.05 0.33 0.02 0.90 0.06 7.55 0.46 bdl - bdl —
SO3 0.04 0.02 0.04 0.02 0.02 0.01 0.02 0.02 0.32 0.02 0.21 0.04 0.04 0.02 0.03 0.01
CuO 3.19 0.46 0.32 0.15 0.97 0.05 0.17 0.03 0.15 0.01 0.01 0.01 2.58 0.07 3.17 0.06
PbO bdl — bdl — bdl - 0.02 0.01 0.20 0.02 0.05 0.02 bdl - bdl —
CoO bdl — 0.20 0.01 0.10 0.05 bdl — 0.16 0.02 0.02 - bdl 0.01 0.01 0.02
Cl 0.03 0.01 0.17 0.02 0.06 0.02 0.26 0.01 1.14 0.02 1.20 0.17 0.49 0.04 0.10 0.01
Total 100.4 - 99.9 — 100.0 - 100.2 - 99.3 - 99.5 — 99.2 - 99.7 -

*bdl = below detection limit.

plant ash glasses was introduced in the batch together with the fluxing
agent (Barkoudah and Henderson, 2006). The fluxing agent of LMHK
glasses has been suggested to be somewhat depleted in Ca with respect
to plant ash (Hartmann et al., 1997), but it is not known to what extent.
Therefore, it is difficult to assess whether Ca in our LMHK samples was
introduced together with the fluxing agent or added form other sources.

On the other hand, natron fluxing agent, as that used for Vf-W and
BLUE, does not introduce Ca, implying that the stabilizer come from a
purposely added component (e.g., marine shells) or from impurities in
the silica source (Wedepohl & Baumann, 2000; Freestone et al., 2003,
Freestone, 2006). Previous studies (e.g., Freestone et al., 2003) suggest
that the CaO content in glasses made from “impure” sand (i.e., with > 3
wt% of Al;03) should be about 1.5 wt%, even assuming that the alumina
content was to be totally ascribed to a Ca-rich feldspathic source (i.e.,
anorthitic feldspar: CaAl,Si»Og). Considering the high CaO content of Vf
(>7 wt% in both the white and blue portions) we argue for the intro-
duction of Ca, either added specifically or due to the use of carbonate-
rich sands (e.g., costal sands, as in Freestone et al., 2003).

4.2.2.4. Network formers elements, linked to the sand (i.e., Si, AL Fe, Ti,
Cr). As reported in the literature (Henderson et al., 2004; Gliozzo,
2017), Al,03 content < 1 wt% in glass artefacts is linked to the use of a
mineralogically mature sand made almost entirely of quartz, whilst
Al;03 > 1.5 wt% points to the use of impure silica source, where
aluminium is linked to the presence of feldspar or clay minerals together
with quartz in the sand. Among our samples, only AB_9 (HIGH-K) dis-
plays such a low Al,O3 concentration (1.09 wt%). All the other ones
have Al;O3 contents ranging from 1.94 to 2.96 wt%, hence arguing
against the use of a mineralogically mature sand. On the other hand, all
the analysed samples display relatively low FeO, TiO, and CryO3 con-
centrations, which may also identify other possible impurities. Overall,
the EMPA data points to the use of a sand made of quartz and only minor
amount of feldspar (relatively rich in Al, but devoid of Fe, Ti and Cr),
possibly containing also carbonates as discussed above.

4.2.2.5. Elements used as glass colourants and associated elements (i.e.,
Co, Cu, Mn, Sb, Pb, Ni). EMPA data confirm the evidence provided by
non-invasive and non-destructive methods, indicating that the blue
colour of the beads (therefore not considering the white decorations of
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the BB and Vf) is to be associated with the relatively high contents of Cu
and Co. The samples with the lightest colour (i.e., AB_9 and both col-
oured parts of STAR) have high CuO contents (2.5-3.2 wt%) and
negligible CoO, indicating copper as the only chromophore. On the
contrary, the samples with the darker shade of blue (i.e., AB_2, BB and
Vf) contain both CoO (0.1-0.2 wt%) and CuO, although at lower con-
tents (<1 wt%), hence suggesting the use of cobalt-copper mineralisa-
tion in agreement with the evidence from p-XRF (Section 4.1.1) and
FORS (4.1.2.). Among these Co-Cu coloured samples, CuO is also present
in the white decoration of the LMHK barrel bead (0.17 wt%), whilst it is
virtually absent on the white decoration of the Vf natron sample.

NiO is present in significant concentrations (0.31-0.37 wt%) only in
the LMHK, darker blue, CoO rich samples (i.e., AB_2, and the blue
portion of BB), whilst is absent or negligible (<0.01 wt%) in all the other
samples, including the natron one. This suggests that the source of Ni
might be the same one as that of Co. A possible explanation for the
combined presence of Co and Ni is the use of skutterudite [(Co, Ni, Fe)
Asz] that was proposed by Towle et al. (2001) as a source of Co and Cu
for the production of European dark blue glasses during the Final Bronze
Age. This hypothesis is also supported by the presence of As-rich in-
clusions detected via SEM-EDS in both samples.

Henderson (1985) suggests, however, that Co could have been ob-
tained as a by-product of the processing of copper or by the use of Cu-Co
oxides (e.g., trianite). This could be the case for the natron glass vessel
fragment, that presents high CoO and CuO, but not NiO (Table 2), nor
As-rich inclusions (Section 4.2.1). The natron sample further differen-
tiates from all the others by being the only one with significant amount
of lead, especially in the blue body portion (PbO = 0.2 wt%). Biek and
Bayley (1979) suggest that, in the Iron Age, Pb was added to glass ar-
tefacts to increase the fluidity of the melt or to increase brilliance, thus
explaining its presence in the blue glass batch. It is therefore possible
that its presence is not linked to the source of Co and Cu. Interestingly,
Vf sample contains also a significant amount of Sb2Os, in particular in
the opaque white decoration (7.55 wt%): the presence of high quantities
of Sb together with high levels of Ca can be linked to the formation of Ca-
antimoniates, found also by XRD (Section 4.1.3), which produce a white
colour as well as opacity (Shortland, 2002). In this context, we can also
explain the stark difference in Sb concentration between the white
decoration and the blue body (0.9 wt%): in the former, Sb was used to
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in a).

impart both the opacity and the white coloration, whilst in the latter, a
minor amount of Sb was added probably with the sole role of opacifying
the glass. In this case, antimony seems to be disconnected from the
source of other chromophores.

Lower amounts of SbyOs, were also found in the BB, but here they
increase from the white decoration (0.33 wt%) to the blue body (0.75 wt
%). In this case, Sb is associated also with relatively high CuO contents,
especially in the blue body (CuO = 0.97 wt%), that can be tentatively be
explained with the use, for this sample, of tetrahedrite ((Cu,
Fe)12Sb4S13), which has been reported for glass productions dated back
to the 15th century BCE (e.g., Degryse et al., 2020).

4.2.2.6. Inferences on possible samples provenance. As previously stated
(Section 1), the glass compositions can be linked to glass-making recipes
typical of specific areas of the Mediterranean and time periods. LMHK
glass is commonly associated with Recent and Final Bronze Age Europe
(e.g., Frattesina; e.g., Brill, 1992; Angelini et al., 2004), whilst natron
glass was commonly produced in the eastern Mediterranean after the I
millennium B.C. (e.g., Schlick-Nolte & Werthmann, 2003; Shortland
et al., 2006).

Our LMHK and HIGH-K glasses show several characteristics similar
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to those ascribed to the Northern Italian production. Their aluminium
content is also comparable to that of Frattesina samples (ranging from
1.5 wt% to 2.84 wt%; e.g., Brill, 1992; Angelini et al., 2004; Towle and
Henderson, 2004; Conte et al., 2019). The chromophore elements are
also compatible with a Northern Italy origin.

The use of Cu alone for light blue samples, and of Co-Cu (plus Ni) for
darker blue samples have been reported by Brill (1992) and Conte et al.
(2019) for LMHK glasses found directly in the archaeological site of
Frattesina, or in glasses from Southern Italy, but still ascribed to the Po
valley glass-production. We explained the high Ni and Co (and the
presence of As) of the LMHK dark blue coloured sample with a potential
of skutterudite (e.g., Towle et al., 2001; Henderson, 2013).

On the contrary, the natron vessel sample shares several features
with that produced in South-Eastern Mediterranean centres. The origin
of the mineral soda used as fluxing agent is normally liked to Egyptian
evaporitic deposits (Turner, 1956; Henderson, 2000; Shortland et al.,
2006; Purowski et al., 2012), but natron glass production was wide-
spread also in all the Levant and eastern Mediterranean regions. Indeed,
some of the samples found in Southern Italy, dated as early Iron Age,
present the same fluxing agent and were linked to the Egyptian pro-
duction (e.g., Conte et al., 2016, 2019). The use of Ca-antimoniates has
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also been reported for Egyptian glass (Shortland, 2002).
5. Conclusions

We performed a multi-analytical study, combining the use of non-
invasive and non-destructive methods with micro-destructive tech-
niques, on Middle Bronze Age to the Early Iron Age glassy materials from
the lakeshore settlement of Paduli (Colli sul Velino, Rieti). This study,
presents the first textural, mineralogical and chemical characterization
of glass artifacts from Central Italy, providing the opportunity of
investigating their glass-making recipes and eventually to attempt
tracing their origin hence constraining the trace routes of these object in
that period. Thanks to the non-invasive and non-destructive techniques,
it was possible to obtain several information about all the analysed
samples, considerably reducing the number of the artefacts to be
investigated by micro-destructive ones.

The combination of non-invasive and non-destructive with micro-
destructive techniques allowed to identify two main glass types. The
majority of the samples display the chemical composition of LMHK glass
(one of which High-K) with several characteristics comparable to those
of glasses from Northern Italian production centres. EMPA data indicate
a mixed alkali fluxing agent, likely produced by leaching of plant ashes,
which possibly added also CaO as glass stabilizer, consistent also with
low Ca/K detected by p-XRF. Non-destructive (i.e. p-XRF and FORS) and
EMPA analyses highlight the presence of two main types of chromo-
phores; i) one group of glasses displays a lighter blue/turquoise colour
and are characterised by extremely high Cu contents, sometimes asso-
ciated with sulphur (detected by SEM-EDS), but with negligible amounts
of Co, ii) the other group displays a darker blue colour and a chemical
composition characterised by significant amounts of both Co, Cu, Ni and
in one case Sb, as well as As-rich inclusions (detected by SEM-EDS). The
Co-Cu coloured samples can be tentatively related to the use of specific
minerals such as skutterudite (rich in Co, Ni and As) or tetrahedrite (rich
in Sb).

One sample, Vf, displays, instead, a composition typical of natron
glasses, with similarities to glass artifacts produced in the Eastern
Mediterranean and Egypt. EMPA data indicate the use of natron as
fluxing agent, and the addition of high CaO material as stabilizer, either
by the use of an extremely carbonate-enriched silica source or by
addition of a specific source of carbonates. The nature of the fluxing
agent is confirmed also by the extremely high Ca/K ratio (<14) deter-
mined by p-XRF. This glass recipe was typically used in South Medi-
terranean productions at the beginning of the I millennium B.C (Schlick-
Nolte & Werthmann, 2003; Shortland et al., 2006)., pointing towards a
non-European origin for this glass. The sample displays a dark blue
colour achieved by the use of both Co and Cu. Contrary to the LMHK
dark blue Co-Cu rich samples, this natron vessel fragment does not
present Ni or As, or any other element that can be linked to a specific
chromophore-bearing mineral. Such a composition could be explained
by the use of Co obtained as a byproduct of Cu-processing using minerals
such as trianite (2C005-Cu0O-6H50) (Henderson, 1985). EMPA and p-
XRF analyses identified the presence of significant amount of Sb, espe-
cially in the white decorations (EMPA), which is confirmed by the
occurrence of calcium antimonate detected by XRD. These dispersed
particles are responsible for the both the white colour and the opacity of
the glass. Minor amount of Sb, determining only the opacity, were also
measured in the blue body.

The findings of this work confirm the importance of the Paduli
archaeological site in Central Italy at the end of the Il millennium BC and
its connection with the post-Myceans new trade networks, as also
testified by the local metal hoards (Licordari and Virili, 2021).

Our study represents a first step in the characterisation and inter-
pretation of these artifacts that need to be confirmed and integrated by
further studies to better constrain the origin of the raw material and the
technologies used for their production, as it has been done for glass
material from archaeological sites of northern (e.g., Angelini et al.,
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2004; Henderson et al., 2015) and the southern Italy (e.g., Conte et al.,
2016; 2019).

Glassy materials retain the same major characteristics for long pe-
riods of time and for different provenances (Tanimoto & Rehren, 2008),
making it necessary to use multiple parameters to determine the prov-
enance and to correctly ascertain their origin and the raw materials used
for their production. Therefore, these results need to be corroborated by
further geochemical investigation, such as trace elements, REE (Rare
Earth Elements) contents (e.g., Shortland et al., 2007) and isotopic fin-
gerprints of specific elements (e.g., Sr and Nd; Henderson et al., 2015,
Blomme et al., 2017; Conte et al., 2018), which could be used also for
interesting and more in-depth comparison with existing literature data
on glass samples coming from major glass-production centres active
during the Final Bronze Age — Early Iron Age period. These analyses are
currently in progress and will be published in due course.

Useful information might also come from more powerful analytical
techniques such as X-ray absorption spectroscopy (XAS), fundamental to
understand the colouring/decolouring mechanisms of the chromophore
ions and the structural role of the chemical species in the glass (Angelini
et al., 2019), which in turn might lead to more insight into the process
used for the realization of these glassy materials and on the technology
available at the time.
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