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Abstract: This work reports the results of the archaeometrical investigation performed on twenty glass
tesserae collected in 2018, during the restoration of the Four Seasons mosaic, which dates between the
second and the third century AD, in the archaeological area of the S. Aloe quarter in Vibo Valentia
(Calabria, Italy). The coloured glass tesserae were analysed through a micro-analytical approach
using an Electron Probe Micro Analyser with Wavelength-Dispersive Spectroscopy (EPMA-WDS)
and Laser Ablation with Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). The aims of
the study were (1) the determination of the chemical composition and the technology of glass mosaic
tesserae production; (2) the individuation of colouring and opacifying agents used for the production
of the glass tesserae. The glasses show the typical soda-lime-silica composition. EPMA-WDS results
prove the use of Sn—Pb antimonates to create yellow glass, and of cuprite to obtain the red colour.
Copper and cobalt were employed in both green and blue glasses to produce different shades of
colour (grey, tints of green, dark and light blue).
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1. Introduction

The Calabrian city of Vibo Valentia lays on an ample hilly plateau dominating the Lamezia gulf,
the Poro upland and the valley where the Mesima river flows (Figure 1). The Vibo Valentia area has
been continuously inhabited since the Prehistoric period thanks to its strategic geographic position.

Originally, Vibo Valentia was a Greek colony, founded by the Locri people at the end of the VII
century B.C. on the Tyrrhenian shore of Calabria. It then became a Roman colony in 192 B.C. [1].
The city saw its golden age during the Roman Empire, especially in the III century A.D.

S. Aloe was one of the most developed Vibo Valentia districts. People lived there until the end of
the VI century A.D. [2]. This archaeological quarter expands for about thirty thousand square meters,
at about 470 m above sea level. Nowadays, it is sited in an area between the Grammar School “Morelli”
and the middle school “Murmura” [3]. In the S. Aloe quarter, three polychrome mosaics have been
found (Figure 1). They differ in their iconography, the period in which they were realized and their
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executive techniques [2]. The stone and glass tesserae of two of them—the Nereid and Geometric
mosaics—have been previously studied [4] defining the raw materials and their production techniques.
For example, the employment of precious marble of Greek provenance testified to the greatness of the
archaeological site. Moreover, the typical manufacture of the Roman glassmakers has been recognized
in the realization of the glass tesserae [4].

This paper is aimed at studying and chemically characterizing the third mosaic named Four
Seasons and discovered in the thermal baths area of the S. Aloe quarter. The Four Seasons mosaic
covers a square area of 4.80 m x 5.10 m (Figures 1 and 2) and it dates between the end of the II and
the beginning of the III century A.D. [2]. It is richly decorated and its compositional scheme is rather
complex. The Four Seasons mosaic has a circle at its core and a laurel wreath trimming it. Inside the
core circle, there are a sea bream, a sea brass, a goatfish and a squid on a dark blue background. At the
four floor angles, there are female figures symbolizing the four seasons. Winter wears a cloak and
there is a cane behind her, Summer wears a straw hat, Spring has a flower crown over her dark curls
and Autumn has vine leaves over her temples [5]. The mosaic is enriched with several plant-related
elements such as pear tree branches and fruits, rose shoots, olive tree branches and aquatic plants.
There are also plenty of animal-related details such as peacocks, partridges, ducks and a pheasant.

Calabria Region

Vibo
Valentia

0 100 Km

50 miles

Figure 1. (a) Vibo Valentia, Calabria (Italy); (b) Map of S. Aloe archaeological site; FS: Four Seasons
mosaic aerial photograph. G: Geometric mosaic; N: Nereid mosaic; D: Domus XXV Aprile street.

The Four Seasons mosaic has been realized with coloured vitreous and stone tesserae on a white
background made of calcareous tesserae. The vitreous tesserae are in bright colours such as grey, blue,
yellow, green and red, all used to enhance the mosaic’s most luminous parts. Different kinds of marbles
and other stones have been used for its opaque areas instead. Whoever realized the mosaic did that
skilfully, with the aim of pleasing aesthetically those who were looking at this luxurious paving.

The Four Seasons mosaic’s colouring and executional skill indicate that a wealthy man
commissioned it and a skilled “maestro” realized it.

Several authors have dealt with studies about the chemical composition and the technology of
glass tesserae production [4,6-12]. They all argue that the glass of the Roman imperial age was generally
silica-soda-lime made and it was obtained by a mixture of beach siliceous—feldspar—calcareous sand
and natron as flux; only in a few cases, a plant ash component richer in magnesia and potash was
added [12-21].
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Figure 2. (a) Glass tesserae studied, grouped by colour. (b) Four Seasons mosaic. (c—e) Details
of sampling.

Chemical studies led to the formulation of a model explaining how the production and trade of
glass worked in Roman times. The hypothesis was that the glass production was limited to a small
number of primary glass making centres, mainly in coastal areas of Egypt and in the Near East. The slab
glasses were broken into chunks and distributed to secondary fabrication workshops to be re-melted
and shaped [14,15].

Freestone [13], in a pioneering paper, identifies a relatively limited number of glass categories
throughout the areas of the Mediterranean and Europe during the first millennium of the Christian era.
His thesis substantially confirms the idea of just a few centres for the primary production of a transparent
and colourless glass. In detail, he distinguishes five natron-type glasses: Levantine I, Levantine II
(produced using coastal sand of the Siryo—Palestinian region), Roman blue-green, HIMT (High Iron,
Manganese, Titanium) and Egyptian. Recent studies [22-26] allowed the separation of the main
glass groups proposed by Freestone [13] into numerous sub-types, considering the different chemical
characteristics, the age and the site of glass production. According to the different contents of the two
decolourants Sb and Mn, the glasses of the period of interest (I-III century A.D.) were divided into:
Roman-Sb, Roman-Mn, Roman mixed Sb-Mn. This last was probably obtained from the recycling of
the two end members, and unintentionally coloured glass [16,17,24,26].

Although numerous literature data are available for opaque coloured glass [6,7,9,10,12],
their interpretation is complex, since the element concentrations of base glass are modified by
the addition of opacifiers or colourants. Indeed, the primary transparent base glass was coloured by
adding colourants and opacifiers into secondary workshops [9,10].

This research on the composition of the Four Seasons mosaic tesserae aims at clarifying the
way glass production technology worked on them. Similarities and/or differences among tesserae
in different shades of colour are examined to allow the individuation of colouring and opacifying
agents used for their production.

2. Material and Methods

A representative sampling of glass tesserae from the Four Seasons mosaic was carried out
in summer 2018, before the whole archaeological site of S. Aloe quarter was put to restoration.
The sampling was executed with the aim of gathering all the various colours of glasses (Figure 2a).
Thus, they were collected during the excavation phase, from parts detached from the flooring,
but certainly pertaining to the mosaic (Figure 2b—e). The samples consist of six blue tesserae (three light
and three dark), ten of different shades of green, two grey, one red and one yellow (Table 1; Figure 2a).
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For a more objective color classification, this subdivision was also checked by measuring the colorimetric
coordinates of all tesserae by a Konica Minolta CM-2600D spectrophotometer (Chiyoda, Tokyo, Japan
(Giappone)), through the determination of L*, a*, and b* colorimetric coordinates of the CIELAB
(Commission Internationale de 1’éclairage L = L*, A = a*, and B = b* colorimetric coordinates) space.

Table 1. List of the glass tesserae collected in the Four Seasons mosaic in the S. Aloe quarter, Vibo Valentia
with relative information about colour and colorimetric coordinates.

Colorimetric Coordinates

Tessera Color Diaphaneity
L* a* b*
QsBI1 blue opaque 40 14 -78
QsBI2 blue opaque 38 12 =79
QsBI3 blue opaque 39 12 =79
QsAl light blue opaque 66 -28 -15
QsA2 light blue opaque 50 =25 -11
QsA3 light blue opaque 57 =37 -13
QsGrl grey opaque 67 -5 -7
QsGr2 grey opaque 69 —4 -9
QsG1 yellow opaque 74 1 56
QsR1 red opaque 38 35 11
QsV1 green opaque 39 -15 10
QsV2 green opaque 47 -30 11
QsV3 green opaque 50 -13 26
QsV4 green translucent 43 =20 12
QsV5 green translucent 40 -16 11
QsVé6 green opaque 49 =22 23
QsV7 green opaque 49 =22 23
QsV8 green opaque 44 -9 5
QsV9 green opaque 51 =25 9
QsV10 green opaque 40 -14 1

L* for the lightness from black (0) to white (100), a* from green (-) to red (+), and b* from blue (-) to yellow (+).

Before any chemical analyses, glass tesserae were observed using a stereomicroscope and were
polished with diamond clothes. Samples were then fixed on slides, with the fresh side facing upward.
Due to their small size, two or three samples were positioned on each slide.

Chemical analyses were carried out using two different micro-analytical techniques: EPMA-WDS
(Electron Probe Micro Analyser with Wavelength-Dispersive Spectroscopy) and LA-ICP-MS (Laser
Ablation with Inductively Coupled Plasma Mass Spectrometry). To determine major element
concentrations, EPMA analyses were carried out using a JEOL-JXA 8230 (JEOL Ltd., Tokyo, Japan),
equipped with 5 Spectrometers WDS: LDE (artificial Layered Dispersive Element), TAP (Thallium
Acid Phthalate), PET (PEnTaerythritol), LiF (Lithium Fluoride), crystals. The EPMA-WDS was used
under the following operating conditions for the image acquisition: 15 kV, Probe current at 10-20 nA
and Solid State Detector (SSD), Everhart Thornley detector (Secondary Electron detector); for chemical
analyses: acceleration voltage 15 kV, probe current 10 nA, a defocused beam of 10 um to avoid the loss
of alkali. Furthermore, an acquisition time of 15 s was selected to avoid the loss of Na and ensure the
correct determination of other element concentrations. The detection limits for most elements were
about 0.2 wt.%. The reliability of the results was verified by measuring the SRM610 500 ppm by NIST
(National Institute of Standards and Technology) and the BCR 2G (Columbia River Basalt) by USGS
(United States Geological Survey) glass reference materials.

The analyses of micrometric crystals (ranging in size from 5 to 20 pum and sometimes dispersed
within the glasses) were executed in spot manner with a beam of 1 pm.

The LA-ICP-MS was used to determine the trace element compositions. The LA-ICP-MS equipment
consists of an Elan DRCe (Perkin Elmer, Waltham, MA, USA), connected to a New Wave UP213
solid-state Nd-YAG laser probe (213 nm). Samples were ablated by laser beam in a cell, and the
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vaporised material was then flushed [27] to the ICP for quantification. Each ablation crater was
generally 50 pm in diameter and 80 pm in depth. The procedures for data acquisition were those
normally used in the Mass Spectroscopy Laboratory of the Department of Biology, Ecology and Earth
Sciences of University of Calabria [4,6,28,29].

Only twoj/three point analyses were carried out on each sample. Calibration was performed on
glass reference material SRM612-50 ppm by NIST (National Institute of Standards and Technology)
in conjunction with internal standardisation, applying SiO, concentrations [30] from EPMA-WDS
analyses. In order to evaluate possible errors within each analytical sequence, determinations were also
made on the SRM610-500 ppm by NIST and on BCR 2G by USGS glass reference materials as unknown
samples, and element concentrations were compared with reference values from the literature [31].
Accuracy, as the relative difference from reference values, was always better than 10%, and most
elements plotted in the range of +5% [32].

3. Results and Discussion

3.1. Major Element Concentrations

Table 2 lists the composition of major element concentrations in wt.% of oxides determined by
EPMA-WDS. Each datum represents the mean value of three analyses.

The samples are characterised by a SiO, content ~ 65-70 wt.% (except for the yellow and red
tesserae containing, respectively, 60.18 wt.% and 58.3 wt.%), Na,O content = 15-20 wt.%, (the yellow
tesserae shows Na,O = 10 wt.%), CaO = 5-7.5 wt.%, low Al,O3 (= 2-3 wt.%). The K,O and MgO
contents are below 1.50 wt.%, which are coherent with the glassmaking tradition of natron-fluxed glass
(Figure 3) [15,17,19-21,33].
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Figure 3. Binary diagram of MgO vs. K;O. The square area encloses the composition of natron glass.

The samples analysed contain lead in variable concentrations, indeed, PbO contents vary from
negligible to up to 17.49 wt.% (Table 2). The highest lead contents are detected in the yellow and red
samples, showing, respectively PbO = 17.49 wt.% and 9.22 wt.%, and remarkable concentrations are
also identified in some green tesserae (PbO varying from 1.12 to 6.91 wt.%). These results show how
the presence of lead is linked to the production of specific colours, such as red, green and yellow.
A further and deeper discussion is reported in the sub-paragraph “colouring and opacifying agents”.

A so-called reduced composition of the glassy matrix has been calculated, in order to determine
the type of base glass used for the tesserae of the Four Seasons mosaic. In particular, the content of Pb,
Cu, Sn, Sb and Mn was subtracted from the composition of the tesserae and the remaining oxides were
normalised to 100% (Table 3) [4,12,16,34]. Indeed, the reduced composition reflects the variations in the
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feldspars, heavy minerals and carbonates content of the glassmaking sands and it is also indicative of
the fluxing agent.

Table 2. Major element concentrations in wt.% of oxides determined by Electron Probe Micro Analyser
with Wavelength-Dispersive Spectroscopy (EPMA-WDS).

Sample SiOz TiOZ A1203 FeO MnO MgO CaO NaZO Kzo PbO CuO Sb205 Sl’lOZ P205 Cl1

QSGrl 6732 0.08 219 040 024 082 582 1551 135 004 0.04 513 - 0.08 0.96
std 024 001 011 0.06 004 005 016 070 0.08 0.01 001 0.65 0.02 0.10
QSGr2  66.16 0.09 209 041 020 073 549 1668 137 004 0.03 5.59 - 0.07 1.05
std 043 001 012 005 002 006 012 063 0.06 001 001 045 0.01 0.10
QsAl 6632 006 269 021 080 067 751 1632 094 0.08 005 3.30 - 0.08 0.97
std 074 001 013 0.02 005 0.04 007 072 007 001 001 035 0.01 0.10
QsA2 6714 008 258 022 074 069 723 1619 092 0.05 006 3.01 - 0.08 1.02
std 045 001 014 0.02 005 004 013 045 0.08 0.01 001 033 0.01 0.10
QsA3  68.07 012 220 029 021 080 577 1612 119 0.05 0.09 4.00 - 0.07 1.02
std 047 002 009 004 003 005 006 064 0.09 001 001 042 0.01 0.10

QsBI1 6562 007 270 053 018 082 523 1820 079 080 0.15 376 0.02 009 1.06
std 037 001 007 004 002 004 015 074 007 003 001 034 0.00 001 010
QsBl2  66.05 0.07 246 065 031 062 700 1634 060 083 013 3.69 003 008 1.15
std 0.52 001 011 005 003 005 016 083 0.06 0.03 001 033 0.00 001 010
QsBI3 6598 0.07 272 065 037 070 750 1542 096 0.65 020 357 003 007 1.12
std 0.68 001 013 0.06 003 006 012 058 0.08 0.03 001 036 0.00 001 010
QsVl 6846 012 203 047 019 081 488 1738 097 091 152 104 010 0.07 1.05
std 0.57 002 008 0.04 002 006 009 073 008 004 004 010 0.01 001 010
QsV2 6767 013 192 050 004 075 481 1659 120 014 146 353 015 0.08 1.02
std 0.74 001 014 005 001 007 007 071 010 0.01 003 030 0.01 001 010
QsV3 6551 010 245 044 068 078 486 1483 112 691 064 043 0.09 007 1.09
std 0.74 001 011 003 005 007 008 048 010 040 003 004 0.01 001 010
QsV4 7008 012 247 065 017 072 584 1574 073 0.17 1.00 102 005 0.08 117
std 0.56 001 011 005 002 007 009 063 008 0.02 004 010 0.01 001 010
QsV5 6817 022 228 060 017 064 592 1811 072 018 091 090 005 006 1.06
std 0.75 002 009 006 002 005 012 074 006 0.02 005 008 0.01 001 010
QsV6 6570 023 221 078 024 079 550 1592 065 436 139 105 012 0.07 098
std 0.67 002 012 006 0.02 0.06 0.08 059 006 020 006 010 001 001 010
QsV7 6605 039 248 068 018 070 513 1772 056 246 123 098 0.09 0.08 128
std 0.73 003 011 005 0.02 0.07 013 083 005 020 005 008 001 001 010
QsV8 6628 013 3.00 027 040 120 4.84 20.02 121 112 004 032 0.03 009 1.05
std 0.58 001 013 003 003 0.06 0.07 064 010 010 001 003 001 001 010
QsV9 6481 007 239 075 028 080 522 1635 078 099 250 379 016 0.10 1.00
std 0.74 001 008 007 003 006 012 073 006 008 020 032 001 001 010
QsV10 6757 023 226 056 0.14 0.63 520 1887 057 057 147 073 010 0.07 1.04
std 081 002 011 006 0.02 0.05 0.08 078 005 004 010 006 001 001 010
QsGl 6016 015 2.04 070 029 051 4.02 10.01 049 1749 002 259 027 007 118
std 0.56 002 009 007 003 004 009 045 004 120 001 021 002 001 010
QsR1 5830 020 265 0.16 016 145 558 1876 057 922 113 045 019 0.05 112
std 047 002 013 002 002 0.08 0.07 076 005 060 010 004 002 001 010

Table 3. Composition of base glass in wt.% of oxides normalized to 100% without MnO, PbO, CuO,
Sb205, Sl’lOz, P205, CL

Sample Si0, TiO, Al,O3 FeO MgO CaO NaO K;O

QsGrl 71.21 0.09 2.31 0.43 0.87 6.16 16.41 1.43
QsGr2 70.28 0.10 222 0.44 0.78 5.83 17.72 1.45
QsAl 69.25 0.07 2.81 0.22 0.70 7.84 17.04 0.98
QsA2 69.83 0.08 2.68 0.22 0.72 7.52 16.84 0.96
QsA3 71.17 0.12 2.30 0.31 0.84 6.04 16.85 1.24
QsBI1 69.00 0.07 2.84 0.56 0.86 5.50 19.14 0.83
QsBI2 69.52 0.07 2.59 0.68 0.65 7.37 17.20 0.63
QsBI3 69.33 0.07 2.86 0.68 0.73 7.88 16.20 1.01
QsV1 71.13 0.13 2.11 0.49 0.84 5.07 18.06 1.01
QsV2 71.48 0.14 2.03 0.52 0.79 5.08 17.52 1.27
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Table 3. Cont.

Sample Si0, TiO, Al,O3 FeO MgO CaO NaO K;O

QsV3 71.80 0.11 2.68 0.48 0.86 533 16.26 1.22
QsV4 71.81 0.12 2.53 0.66 0.73 5.98 16.13 0.75
QsV5 69.72 0.23 2.33 0.62 0.65 6.05 18.53 0.73
QsVeé 70.77 0.25 2.38 0.84 0.85 593 17.15 0.70
QsV7 69.48 0.41 2.60 0.72 0.74 5.39 18.64 0.59
QsV8 67.57 0.13 3.06 0.27 1.22 4.93 20.41 1.23
QsV9 70.24 0.08 2.58 0.81 0.87 5.66 17.72 0.84
QsV10 69.66 0.24 2.33 0.58 0.65 5.36 19.46 0.59
QsG1 75.84 0.19 2.57 0.88 0.64 5.06 12.62 0.62
QsR1 65.62 0.23 2.98 0.17 1.64 6.29 21.12 0.64

As stated above, the glasses dominating the Roman period between I and III century A.D. have
been subdivided into four compositional groups: Sb-colourless, Sb/Mn-colourless, Mn-colourless
and unintentionally coloured glass, this last generally included in the Mn-glass group [17,18,24,26].
Their reduced compositions have been plotted in the diagrams SiO, vs. NayO and CaO vs. Al,O3
(Figure 4a,b), with the aim of individuating the compositional group of the Four Seasons mosaic glass
tesserae. In the two diagrams, the limits of the key contents of SiO,, Na,O, CaO and Al,O3 proposed
by Maltoni & Silvestri [17] to separate the Sb, Mn and Sb/Mn glasses have been drawn.
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Figure 4. Binary diagrams (a) reduced-SiO; vs. reduced-Na,O; (b) reduced-Al,O3 vs. reduced-CaO.
The coloured symbols in the legend refer to the various types of tesserae, while the numbers inside the
symbols in the diagrams are associated with the individual sample analysed.
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The majority of the samples, despite the great geochemical variability, plots near the area of Sb/Mn
glass, except for four samples QsAl, QsA2, QsBI2 and QsBI3, which match the Mn-glass. Green sample
QsV8, yellow QsG1 and red QsR1 do not fit the Roman compositional groups. Indeed, the yellow
tessera in the reduced composition shows a very low content of NayO (= 12.62 wt.%) and a high
content of 5iO; (around 76 wt.%) (Table 3). On the contrary, the green QsV8 and the QsR1 red glasses
display higher alumina and soda and lower silica contents. As concerns the yellow tessera (QsG1),
the chemical characteristics (Table 3) make it possible to hypothesise that the sample is influenced by
a superficial alteration with a consequent de-alkalinisation [35-37]. Anyhow, as for the yellow and red
samples, it is not possible to establish whether these differences are due to the base glass or they are
influenced by the colouring and opacifying techniques.

To confirm our attribution, the reduced compositions of the Four Seasons mosaic glass tesserae
are compared against the literature data for the Roman period of interest (I-1II century A.D.) [10,17,26]
using two diagrams: Na,O/CaO vs. TiOy/Al,03 and Al;O3 vs. Mn/(MnO + Sb,0s) (Figure 5).
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Figure 5. Binary diagrams (a) Na,O/CaO vs. TiO,/Al,O3; (b) Al,O3 vs. MnO/(MnO + Sb,0Os). In these
two diagrams, the samples analysed in the framework of the paper have been compared with the
data of Roman I-III century A.D. glasses’ bibliographic data [10,17,26]. The coloured symbols in the
legend refer to the various types of tesserae, while the numbers inside the symbols in the diagrams are
associated with the individual sample analysed.
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The comparison allows the grouping of the glasses according to their compositional basis.
In particular, the Na,O/CaO vs. TiO,/Al,O5 diagram (Figure 5a) suggests how the majority of the
Four Seasons Mosaic tesserae overlaps Sb/Mn glass, while four green samples (QsV5, QsV6, QsV7,
QsV10) achieve higher TiO,/Al,O3 and the other green QsV8 tessera plot near the Sb-glass. The four
samples QsAl, QsA2, QsBI2, QsBI3, reaching higher CaO (around 7 wt.%) and lower TiO, (around
0.07 wt.%), plot near the Mn-glass. The diagram Al,O3 vs. Mn/(MnO + Sb,Os) (Figure 5b) indicates
that most tesserae, including the yellow and red ones, plot in the area of the Sb/Mn glass, except the
QsV8 green sample, confirming that it can be considered an outlier. In the Figure 5b, the light blue
and blue tesserae (QsBlx and QsAx) samples, despite their high content of Sb,Os5 (varying from 3 to
3.7 wt.%), plot in the area where the Sb/Mn and the Mn-glasses overlap. In particular, the QsA1l and
QsA2 samples plot very near to the yellow tessera n.64 collected from West Clacton Reservoir, Essex,
UK, classified as Sb/Mn glass [10], but also near to the azure opaque tessera TN AZ1 collected from
the decoration of a Roman bath recovered under the main church of Santa Maria Maggiore in Trento
(Italy) classified as Mn-glass opacified by Ca-antimonates [17]. QsBI2 and QsBI3 plot near the pale
blue opaque tessera TNCE1, and turquoise/pale green TN VCH140, both collected in Trento (Italy)
and the turquoise PN TU2 coming from the Roman villa of Torre in Pordenone (Italy), all classified
as Sb/Mn glass by [17]. Similarly, QsBI2 and QsBI3 are also near the tesserae blue opaque PN BO1,
pale blue PN CEI1 (from Pordenone, Italy) [17] and pale grey-blue n.69 (from West Clacton Reservoir,
Essex, UK) [10] classified as Mn glass. Considering the chemical characteristics defined in the tesserae
studied (NayO =~ 16 wt.%, CaO = 7-7.5 wt.%, Al,O3 = 2.5 wt.%), it is possible to hypothesize that they
are Mn-glasses opacified with antimony (see paragraph: Colouring and opacifying agents).

3.2. Trace Element Concentrations

The concentrations of twenty-four trace elements, including REE, were obtained by the LA-ICP-MS
method. Results are listed in Tables 4 and 5. Each datum represents the mean value of three analyses.

As established by previous studies [15,18,38], variations in trace elements help to attain information
on the characteristics of sands used for glass production. Generally, a low content of trace elements
reflects the use of mineralogically mature sand [15]. All glass tesserae studied here have low levels of
trace elements.

Table 4. Trace element concentrations in ppm determined by LA-CP-MS.

Sample Cr Co Ni Zn As Rb Sr Y Zr Nb Mo Cd Sn Ba

QSGrl 22 7224 1758 5824 7146 19.80 423 6.18 6029 209 093 291 3552 187
std 1.9 3.5 2.1 44 113 20 236 038 5.7 02 001 06 2.7 115
QSGr2 12 2008 14.86 4557 91.77 2764 408 6.15 5956 253 239 260 3498 186
std 2.4 2.5 1.9 36 114 26 6.7 0.9 3.7 0.3 05 011 28 147
QsAl 18 190 1988 3426 1361 790 480 696 3419 146 285 195 856 267

std 2.1 144 24 4.6 11 1.40 23 045 630 020 020 018 1.20 21
QsA2 nd. 240 1881 30.50 25.65 9.52 462 671 4472 175 211 228 1853 227
std - 21 230 270 210 1.30 24 1.10 280 030 036 012 140 22
QsA3 24 372 1467 36.59 7032 1077 401 598 5946 214 126 399 3883 177
std 1.7 27 2.3 2.8 5.7 2.1 31 0.7 3.8 03 002 002 26 118
QsBI1 21 754 3133 50.69 8783 730 418 6.61 3312 138 270 10.12 * 237
std 2 43 278 6.1 58 1.3 24 076 278 0.2 0.4 1.1 18
QsBI2 151 1007 4073 6771 116 572 391 620 3330 120 195 1446 * 222
std 12 41 2.60 3.80 12 1.10 25 0.70 230 022 027 1.40 16
QsBI3 24 1002 3575 5636 113 615 375 570 3230 141 239 1342 * 205
std 3.1 54 2.6 48 125 073 215 040 130 002 018 1.50 214
QsV1 30 408 1247 6821 2734 1178 402 511 5343 210 146 35.63 * 160
std 3 033 130 470 180 130 283 047 390 030 0.02 210 12.6
QsV2 - 415 13.61 265 255 449 439 653 4845 255 122 63.01 * 132
std 036 140 235 226 051 36 073 280 022 020 470 12.4

QsV3 19 755 1678 118 1638 1212 446 6.77 4056 2.04 246 29.65 * 243
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Sample Cr Co Ni Zn As Rb Sr Y Zr Nb Mo Cd Sn Ba
std 2.3 081 210 114 172 210 214 072 381 030 021 3.20 21.5
QSV4 808 4.09 20.10 2823 58.88 9.17 417 594 55.05 132 157 1547 * 172
std 45 052 230 250 470 1.20 34 062 486 020 021 142 12.8
QSV5 1048 398 19.13 40.71 4490 9.78 412 6.16 51.72 204 528 1333 * 165
std 53.70 042 220 3.78 465 250 364 076 514 032 046 1.21 14.5
QSVe - 771 1771 68.85 36.20 1045 371 6.00 54.10 219 239 36.49 * 167
std 1.20 230 487 259 210 2860 0.71 470 020 020 450 11.80
QSv7 - 588 24.07 56.74 31.66 1449 431 6.38 6736 3.32 27.09 * 200
std 0.62 21.70 473 412 1.53 37 048 730 0.27 3.30 16.9
QSVs8 204 1892 4771 25.18 8.84 1510 338 543 4858 2.08 1.02 11.96 * 207
std 19 230 487 320 078 230 21.9 064 567 020 008 1.80 18.7
QSV9 103 1234 2149 136.52 62.18 1526 407 7.03 68.12 257 419 56.99 * 187
std 9 1.32 245 14.60 645 1.64 357 0.67 850 030 046 6.16 12.5
QSV10 - 5.16 75.67 29.46 11.33 380 6.08 63.11 2.82 24.43 * 138
std 0.65 830 3.20 1.50 27 071 643 0.21 2.31 11
QsG1 24 15.12 17.02 29.51 3213 7.70 291 568 5783 195 128 92.78 * 152
std 1.9 143 1.52 321 342 120 168 062 543 0.20 020 6.87 12.5
QsR1 19 14.69 18.68 709 51.80 7.94 686 6.10 58.88 352 262 63.13 * 227
std 2.2 1.63 222 645 5.4 0.81 474 0.7 6.32 0.4 0.2 7.3 21.5
* see EMPA-WDS data in Table 2.
Table 5. Rare Earth Element concentrations in ppm determined by LA-CP-MS.
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm  Yb Lu
QSGrl 898 1400 148 697 213 050 075 021 08 028 078 017 1.04 021
std 0.65 132 020 0.67 022 004 011 002 008 0.03 008 002 018 0.02
QSGr2 875 1433 183 744 08 044 08 023 093 030 093 027 086 0.12
std 072 163 021 08 007 005 0.07 002 007 0.04 008 003 0.08 0.02
QsAl 586 1079 138 726 1.11 0.49 1.36 0.17 091 022 072 013 0.71 0.12
std 0.62 1.21 020 0.67 012 004 021 002 007 0.02 009 001 0.05 001
QsA2 6.50 1208 165 644 129 037 181 025 147 020 058 020 076 0.12
std 0.71 1.32 020 072 011 0.03 021 002 020 002 007 0.02 008 0.01
QsA3 704 1261 151 519 - 038 136 022 141 031 045 0.08 071 0.19
std 0.66 132 021 0.65 0.04 001 002 020 002 005 0.01 006 0.02
QsBI1 5.88 1047 135 5.33 1.06 0.32 122 024 1.05 026 - 028 092 0.15
std 064 121 016 048 001 003 013 0.02 014 0.03 0.03 0.11 0.02
QsBI2 559 958 143 510 162 033 074 020 098 020 1.33 - 1.17  0.14
std 0.63 1.11 016 053 002 003 0.08 002 012 0.02 020 0.20 0.02
QsBI3 549 9.06 120 48 098 029 151 011 139 021 039 014 066 0.07
std 0.57 1.20 0.20 0.52 010 003 020 0.01 020 0.02 0.04 001 0.07 0.001
QsV1 636 1095 138 588 147 030 0.63 020 089 013 055 018 093 -
std 072 140 020 0.61 017 0.03 0.07 003 006 0.01 006 002 0.06
QsV2 700 1158 128 7.09 158 042 192 027 129 025 270 014 1.26 -
std 080 1.60 0.18 0.08 0.02 004 0.02 003 002 003 031 001 0.10
QsV3 695 1245 166 577 123 043 116 014 098 024 1.04 0.09 - 0.13
std 072 132 020 062 012 005 013 0.02 002 003 012 001 0.02
QSv4 6.30 1330 119 8.15 - - 156 016 178 043 039 036 133 0.29
std 071 124 0.02 077 002 002 020 004 004 0.04 012 0.03
QSV5 681 1178 136 782 182 036 094 006 167 015 117 034 091 0.56
std 0.64 124 021 0.07 020 003 011 0.01 002 0.01 020 004 0.09 0.05
QSve 626 1143 132 478 395 031 103 028 132 0.09 097 - 141  0.29
std 071 113 002 042 043 004 012 003 015 0.07 0.08 0.16 0.03
Qsv7 850 1418 183 7.73 - 0.73 - 0.09 200 035 096 107 397 075
std 084 151 021 0.82 0.08 0.01 003 0.04 0.08 002 004 0.08
QSsvs 6.71 1069 1.08 814 277 096 - 032 115 - 152 0.14 - -
std 0.72 130 0.13 0.92 031 0.08 0.04 012 0.12  0.02
QSV9 9.07 1444 171 746 349 - 197 038 0.88 - - 0.08 1.05 0.25
std 0.87 156 021 081 042 022 0.04 0.09 0.01 0.12 0.03
QSV10 6.84 1159 166 540 3.14 - - 033 407 035 253 051 - -
std 0.07 142 021 064 033 0.03 052 004 031 0.05
QsG1 6.02 1039 132 534 141 021 091 016 1.19 023 063 0.12 - 0.18
std 0.62 123 016 0.64 016 004 012 0.02 002 0.03 0.07 001 0.02
QsR1 6.63 1305 159 712 09 029 101 018 114 025 073 006 075 0.15
std 0.71 1.52 0.2 083 012 003 013 0.02 0.2 0.03 0.082 0.01 0.08 0.02

The mean values of glass tesserae are plotted in Figure 6. They are grouped for colour and normalised to the upper
crust values by McLennan [39].
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The diagram (Figure 6) shows that all glasses are depleted in most trace elements, indicating the
use of a sand rich in quartz. Sr behaves differently, though, as Srgjass/Srcrust values range from 1to 1.3
(Figure 6). The abovementioned pattern is common in many ancient glasses [14,15]. The enrichment of
Sr and the depletion of the other elements are both consistent with the use of sands with high amounts
of quartz and that are poor in heavy and clay minerals, which are likely to host elements such as
zirconium, thorium and the rare earth elements (REE) [15].

Considering that strontium is generally similar to calcium in its geochemical behaviour, it enters
in the structure of feldspars and carbonate particles as a calcium vicariant. Therefore, the Sr enrichment
can be related either to the presence of different amounts of feldspars in the sand or to the lime
component used in the glass production, such as crushed shell or calcareous sand.

2.5

2.0

Mean-Gr

——Mean_a

~@=Mean_8l

—=lean
61

0.5

0.0

Figure 6. Concentrations of trace elements in glass, normalized to the mean continental upper crust [39].
The mean values of trace element concentrations have been calculated, grouping tesserae by colours:
grey, light blue, dark blue, green. Yellow QsG1 and red QsR1 tesserae have been plotted individually.

Colouring and Opacifying Agents

The glass samples are in different colours: grey, light blue, dark blue, shades of green, red and
yellow (Figure 2; Table 1). The colouring is produced, in many cases, by the introduction of transition
metals into the glassy matrix. They sometimes combine with each other in various concentrations and
oxidation states of metal ions [7]. Common colourants consist of cobalt oxide (CoO) for dark blue,
manganese oxide (MnO) for purple, iron oxide (FeO) for green, blue or amber and copper oxide (CuO)
for turquoise, blue or green [9]. In addition, cuprite (Cu,O) crystals were used in red glasses [40].

In the green and blue tesserae studied here, copper and cobalt are the two main colouring
elements identified.

In the light and dark blue glasses (QsAx and QsBIx), cobalt is the main metal responsible for the
shades of blue. The Co content varies from a minimum of 190 ppm in the QsA1 tessera to a maximum
of 1007 ppm in the QsBI2 one. In addition, the blue tesserae show CuO contents that can be put into
correlation with the SnO, contents.

Grey tesserae (QsGrl and QsGr2) contain smaller amounts of copper and cobalt, when compared
to the light blue tesserae (QsAl, QsA2, QsA3), which, similarly, contain smaller amounts of copper
and cobalt compared to the dark blue ones (Table 4). Copper is the main colouring agent in green
samples, with increasing content from the minimum value of the tessera QsV3 (CuO = 0.64 wt.%) to
the maximum value (CuO = 2.48 wt.%) measured in the QsV9 sample. Therefore, the green and blue
colours are probably related to the presence of copper in the glass network [35].

Considering the relationship between Cu and Sn concentrations observed in the green and blue
tesserae (see the diagram CuO vs. SnO; in Figure 7), they were probably introduced in the batch by
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the addition of bronze or bronze scraps during glass production, as also suggested by the copper/tin
relative percentages of 98-87%: 2-13%.
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Figure 7. Binary diagram CuO vs. Sn;0.

As for the glass opacity, all tesserae show high contents of antimony and lead that act as opacifiers.
The PbO content peaks the value of 17.49 wt.% in the yellow tessera QsG1, which also shows high
Sb (Sb,O5 = 2.59 wt.%) and Sn (SnO, = 0.27 wt.%) values. The concentrations of lead, tin and
antimony in the QsG1 sample are related to the presence of lead and tin antimonate microcrystals
(PbySby_SnyO7_ypp) that vary in size and shape and are homogenously distributed into the glass as
detected by EPMA-WDS analyses performed on the crystalline phases dispersed into the yellow QsGl1
tessera (Figure 8). Lead and antimony act not only as opacifiers but also as colourants. Lead antimonates
(PbySb,0y) are indeed responsible for the yellow colour [6,17,40]. During the re-melting of primary
glasses, many authors have hypothesized the addition of a glass mass or corpo, containing lead
antimonate as yellow opacifier to the base glass [7,9,41]. Basso et al., [7] assert that the melting of
the homogeneous mixture of corpo and base glass was applied to prevent the deterioration of the
pigment, the dissolution of lead oxide (PbO) and the crystallization of calcium antimonate (CaySb,O7
or CaSb;0g) instead of lead antimonate (PbySb,O7). As stated above, the presence of tin in green glass
has been attributed to the use of bronze as a colourant. However, the very low copper quantity detected
in the yellow tessera makes it possible to affirm that the process is unlikely to have happened in the
QsG1 sample. Therefore, the addition of tin in the yellow tessera is not intentional but its presence can
be related to the gangue of minerals used as raw materials for the preparation of the corpo [9,41].

The red tessera (QsR1) contains a considerable quantity of lead oxide (9.22 wt.%) and a copper
content of 1.13 wt.%. Previous studies demonstrated that red tesserae generally contain higher levels of
lead and copper, which are responsible for the colour and its opacity. Red glasses are usually coloured
largely by crystals of cuprite (Cu,0O), formed under reducing conditions [9,40]. Tessera QsR1 appears
homogenous in its composition, except for its little copper-rich phases (Figure 9a), including copper
sulphide (Figure 9b).

As suggested by Paynter and Kearns [9], the mineral inclusions in the red tesserae are most likely
to be the remains of gangue that was associated with the metallic ores used to produce red colour for
this glass. This explanation is also confirmed by the elevated levels of titanium (TiO, = 0.2 wt.%),
lead (PbO = 9.22 wt.%), tin (SnO; = 0.19 wt.%) and zinc (Zn = 709 ppm) measured in the QsR1 red
tessera (see Tables 2 and 4).
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Figure 8. (a) Backscattered electron image showing micrometric crystals of Pb-Sn-antimonate embedded
in the glass matrix of the yellow QsGl1 tessera; (b) detail of a Pb-Sn-antimonate micro-crystal; (c¢) Spectrum
of Pb-Sn-antimonate by EPMA-WDS qualitative analysis.
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Figure 9. (a) Backscattered electron image showing a micrometric crystal of copper sulphide embedded
in the homogeneous glass matrix of the red QsR1 tessera; (b) Spectrum of copper sulphide by
EPMA-WDS qualitative analysis.

4. Conclusions

The chemical study of archaeological glasses provides important information about their
production techniques and the raw materials used in their preparation. The results obtained studying
the Four Seasons mosaic tesserae by two micro-analytical methods, EPMA-WDS and LA-ICP-MS,
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show that precious coloured glasses were used in the mosaic making, thus confirming the importance
of the S. Aloe quarter as an archaeological area. This study allowed the collection of data about the
glass tesserae production technology, both clarifying how they were coloured and increasing the
information available on the glass tesserae from the S. Aloe quarter [4].

The glass samples are made of soda-lime-silica glass, produced with natron as a flux. As concerns
the compositional attribution, the glass tesserae have been subdivided into two groups and an outlier.
Most samples including grey, green, red and two blue and light blue tesserae show a typical Sb/Mn
composition, except for the QsV8 green sample, which can be considered an outlier. On the contrary,
four samples (two light blue QsA1 and QsA2, and two blue tesserae QsBI2 and QsBI3) show a base glass
with chemical characteristics similar to the Mn-type, despite the high content of antimony suggesting
its use as an opacifier. This result is coherent with the mosaic age, dating back between the end of the
IT and the beginning of the III century AD [2].

The levels of trace elements indicate the use of mature sand, rich in quartz and poor in heavy
metals and clay minerals, for the production of the tesserae studied.

As concerns the colours of glass, the two main colouring elements identified during the analysis
are cobalt and copper, introduced in the blue and green samples as bronze scrap. The colour of the red
(QsR1) is due to the use of cuprite.

Opacifiers are all antimony-based with different natures according to their chemical compositions
and colours. The microcrystals of Pb-Sn-antimonates have been detected in the yellow tesserae,
testifying that they are responsible for QsG1’s typical colour [17].

Although the chemical study allowed the detection of the raw materials used to produce Roman
glass tesserae employed in the Four Seasons mosaic, it has not been possible to locate the secondary
production workshops where the tesserae have been coloured and opacified. Indeed, previous
studies [13,14] demonstrate that, during the Roman age, glass production was limited to a small
number of primary glass making centres. Then, the slab glasses were broken into chunks and
distributed to secondary fabrication workshops to be re-melted, coloured and shaped. In Calabria,
traces of producing leftovers and fusion attempts are the only remaining signs of a furnace in Parghelia,
near Vibo Valentia, during the VI-VII century A.D. [42,43]. Therefore, it can be hypothesized that the
S. Aloe glass tesserae (1) were produced in the secondary fabrication workshop of Parghelia (V.V.)
operating since the I century A.D.; or (2) they were imported as exogenous material.

In both cases, these new data increase the information about the S. Aloe quarter and more generally
on the Calabrian archaeological context.
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