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Abstract: Archaeometric studies on mosaics often concentrate only on glass tesserae, while compre-
hensive studies including both stone and glass tesserae are scarce; however, both types of tesserae
can sometimes bring relevant data to elaborate archaeological knowledge on a studied mosaic. In this
paper, a representative set of tesserae from a large polychrome Roman mosaic retrieved in Barcelona
(NE Spain) is investigated using various methods. Most of the techniques were directly applied on
samples prepared as petrographic thin sections (including polarized-light, cathodoluminescence
and electron microscopies, and synchrotron through-the-substrate µX-ray diffraction). The results
indicate that, from the ten sampled stone tesserae, there are (i) seven limestones, one of them iden-
tified as Alveolina limestone (early Eocene) from the southern Pyrenees (ii) two sandstones from
Barcelona’s Montjuïc hill (Miocene) and, (iii) a Carrara white marble from the Apuan Alps (Italy).
The profuse presence of tesserae of both local and imported materials with well-known uses in
architecture, epigraphy, and sculpture could imply that tesserae were a by-product of their main
use. Two different production technologies were identified for the three sampled glass tesserae. The
concurrent use of antimony- and tin-based opacifiers is in agreement with the accepted archaeological
chronology of the mosaic (4th century AD).

Keywords: mosaic; archaeometry; glass and stone tesserae; provenance; opacification; cathodolumi-
nescence; Roman period; thin section petrography; SEM-EDS; tts-µXRD

1. Introduction

The taste for polychromy in ancient art assumed by many artistic expressions, includes
floors, painted walls, and sculptures or the use of colorful stones or painted architectural
elements. It is possible that mosaics are the best elements to analyze the richness of
the kaleidoscopic decoration in the Classic world because some of them show a wide
and condensed palette of colors without significant fading through time. Mosaics (opus
tessellatum and opus vermiculatum) were made of small square-shaped tesserae. As with
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many other artistic and architectural changes, mosaics were implemented by the Romans
over the Hellenistic civilization influence, who turned it into an art genre of significant
scale. Decorative mosaics likely originated as an indigenous development in Greece [1],
a variation of decorated pebble floors. The use of regular squared tesserae was possibly
introduced for practical, aesthetic, and technical reasons. The first patterned pebble floors
date from the 5th century BC and the first floors using tesserae date from the 3rd century
BC. Tesserae were mainly cut from a variety of stones, but other materials were also used
including pottery, glass, colored glass, or even shells. From the 1st century BC onwards,
these decorated floors experienced a steady expansion throughout the entire Roman Empire.
The first Roman mosaics were often reproduced earlier Greek mosaics that were produced
by Greek artists, but later, the Romans created their own production schools developing
original styles and establishing local workshops in the main cities of the Empire. Romans
also used decorative mosaics for walls, ceilings, and walkways. Bichrome (black-and-white)
and polychrome mosaics often attempted to copy the geometrical motives of contemporary
wall paintings and some figurative mosaics are known to be copies of original paintings.

Decorated opus signinum floors from the Greek colony of Emporion (NE Spain) could
be considered to be the oldest mosaics (3rd–2nd century BC) documented in the Iberian
Peninsula [2]. In Hispania (Roman Iberian Peninsula), during the first two centuries of
Imperial Rome, geometrical and ornamental bichrome mosaics were predominant [3] and
they were inspired by Italic models, for example, the 1st century AD figured floors of
the public baths from Barcino (Roman Barcelona, NE Spain), in present-day Sant Miquel
square [4]. During the Antonine and Severan dynasties (96–235 AD) economic prosperity
in Hispania entailed embellishment of private buildings and mosaics and polychrome
compositions started to appear [2], which became widespread in the 3rd century. From the
mid-3rd century AD onwards, Barbarian invasions (Franks and Alamanni) threatened the
security of cities and promoted the rise of the rural world [2]. Villa complexes expanded
and wealthy landowners decorated them with mosaics and frescoes frequently depicting
hunting scenes [5]. The mosaic floor became widespread in all rural villae towards the end
of antiquity. The monumental complex of Centcelles, not far from Tarraco (Tarragona), is
possibly a villa that turned into a mausoleum and includes a circular room with a dome,
datable to the first half of the 4th century AD, decorated with cupola mosaics with early
Christian iconography [6]. The bichrome (black-and-white) mosaics were usually built
using limestone (or occasionally volcanic rocks for black tesserae). In contrast, polychrome
mosaics, already in the Hellenistic period, required a wider range of colors and motivated
the use of a broad variety of rocks and artificial materials [7] (glass, faience, and pottery).
However, in Roman Italy, glass entered systematically into the palette of mosaicists only
from the early 1st century AD [8]. The Neptune mosaic (Italica, near Seville, S Spain),
assembled in the 2nd century AD, combined a single central polychrome figure made of
stone and glass tesserae in a black-and-white mosaic [2]. The remarkable Cosmological
polychrome mosaic found in Mérida (W Spain), also dated in the 2nd century AD, stands
out for the combination of stone (limestone, quartzite, and marble), precious material
(lapis lazuli and gold), and glass tesserae [9]. Existing archaeometric characterization
of tesserae from mosaics often concentrates on glass tesserae [10–14] and only rarely on
stone tesserae, mainly marble [15] and limestone [16,17]. Comprehensive studies that
have included different types of tesserae are rather scarce [18]. In this paper, we report
the results of an archaeometric investigation on a representative set of tesserae from a
large polychrome Roman mosaic retrieved in Barcelona. The objective is to provide a
compositional and petrographic characterization of the color palette used to assemble
the mosaic and also to infer provenance and technological data, as well as to discuss the
corresponding archaeological implications.
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2. Materials and Methods
2.1. The Circus Mosaic from Barcelona

Among the different mosaics hosted at the Archaeology Museum of Catalonia (MAC)
in Barcelona, the Circus mosaic stands out. This large (7.99 × 3.56 m) polychrome mosaic
(catalogue number MAC-19004) is presently on display fixed on Aerolam™ and held on
a structure almost in a vertical position. The mosaic was found in 1860 at around 3 m
underground during the demolition works of the Minor Royal Palace within the old city of
Barcelona (in the present-day Comptessa de Sobradiel street) [19]. It would have belonged to
the pavement of a luxurious domus in Barcino (Roman Barcelona).

The mosaic occupies a large rectangular area and the exact original longitude is
actually unknown because the mosaic was already broken on its left side at the time of
its discovery but it could have attained more than 9 m [20]. From its unearthing, the
mosaic has been moved several times [19], some parts have been lost, and it has been
reduced to several unconnected patches. In 1933, it was attached on a wall of one of the
exhibition rooms of the MAC museum and the lost parts between the original patches
were colored with an illusionistic technique on plaster to recreate the whole represented
scene. In 1990, due to refurbishment works, the mosaic was disassembled again. Finally,
the museum conservators reassembled it on its present support, in 2003, and the lacunae
(i.e., the missing parts) are now only schematized using pale tones (Figure 1).

Figure 1. In the center, a general view of the Circus mosaic, and the smaller surrounding images
illustrate the zoomed parts to identify the numbered tesserae in their original locations before
their extraction.

The theme depicted in the mosaic is the dénouement of a chariot race and the scene is
divided into two parts. In the upper part, there is a representation of the spina (the median
strip that separated the two linear sections of the racetrack) including ornate columns,
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statues, and an obelisk. In the lower part, there are four chariots that depict, from right to
left, green, red, white, and blue teams. On the right, there is the winner and on the left a
wrecked chariot. The whole scene is framed by a decorated border. The mosaic has received
attention from many scholars due to its dimensions and richness in details and inscriptions.
The published studies have mainly focused on the archaeological, iconographic, semantic,
and historiographic interpretations [20–23]; however, no archaeometric characterization
of the mosaic has been published to date. The mosaic is thought to portray an idealized
and symbolic Roman circus chariot scene and chronologically it is believed to have been
assembled in the first half of the 4th century AD [24]. The age is based on the archaeological
context and on similar mosaics and mural paintings [20].

2.2. Sampling and Methods

A total of 13 tesserae, covering the main colors used in the mosaic, was extracted from
their positions using a scalpel (Figure 1). They were labeled with numbers according to
their positions within the mosaic from left to right. The sampled tesserae were embedded
in epoxy resin and the resulting plastic blocks were sliced to prepare petrographic thin
sections to be used for determining their lithic or glass nature. Most of the additional
analyses were performed directly on the samples prepared as thin sections.

2.2.1. Colorimetry

The cut plastic blocks that remained from the thin-section preparation were used
to perform colorimetric measurements on the freshly cut tesserae using an RM200QC
instrument (X-rite Inc., Grand Rapids, MI, USA). The measurements were taken on wet
samples after soaking them in water to obtain darker and shiner colors that emulate those
obtained after effective finishing/polishing. The reproducibility and homogeneity of the
measurements were checked by repeating all measurements three times on different spots
and occasionally checking that in situ measurements on well-preserved tesserae produced
similar colors.

2.2.2. Thin-Section Petrography (POM, CL)

The petrographic study was conducted by polarizing optical microscopy (POM) using
a microscope (Nikon Eclipse E600, Tokyo, Japan) with transmitted light (TL) in both plane-
polarized light (PPL) and cross-polarized light (XPL) modes as well as reflected light (RL).
The images were retrieved using an attached camera (Nikon DS-Fi3). The selected thin
sections were half stained with alizarin red S dye to detect the presence of CaCO3. In
addition, for certain tesserae, additional cathodoluminescence (CL) measurements were
performed on the thin sections using a CL8200 Mk5-1 equipment (Cambridge Image
Technology Ltd., Welwyn Garden City, UK), operating at 15–18 kV with a gun current of
~200 µA. The CL images were recorded using different exposure times ranging from 1 to
4 s depending on the CL response.

2.2.3. SEM-EDS

For the three thin sections corresponding to glass tesserae, additional scanning electron
microscopy (SEM) images were obtained along with chemical data from energy disper-
sive X-ray spectroscopy (EDS). The data were obtained using MERLIN and EVO MA10
microscopes (Zeiss, Jena, Germany) equipped with EDS Oxford LINCA and LINCA X-Max
detectors (Oxford Ist., Oxford, UK), respectively.

2.2.4. tts-µXRD

Structural data from Synchrotron for through-the-substrate microdiffraction (tts-
µXRD) were also obtained from the three thin sections of glass tesserae. Measurements
were performed on the focused-beam station of the beamline BL04 [25] at the ALBA Syn-
chrotron (Cerdanyola del Vallès, Spain). The energy used was 26.71 keV (λ = 0.4642 Å) and
the diffraction patterns were recorded with a SX165 CCD detector (Rayonix, Evanston, IL,
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USA). The radial integration of the images was performed with d2Dplot software [26] and
phase identification was performed using Panalytical Highscore Plus 2.0.1 software using
the integrated PDF-2 database (ICDD).

2.2.5. XRF

Small chips of the three glass tesserae were subjected to macro- and micro-EDXRF
analyses to obtain compositional data including trace elements. The dual macro- and micro-
EDXRF approach has been proven to be useful for archaeometric characterization [27]. The
macro-EDXRF measurements were done by using a touch control S2 Ranger EDXRF system
(Bruker AXS GmbH, Karlsruhe, Germany) with a Pd X-ray tube and XFlash® Silicon Drift
Detector (SDD, Peltier cooling at −50 ◦C, with 128 eV of resolution) (Bruker AXS GmbH,
Karlruhe, Germany). The analyses were performed under vacuum, with a 300 s of effective
acquisition time, at four different voltages (10, 20, 40, and 50 kV) to determine their bulk
elemental composition from sodium (n = 11) to lead (n = 82). The micro-EDXRF analyses
obtained in µg·cm2 were performed on microregions by using a benchtop small-spot
spectrometer (XDV-SD model, Helmut Fischer GmbH, Sildelfingen, Germany) in open-air
conditions (therefore, elements lighter than calcium (Z = 20) were not detectable).

2.2.6. Stable Isotopes Analyses

Small amounts of powdered marble tessera fragments were used to perform the
oxygen and carbon isotope analyses. About 0.08 mg of powder was reacted, at 70 ◦C,
with 100% phosphoric acid in a Kiel Device III, coupled online with a mass spectrometer
MAT-252 (both devices from Thermo Finnigan LLC, San José, CA, USA). The results were
calibrated with the NBS-18 and NBS-19 international reference materials. Carbon and
oxygen isotopes are reported in ‰ deviation relative to Vienna Pee Dee Belemnite (V-PDB).
The reproducibility, determined by replicate analysis of standards, was better than ±0.02‰
for carbon and ±0.06‰ for oxygen.

3. Results
3.1. Colorimetry

Preliminarily, the tessera colors were visually evaluated and the selection of samples
was driven by the main distinguishable colors used to compose the mosaic. The appropriate
description of color is not a trivial issue as it is a matter of perception, which greatly depends
on the subjectivity of the observer. For correct color registration, objective colorimetric
measurements were done using the Natural Color System (NCS) [28,29] notation and the
parameters of the Commission Internationale de l’Eclairage (CIELAB color space) (see
Table 1).

Colors in the NCS are defined by three percentages, blackness and chromaticness (both
usually presented as a single four-character number), and hue expressed as the relative
similarity to one or two of the chromatic elementary colors, which in this system are red
(R), yellow (Y), green (G), and blue (B). The coordinates L*, a*, and b* from the CIELAB
color space correspond to luminosity (L*, from 0 to 100) and the green-red and blue-yellow
positions on the axes (a* and b*, usually defined in a range from −128 to 128). CIELAB
is extensively used as a precise color specification space in heritage science [30,31] due to
its uniform distribution of colors and their proximity to human perception of color [32].
Archaeologists are more accustomed to employing Munsell color charts [33]; however, the
Munsell method has been questioned for being inaccurate and subjective [34,35]. Here,
only the closest Munsell color to the measured NCS color was used to provide a word
combination to refer to the obtained color.
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Table 1. Table includes close-up images of the thirteen sampled types of tesserae and their measured colors using both NCS
and CIELAB systems, the color name corresponds to the closest Munsell color.

Sample #1 #2 #3 #4 #5 #6 #7

Picture

NCS S 7005 Y20R S 2010 Y50R S 1005 Y30R S 5010 Y10R S 4020 Y30R S 7010 Y90R S 5020 B50G
L* 35.64 75.83 86.65 53.97 58.2 32.49 47.97
a* 1.91 6.92 1.25 3.11 9.93 9.45 −14.19
b* 6.21 13.27 10.05 13.74 21.76 5.67 −3.43

Color name dark gray pinkish gray white grayish
brown

light
yellowish

brown
dusky red grayish arctic

blue

Sample #8 #9 #10 #11 #12 #13

Picture

NCS S 7010 B10G S 2010 Y70R S 6005 G50Y S 5020 Y90R S 6020 G30Y S 3005 Y20R
L* 33.19 75.76 47.56 44.61 38.76 69.27
a* −5.51 7.54 −2.91 15.4 −9.89 1.38
b* −5.98 9.54 5.14 8.48 13.96 10.02

Color name dark grayish
azure pinkish white greenish gray weak red sage green light gray

Almost all the sampled tesserae exhibit homogeneous macroscopic colors, except
tesserae #9 (rounded white spots in a pinkish background), #12 (light green, almost yellow,
spots in a green background), and #13 (light gray veins in a white background). In addition,
many types of tesserae show slight differences that allow the mosaic artist to create color
gradients, which are particularly noticeable for tesserae #5 and #11 and for tesserae #7 and
#8, in this last case, there is a chromatic continuum from both blue-type colors.

The glassy nature of tesserae #7 and #8 is clearly seen by macroscopic evaluation but
it was not so obvious for tessera #12. However, #12 was also confirmed as a glass tessera
after microscopic analysis. Therefore, the results are presented separately for glass and
stone tesserae.

3.2. Stone Tesserae
3.2.1. Petrographic Characterization
Limestones (Tesserae #1, #2, #3, #4, #5, #9, and #11)

Most of the sampled tesserae can be petrologically defined as calcitic limestones (all
the corresponding thin sections turned red under alizarin red S assay). Some of these
limestones only comprise micritic matrix or sparitic cement without or scarce fossiliferous
content, whilst, in other tessera samples, bioclasts can be easily identified.

On the one hand, tesserae #2, #4, and #11 are micritic limestones with a minor pres-
ence of bioclasts (Figure 2a–c). Tessera #2 (pinkish gray) is the finest-grained sample,
with only occasional larger rounded spar-filled grains and cracks. The fossil content is
represented by a minor presence of thin-shelled bivalve fragments, and small porcelaneous
foraminifera (possible Miliolida). Tessera #4 (grayish brown) is a mudstone with abundant,
recrystallized, micritic matrix with a minor presence of ‘ghosts’ of unidentifiable bioclasts.
Tessera #11 (weak red) seems to have had a micrite-rich texture, but it has been altered by
diagenetic processes. The superimposed features include the recrystallization of most of
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the micritic matrix, precipitation of a dolomitic cement (not stained by alizarin red S) in
fractures, and the formation of incipient iron-bearing microstylolites. Tessera #3 (white) is
made of a sparitic limestone (Figure 2d) with crystals of around 100 µm diameter without
fossils or other identifiable structures. As a result, the amount of information provided by
these tesserae on the origin of the material is limited.

Figure 2. POM images of thin sections (PPL) of limestone tesserae from the Circus mosaic. The right red bands correspond
to positive alizarin red S test: (a) #2 (pinkish gray) micritic limestone; (b) #4 (grayish brown) micritic limestone; (c) #11
(weak red) recrystallized micritic limestone with spar veins and microstylolites (inset, detail showing non stained dolomite);
(d) #3 (white) sparite-rich limestone (inset, detail of calcite crystal); (e) #1 (dark gray) wackestone (inset, detail of algae
fragment); (f) #5 (light yellowish brown) wackestone (on the right, detail of hyaline-tested (top) and porcelaneous-tested
(bottom) foraminifera); (g) #9 (white dots in a pinkish background) Alveolina limestone.

On the other hand, common bioclasts were identified in tesserae #1, #5, and #9. Tessera
#5 (light yellowish brown) is made of a wackestone [36] (Figure 2f) with a common presence
of porcelaneous-tested foraminifera (Miliolida) and hyaline-tested foraminifera (Rotaliida,
family Discorbidae) as well as algae fragments and ostracod shells. Tessera #1 (dark
gray) shows a wackestone texture with common bioclastic fragments (Figure 2e) including
abundant fossil Charophyite algae fragments, along with bivalve fragments and ostracod
shells. Tessera #9 (white dots in a pink/reddish background) is a bioclastic packstone [36]
(Figure 2g) which is very rich in Alveolina. These large benthic foraminifera correspond
to the white dots seen macroscopically. The matrix contains other types of porcelaneous
foraminifera and fragments of echinoderms.

Sandstones (Tesserae #6 and #10)

Two tesserae from the Circus mosaic can be classified as siliciclastic fine-grained
sandstones, which both contain mostly quartz and more-or-less altered K-feldspar grains
(up to ~200 µm diameter) that are apparently angular shaped but they differ in the cement.
For tessera #6 (dusky red), the presence of both spar and iron oxide cements (Figure 3a)
is obvious. In contrast, for tessera #10 (greenish gray), calcareous components are absent,
and the presence of cement is not obvious. Cement is not clearly distinguishable from
the grains giving the sandstone a very compact and massive appearance, almost as if it
had a granular igneous texture (Figure 3b). Cathodoluminescence measurements (see next
section) reveal that both sandstones contain euhedral authigenic overgrowths.
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Figure 3. POM images of thin sections of some sampled stone tesserae from the Circus mosaic including the same
area viewed under PPL (top) and XPL (bottom): (a) Sandstone #6; (b) sandstone #10; (c) marble #13 with a red band
corresponding to a positive alizarin red S test.

Marble (Tessera #13)

A thin section of tessera #13 (light gray) shows a homeoblastic polygonal mosaic
of fine-grained equidimensional crystals (Figure 3c) of calcite (it became stained under
alizarin red S assay). The crystals have a maximum grain size (MGS) of ~0.4 mm and
occasional pressure twins. Calcite crystal boundaries are straight with common 120◦ corner
angles (triple point joints) indicating equilibrium of surface energy and surface tensions.
Additional isotopic analysis of this tessera helps to identify the origin of this fine-grained
marble (see Section 3.2.3).

3.2.2. Cathodoluminescence of Selected Samples

Cathodoluminescence measurements were performed on thin sections of three differ-
ent limestone tesserae (#3, #5, and #11), two sandstone tesserae (#6 and #10), and one white
marble tessera (#13).

Cathodoluminescence (CL) is particularly useful to characterize sedimentary rocks
and often allows the distinction between detrital, authigenic, and diagenetic phases, in
particular for carbonate rocks [37]. This is because the cathodoluminescent response is
highly sensitive to the presence of very low concentrations of trace elements within the
minerals that can act as activators, sensitizers, and quenchers of the CL. Calcite has an
intrinsic blue CL which is very weak [38] and Mn2+ and Fe2+ appear to be the most impor-
tant activators and quencher elements, respectively, for this mineral. The presence of Mn2+

substituting the Ca2+ site with concentrations as low as 15 ppm activates a bright yellow
cathodoluminescent response but this CL can turn orange, pink, or red for the simultane-
ous presence of Fe2+ (>200 ppm). For very high concentrations of Fe2+ (>1000 ppm), the
CL turns dark red, red-brown, or can be completely inhibited [37]. This can be taken as
general trends for calcite CL, but there is a complex relationship between CL and Fe/Mn
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concentration. In addition, the roles of other elements may be important or even dominate
the cathodoluminescent response of calcite in certain cases [39].

Sparitic limestone from tessera #3 (white) shows a very low blue-violaceous CL
(Figure 4a), possibly indicating a high purity of the calcite crystals that exhibit only the
intrinsic luminescence of this mineral. In contrast, the micritic limestone containing
porcelaneous-test foraminifera that constitutes tessera #5 (light yellowish brown) exhibits
a more typical red CL (Figure 4b), revealing the presence of abundant micritic peloids
(possibly formed by calcite bearing a higher Fe2+ content) with a lower CL intensity as
compared with the matrix. In addition, the bioclasts that are visible under PPL also exhibit
low CL intensity and are hardly perceptible in the CL images. In contrast, within the
matrix, there are highly cathodoluminescent spots including some previously unnoticed
bioclasts. Finally, the micritic limestone from tessera #11 (weak red) shows bright red CL
micritic patches apparently cemented by a low CL micrite, the occasional spar-filled cracks
comprise a yellow CL calcite interface and large non-CL crystals of calcite (Figure 4c). The
CL features observed in these limestones would be useful in sedimentary studies of them or
their fossil content [40] as they would essentially correlate with the Fe/Mg distribution of
the diverse carbonatic components of the rock and diagenetic data could be inferred from
it. However, in the context of provenance studies, these are not particularly diagnostic of
specific geological formations, although the obtained CL could be a discriminant criterion
for selecting compatible limestones among a set of local provenance candidates.

Figure 4. Petrographic images of thin sections of some sampled stone tesserae from the Circus mosaic including the same
areas viewed under CL (top) and PPL (bottom): (a) #3 limestone; (b) #5 limestone; (c) #11 limestone; (d) #6 and (e) #10
sandstones showing authigenic overgrowths on quartz (Qz) and K-felspar (Kfs) grains; (f) marble #13.

In contrast with limestone tesserae, the CL measurements on three other types of
tesserae are extremely useful to readily identify their provenance. Thus, both sandstone
tesserae (#6, dusky red and #10, greenish gray) exhibit quartz and K-feldspar clasts bearing
clearly visible authigenic overgrowths that are hardly noticeable in the optical microscopy
images due to the optical continuity between the clast and the authigenic cement. Quartz
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clasts show a very low CL (dark blue, dark gray, or maroon depending on the clast) but
their overgrowths always appear to be completely black (i.e., not cathodoluminescent at
all). K-feldspar clasts exhibit higher intensity CL with cyan tones and the corresponding
overgrowths appear to be brownish blue (Figure 5). The presence of authigenic cement
around the K-feldspar clasts is particularly rare. In the context of the local geology of
the Barcelona region and surrounding areas, K-feldspar authigenic cement is specifically
restricted to the Montjuïc sandstone (Miocene age), outcropping in the homonymous hill
on the seafront of the city. There is an important difference between tesserae #6 and #10,
i.e., #6, besides the overgrowths, contains carbonatic (high-intensity yellow CL) and iron
oxide cements that are completely absent in #10 (Figure 4d,e). This difference allows one to
identify the exact provenance of each tessera, #6 (dusky red) would be from the carbonate-
rich nodules found in the upper Morrot unit [41] and #10 (greenish gray) from the overlying
Castell unit [41]. The provenance identification of these two tesserae has been reported
in a previous paper [42]. In addition to the sandstone tesserae, the CL measurements are
also particularly conclusive to identify the marble tessera #13 (light gray). The thin section
of this tessera exhibits a medium intensity orange CL (Figure 4f), quite homogenous but
with a slightly higher intensity CL signal concentrating at the crystal boundaries. The
petrographic features of this very fine-grained marble point to a high-quality classical
marble and its particular CL features match with the Italian Carrara marble [43]. Among
the other known candidates, Paros and Göktepe marbles would show a very low CL [44]
(appearing the intrinsic blue-violaceous CL of calcite only after long exposure times) and
Pentelic and Dokimeion marbles would show a patchy CL pattern including high and low
intensity areas unrelated to the crystals [45].

Figure 5. Detail of a K-feldspar grain under CL (cyan) in tesserae #6 and #10. They both show
recognizable authigenic overgrowths (dark brownish blue), additionally, in tessera #6 there is also a
rim of carbonatic cement (bright yellow).

3.2.3. Isotopic Analysis of Tessera #13

The archaeometric provenance approach for marbles is quite well established, often
comprising a multi-technique approach combining petrography, cathodoluminescence,
and stable carbon (δ13C) and oxygen (δ18O) isotopes [15,46,47]. The isotopic composition
measured for the marble from tessera #13 (light gray) was plotted in a bivariate isotopic
diagram including the reference fields for fine-grained classical marbles [48] adding an
extra reference field for Göktepe marble [49] (Figure 6). The sampled marble lies well
within the reference field of Carrara without any ambiguity with other reference fields.
Therefore, the isotopic analysis reinforces the conclusion drawn from the CL measurements.
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Figure 6. Isotopic signature of marble from tessera #13 plotted in a diagram depicting the isotopic
fields for the main fine-grained classical marbles (after [48,49]). Top-left inset, MGS of tessera #13
plotted against several reference MGS box bars of calcitic marbles (after [50]).

3.3. Glass Tesserae
3.3.1. Petrographic Characterization

Thin sections of the bluish tesserae (#7 and #8) appear homogeneously colored in
transmitted light (TL) under plane-polarized light (PPL) apart from some occasional circular
bubbles and opaque inclusions (Figure 7a,b). The inclusions appear to be scattered on all
the glass surface, but, occasionally, they form bigger aggregates, for example, in tessera
#8 a rather large cluster was found (Figure 7b). These thin sections are completely black
under cross-polarized light (XPL), revealing the isotropic nature of glass. Under reflected
light (RL), the opaque inclusions exhibit higher reflectance than the glass and despite the
small size, recognizable morphologies are mostly euhedral indicating that the inclusions
are crystals newly formed during the glass-making process.

Figure 7. POM images of thin sections of the sampled glass tesserae from the Circus mosaic: (a) Arctic blue tessera #7, PPL
(top) and RL (bottom) corresponding to the square enclosing opaque inclusions; (b) dark azure tessera #8, PPL (top) and RL
(bottom) corresponding to the square area enclosing opaque inclusions; (c) sage green tessera #12, on the left general view
including large pores and the matrix as seen in PPL (top) and XPL (bottom), on the right enlarged areas viewed under RL
displaying gray and yellow microcrystal inclusions (top) and a reddish clod (bottom).
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In contrast, the thin-section texture of the sage green tessera (#12) appears to be quite
heterogeneous, in part, probably due to alteration processes. It displays a fluidal-like
matrix (transparent and green under PPL) and rather large (>0.2 mm) elliptical, ocellar,
and rounded pores, often with a yellow-colored rim. The pores are usually partially,
and sometimes completely, filled by precipitated minerals (Figure 7c). Under XPL, the
discontinuous transparent areas appear to be extinguished but most of the filled pores and
the green areas also appear to be colored with greenish and yellow tints. The central part
of some pores appears to be opaque indicating that they are empty. Using the RL mode,
it is possible to identify at least two different types of high reflectance mineral inclusions
within the matrix, one with a grayish color (the most abundant and seemingly also present
within some pores) and another with a yellowish color (rarer). Some opaque clods (under
TL) in the matrix appear with a reddish hue in RL mode.

Once the glassy nature of these three tesserae was confirmed, their chemical composi-
tions and the mineral identification of inclusions were obtained using other techniques.

3.3.2. SEM-EDX Measurements

Several representative areas of the glass matrices (free of microcrystals) of tesserae
#7, #8, and #12 were analyzed using EDX and their mean values can be taken as the
corresponding average compositions (see Table 2). In addition, microcrystallites and clods
embedded in the glasses were also analyzed. Microcrystals appear to be scattered and
isolated within the glass matrix but occasionally they form aggregates.

Table 2. Arithmetic means (m) and standard deviations (σ) of the chemical composition (wt%)
obtained by SEM-EDS on several small areas (free of visible microcrystals) of the three sampled
glass tesserae.

Compound #7 (Arctic Blue) #8 (Dark Azure) #12 (Sage Green)

m σ m σ m σ

Na2O (%) 13.3 0.3 14.9 1 1.2 0.2
MgO (%) nd nd 0.5 0.1
Al2O3 (%) 2.6 0.2 1.7 1.5 7.7 0.8
SiO2 (%) 70.5 1.8 71.9 2.7 74.9 5.5

Cl (%) 1.1 0.1 2.2 1 od
K2O (%) 0.9 0.1 od 3.2 1.3
CaO (%) 6.4 0.2 7.8 0.4 3.2 0.8
MnO (%) 0.7 0.1 nd nd
FeO (%) 0.9 0.2 od 1.6 1.3
CuO (%) nd od 0.9 0.8
SnO2 (%) nd nd 2.2 1.7
Sb2O5 (%) 3.4 2.1 nd nd
PbO (%) od nd 4.7 3.0

nd, not detected; od, occasionally detected.

The chemical composition of glasses from tesserae #7 and #8 matches that of a typical
soda-lime glass. In contrast, glass from tessera #12 deviates from typical soda-lime glass,
exhibiting lower Na and Ca values (and higher K and Al values). Additionally, minor
amounts of Pb and Sn were also detected, although these two elements would not be part
of the glass matrix as their presence is related to microcrystals that act as opacifiers and/or
coloring agents.

The composition of microcrystallites embedded in the glasses emphasizes the differ-
ences between the bluish and the green tesserae. In the first, crystals contain Sb (Figure 8)
whereas in the latter they contain Sn and often Pb (Figure 9c,d).
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Figure 8. SEM images of Sb-bearing crystal aggregates and clods taken from thin sections of the
sampled glass bluish tesserae from the Circus mosaic: (a) Crystal aggregate from tessera #7, also
shown in Figure 7a; (b) crystal aggregate from tessera #8, also shown in Figure 7b; (c) smaller crystal
aggregate from tessera #7; (d) clod relict from tessera #7, also shown in Figure 7a; (e) smaller crystal
aggregate from tessera #8.

Variable amounts of SiO2 (24 to 47 wt%) are detected in the analyses on crystals in
bluish tesserae. We assumed that the observed crystals did not contain Si, and therefore the
corresponding fraction of glass was subtracted from the analyses. After subtraction, most
of the analyzed crystals in aggregates from #7 (Figure 8a,c) and #8 (Figure 8b) show Ca, Sb,
and O ratios that point to stoichiometries close to CaSb2O6. Occasionally stoichiometries
close to Ca2Sb2O7 were also detected in tessera #8 (Figure 8e). Apart from newly formed
microcrystals, in tesssera #7 small relict clods (Figure 8d) were also identified. They are
richer in Sb2O5 (~26 wt%) and CaO (~11 wt%) as compared with the glass and they include
a detectable amount of CuO (~2.5 wt%).

In contrast, microcrystals found in the green tessera (#12) show a higher variability of
compositions and they can be correlated with their optical properties (grayish or yellowish
reflectance as seen in RL mode) (Figure 9a). Those exhibiting a grayish reflectance appear
to contain Ca and Sn, and within these crystals there appear to be brighter crystals that
contain Sn (Figure 9b). The scarcer and smaller crystals with yellowish reflectance contain
Pb and Sn (Figure 9c). An abundant feature of this tessera is the presence of elongated
pores, which often appear to be affected by secondary processes. Most of the pores have
developed yellowish rims as seen under the optical microscope (Figure 9d inset), they
appear to be partially filled with precipitates containing variable amounts of Pb and Ca.
The analyses on the rims exhibit various compositions, but they are always enriched in
PbO (7–12 wt%), CaO (4–10 wt%), CuO (~2 wt%), MgO (<4 wt%), and SnO2 (<3 wt%) as
compared with the glass. Some pores deprived of rims appear to be fully occluded by a
precipitate containing basically Ca (Figure 9e). Finally, analyses on the occasional clods
(Figure 9f) (with a reddish hue under the optical microscope, in RL mode) present higher
concentrations of Fe2O3 (~30 wt%), Al2O3 (~15 wt%), Na2O (~9 wt%), and MgO (~3.2 wt%)
as compared with the glass.
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Figure 9. Detailed images of features found within the thin section of the sampled green glass tessera #12 from the Circus
mosaic: (a) Microcrystals with gray and yellowish reflectance as seen in POM in RL mode (top) and the same area seen by
SEM (bottom); (b) zoomed SEM image of crystals of gray reflectance including brighter domains; (c) zoomed SEM image of
crystals of yellowish reflectance; (d) SEM image of the glass matrix and the rim of a large pore (central inset, PPL POM
image of the pore with indication of the SEM viewed areas, and, inset on the right, SEM image of the opaque pore-filling);
(e) SEM image of a large filled pore deprived of rim; (f) SEM image of the glass matrix in contact with a clod relict (inset.
POM (in RL mode) image of the whole reddish clod with indication of the SEM viewed area).

3.3.3. SR tts-µXRD Measurements

The presence of hexagonal CaSb2O6 was confirmed as the main microcrystalline
phase within the glassy matrices of tesserae #7 and #8 (Figure 10). Additionally, other
Sb-bearing minor phases were also detected. Within #7 tesserae (arctic blue), cubic phase
Sb6O13 was the main crystalline compound found in a relict clod (Figure 10b). Other minor
phases, such as Ca5Sb5O17, were also identified, whereas in tessera #8 minor amounts of
Pb2Al0.5Sb1.5O6.5 and Cu12Sb4S13 were also detected. However, Ca2Sb2O7 was not found.
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Figure 10. Representative diffractograms obtained by SR tts-µXRD from the crystal aggregates found
embedded within glass matrix of the bluish tesserae: (a) CaSb2O6 pattern from an aggregate from
tessera #7; (b) pattern showing peaks of Sb2O13 and minor CaSb2O6 from a clod relict from tessera #7;
(c) CaSb2O6 pattern from an area of the big aggregate from tessera #8. Corresponding SEM images
with indication of the irradiated area (red circle) are also shown.

Regarding tessera #12, the ubiquitous crystals with a grayish reflectance were identi-
fied as malayaite (CaSnSiO5) and they contained domains of cassiterite (SnO2) (Figure 11a).
The very fine crystals with a yellow reflectance are mainly cubic PbSnO3 (Figure 11b),
although other cubic similar phases, such as Pb2Sn2O6 and Pb3Sb2O8.47, were also occa-
sionally detected. The precipitates within pores were cerussite (PbCO3) and minor calcite
(CaCO3) for those within pores with yellow rims (Figure 11a). In contrast, pores without
rims appear to be filled only with calcite. Finally, analyses on the reddish clods reveal a
variable mixture of mineral phases always including hematite (Fe2O3), quartz (SiO2), and
Mg-bearing silicates such as diopside (MgCaSi2O6) and cordierite (Mg2Al4Si5O18), see
Figure 11a.
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Figure 11. Representative diffractograms obtained by SR tts-µXRD from the crystalline features found within the green glass
tessera #12: (a) POM image in RL mode with several highlighted colored rectangles, also shown as insets in the diffraction
patterns, where the corresponding irradiated areas are marked with circles: ((right) grayish reflectance crystals including
malayaite (mly) and cassiterite (cst), (bottom-left) pore filling including cerussite (cer) and calcite (cal); (bottom-right)
reddish relict clod including quartz (qz), hematite (hm), diopside (dio) and cordierite (crd)). (b) POM image in RL mode
with a highlighted rectangle, also shown as an inset (along with the equivalent SEM image) in the diffraction pattern on the
right, where the corresponding irradiated area is marked with a circle, they correspond to yellowish reflectance crystals of
cubic PbSnO3.

3.3.4. EDXRF Measurements

Representative XRF spectra for the bulk composition of the three glass tesserae are
shown in Figure 12. The main excitation peaks detected are highlighted. Despite the
lower sensitivity to light elements, EDXRF measurements yielded the bulk composition
of the analyzed glass tesserae including trace elements (Table 3). Apart from the diverse
sensitivities of the techniques, differences between EDX values (Table 2) and EDXRF values
(Table 3) are due to the fact that the EDXRF measurements represent the whole-tessera
compositions including glass, clod relicts, and microcrystals (both embedded in the glass
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and grown within the pores). Local micro-EDXRF confirmed this source of discrepancy
and allowed us to perform the measurements on the areas with more vivid colors to track
correlations between color intensity and trace elements. Some crystalline phases can be
relevant coloring agents but the color in glasses is often caused by the addition of certain
minor elements, which in their ionic form can integrate into the glass matrix [51] and these
are often transition metals.

Figure 12. Representative bulk EDXRF patterns for the three sampled glass tesserae from the Circus
mosaic showing relevant element peaks. In particular, Sb and Cu for tesserae #7 (arctic blue); Sb for
tessera #8 (dark azure); and Pb, Sn, and Cu for tessera #12 (green). Inset, detail to reveal the presence
of Co, in #12 and specially in #8.

Table 3. Bulk composition of the three sampled glass tesserae as obtained by EDXRF.

Compound #7 (Arctic Blue) #8 (Dark Azure) #12 (Green)

Na2O (%) 4.4 4.5 2.2
Al2O3 (%) 4.6 5.6 0.8
SiO2 (%) 69.6 70.2 41.6
K2O (%) 0.9 1.4 1.6
CaO (%) 11.6 9.6 12.4

Fe2O3 (%) 1.5 1.8 4.0
CuO (%) 0.7 0.2 2.4
SnO2 (%) 0.4 0.1 13.8
Sb2O5 (%) 2.7 4.0 0.3
PbO (%) 0.4 0.8 20.1

Mn (ppm) 125 1540 2420
Co (ppm) nd 305 115
Zn (ppm) 600 nd 2710
Rb (ppm) 30 50 65
Sr (ppm) 975 755 1090
Zr (ppm) 225 260 195

nd, not detected.

Bulk compositions of the bluish tesserae (#7 and #8) are similar and, in agreement
with their identified microcrystals, both tesserae show a significantly higher amount of Sb
as compared with the greenish tessera (#12). Conversely, tessera #12 exhibits a particularly
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higher tenure in Pb, but also in Cu and Sn, which is in agreement with the composition of
its crystalline phases.

Subtle compositional differences between the bluish tesserae are a higher content of
Cu and the presence of Zn in #7, whilst in tessera #8 there is a higher content of Mn and
the presence of Co (see inset in Figure 12). Regarding tessera #12, trace element differences
as compared with the other glass tesserae are the particular richness in Zn and Mn. It is
also worthwhile to mention the presence of a certain amount of Co.

4. Archaeological Discussion

The Circus Mosaic from Barcino was essentially assembled using stone tesserae, these
cover a broad color palette, particularly rich in warm colors but also including a variety
of gray tones. Glass tesserae seem to be restricted to three colors that would be difficult
to produce using stone materials (especially the bluish ones) and they are used in small
quantities, basically as part of the charioteer’s clothing. The different abundances and uses
of stone and glass tesserae are also possibly related to their different production costs. The
high price attributed to colored glass prompts considering glass tesserae as a marker of
luxury, even as late as the 4th century AD [52].

The analytical results from both types of tesserae can bring relevant data that con-
tribute to the construction of archaeological knowledge on the studied mosaic, including its
chronology. The possible geographical–geological origin and provenance of the rocks used
for stone tesserae can help to infer the significance and chronology of the workshop that
assembled it. Additionally, the composition of the glass tesserae can help to understand
their technology of production with implications in knowledge and even chronology.

4.1. Provenance

Seven out of the ten sampled stone tesserae are calcitic limestones, a commonly used
material in mosaics [53] and a readily available geological material around Barcelona. Large
volumes of Mesozoic limestones outcrop in the nearby Garraf massif (some 30 km heading
southwest along the coastline) but many other minor outcrops can be found even closer to
the city. The lack of microfossils or, when present, their wide stratigraphical distribution
makes it almost impossible to assign the limestone tesserae to specific geological formations,
with the only exception of tessera #9 which has been identified as being made of Alveolina
limestone of the Ilerdian age (early Eocene). Lithotypes of Alveolina limestones are typical
of the so-called Alveolina limestone formations that outcrop in the southern Pyrenees within
the Temp-Graus basin [54] and the Ripoll-Cadí basin [55]. The latter constitutes an area
crossed by tributaries of the Llobregat river that flows into the Mediterranean Sea just
south of Barcelona. This type of tessera is one of the few without a homogeneous color
within the mosaic (it contains the rounded Alveolina fossils that appear as white spots in a
pinkish background). The stone would have appeared precious to the artisans and their
use within the mosaic is restricted to a few alignments of tesserae, always placed in the
upper part of the horses’ tails.

The two sandstone tesserae (#6 and #10) were identified as made of Miocene Montjuïc
sandstone. This rock outcrops in the Montjuïc hill that stands at the south of Barcelona,
on the seafront. The observed quartz and K-feldspar authigenic overgrows, easily seen
using CL, are the characteristic petrographic markers [42] which allow us to assign both
tesserae to the same local provenance. In particular, tessera #10 (greenish gray) matches a
lithotype of sandstone from the Castell unit [41]. This unit constitutes 70% of the outcrop
at Montjuïc and its sandstones are known to have been intensively exploited since Roman
times as construction and sculpture material as well as epigraphic support [56,57]. This
type of tessera is profusely used in the Circus mosaic forming a wide longitudinal band
that delimits the lower part of the spina. The abundance of this material within the mosaic
agrees well with its known uses at larger scales, showing its availability as a by-product.
In contrast, tessera #6 (dusky red) matches the features of silicified sandstones, bearing
spar cement and forming levels of nodules that outcrop exclusively in the upper part of
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the Morrot unit at Montjuïc [42]. Consistently, this type of material is less frequently used
within the mosaic.

Finally, the white marble tessera (#13) has been identified as Italian Carrara according
to its petrographic features, CL signal, and isotopic signature. This marble that outcrops
in the Apuan Alps was widely used and exported by the Romans, particularly during
the 1st and 2nd centuries AD. In Roman Hispania, its epigraphical and architectural
use, concentrates in the Tarraconensis province, especially in the northeast and along the
coast [58]. As epigraphic support, it constitutes the most used white marble in Barcino [59]
and architectural uses have also been reported [60], particularly in the 2nd century AD.
Within the Circus mosaic, this type of tessera is possibly the most used as it constitutes
the background of the scene. This profuse application could be proof that artisans were
dealing with imported rough carved stones of Carrara marble and the tesserae of this
material were also a by-product, similar to what we infer for the local Montjuïc sandstone.
An alternative interpretation would be that the marble tesserae were produced by reusing
bigger damaged pieces.

4.2. Production Technology

The three glass tesserae can be divided into two different types. On the one hand,
bluish tesserae (#7 and #8) show many similarities and, within the mosaic, there is a
continuum of tesserae with hues from light arctic blue to dark azure. These are used as
part of the clothing of the chariot drivers of the white and red team and they are quite well
preserved. On the other hand, the green tessera type (#12) appears to be weathered and
apparently it was used for large parts of the green-team driver. Similarly, altered tesserae
with a darker green-bluish color (not sampled but perhaps also made of glass) appear to be
used for decorating the neck of a horse from the blue team. The driver of the blue-team
chariot has not been preserved as he would have been located at the missing left corner
of the mosaic. If present, the dress of such driver would perhaps have been largely made
with similar green-bluish alterable tesserae.

4.2.1. Base Glass

Potentially, the composition of the glass matrices can provide data on raw materials,
their sources, and even chronology as these have varied over time. The late Roman pe-
riod was a period of transition, and in particular, within the 4th century AD, some new
compositions of soda-lime-silica glass were introduced [61]. However, the compositional
interference of opacifiers/pigments complicates the extraction of relevant data which is al-
ready a difficult task for colorless (or naturally colored) glass. Nevertheless, some attempts
can be made using the local SEM-EDX measurements and the ‘reduced’ compositions.

The well-preserved bluish tesserae show a glassy matrix with a typical soda-lime-silica
composition, indicating the use of natron as a flux, in accordance with ancient Roman
and late-Antique glass. A comparison of the ‘reduced’ [62] values of alumina and calcium
oxide would also support the use of natron [63] and match the compositional range of
Roman colorless glasses dating from the 1st to 5th century AD [64] but none of the five
compositional types for ancient natron glasses linked to primary production centers in
the Levant and Egypt [63]. The ‘reduced’ composition of tessera #7 could fit within the
HIMT type but it does not contain the expected high levels of Mn and Ti. It is difficult to
determine the Sb, Mn, or Mn + Sb nature of the base glass because the detected levels of
Mn are low and those of Sb are altered by the presence of Sb-bearing microcrystals. In any
case, according to the soda/lime ratios, the base glass would be closer to Mn-decolorized
glass [65,66].

In contrast, the glass matrix or the ‘reduced’ composition of tessera #12, with very
low soda and very high alumina, and significant amounts of K and Fe, does not fit with
any reference composition groups of glass [67]. The observed deterioration in composition
could be the result of weathering of the corroded glasses, which appear to be usually
enriched in Si, Fe, and Al and depleted in Na [68]. However, this alteration should affect
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the surface of the tessera and not the analyzed core. Nevertheless, the presence of cerussite
(PbCO3) within most of the pores of the glass is strong evidence of alteration. Another
likely interpretation is that the glass from these types of tesserae was recycled glass. The
loss of sodium is a known effect of glass progressively reheated and contamination from
the glass workshop equipment and the fuel ash could explain the incorporation of Fe, K,
and Mg [66]. Recycling of Roman glass tesserae by remelting them is a well-documented
practice in Medieval times [69–71] but some earlier examples have also been reported in the
3rd–5th centuries AD, in Italy [65,67,72] and France [73]. Assuming that the proportions
of Mn and Sb detected by XRF are indicative of glass composition (no crystalline Mn- or
Sb-bearing phases have been detected), their proportions would also support the recycling
hypothesis [65,66].

4.2.2. Opacifiers

There are also differences between the two types of glass tesserae with regards to
the opacifiers. The analyzed bluish tesserae are characterized by the presence of Ca
antimoniates. These would have been formed by adding an antimony source to the molten
glass. The antimoniate appear as euhedral newly formed crystals almost exclusively made
of hexagonal CaSb2O6, which would indicate crystallization temperatures around or above
1094 ◦C [74]. The antimony source would have been stibnite (Sb2S3) or more likely roasted
stibnite (Sb6O13 has been found within relict clods). In contrast, the green tessera opacifiers
were Sn and Pb compounds added to the silica melt. These would have been a precalcined
mixture of lead and tin metals (lead–tin calx) including mainly SnO2 and PbO. The resulting
crystalline phases formed in the glass were malayaite (CaSnSiO5) and PbSnO3 (a well-
known opacifier and yellow pigment). Cassiterite (SnO2) was also found but only in the
form of remnant cores within malayaite. Malayaite is a tin analogue of titanite, and it is
known to be formed by the reaction of cassiterite with SiO2. Experiments conducted in air
have revealed that temperatures of 1100 ◦C [75] or 1400 ◦C [76] are required. According to
the literature, both tin- and antimony-based opacifiers were used between the 2nd and the
1st centuries BC. However, antimony was increasingly employed and by the 1st century AD
it had completely replaced tin-based phases. Later, in the 4th century AD, tin compounds
reappeared and progressively substituted the antimony compounds [11,77,78]. One of
the first claimed reappearances of tin oxide as an opacifier was actually documented in
Hispania, in a purple-black glass tessera from a Roman site at Centcelles (4th century
AD) [79]. However, some studies have revealed the coexistence of both opacifiers since
the 1st century AD [80]. In any case, Pb stannate was rare before the 4th century [67] and
its use in the Circus mosaic of Barcino can be used to confirm its suggested archaeological
age. The concurrent use (though separately) of antimony- and tin-based phases in the glass
tesserae of the same mosaic is particularly interesting, such use was already reported for
the mosaic of the Casa delle Bestie Ferite in Aquileia (Italy), also dated within the 4th century
AD [67].

4.2.3. Colorants

In addition to opacifiers, glass coloring was obtained by the combination of chro-
mophore ions dissolved in the amorphous glass and coloring crystals. The color of arctic
blue/turquoise tesserae, such as tessera #7, would be related to the presence of Cu (a
0.7 wt% CuO is found within the bulk composition of the tessera, although CuO was not
detected in the glass areas analyzed by SEM-EDS). Therefore, copper would be heteroge-
neously dissolved within the glass matrix or perhaps in the form of sub-microcrystals (not
detected by SR tts-µXRD). A concentration of 1 wt% CuO in soda-lime glasses, in the form
of a combination of Cu1+ and Cu2+, has been found experimentally to produce a turquoise
color [81]. The deep blue color of tesserae, such as tessera #8, is surely induced by the
presence of very low amounts of cobalt. The coloring power of this metal is far greater
than that of other transition metals and a few hundred ppm are enough to produce the
effect [51,82]; 305 ppm were found within tessera #8. Cobalt is also present in tessera #12
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(115 ppm) but the most abundant coloring agent within the sage green tessera is cubic
PbSnO3, this is an opacifier and yellow pigment known as lead–tin yellow II or anima
(formally Pb(Sn,Si)O3) [83]. The combination of blue (from Co) and yellow (from PbSnO3)
would produce the green coloring effect for tesserae such as #12.

The production of cubic PbSnO3 yellow pigment is relatively complex, it requires
mixing the Pb-Sn calx with pure silica (without alkalis) to promote transformation from
orthorhombic PbSnO4 which would form initially in the lead–tin calx [84]. Firing the calx
with silica and alkalis is known to produce decomposition of PbSnO3 and formation of
secondary SnO2 [84]. Once produced, the yellow pigment would have been subsequently
mixed with a pre-prepared glass melt during heating for a short period (to avoid disso-
lution) at not very high temperatures. The low temperatures agree with the presence of
visible flow lines in tessera #12 and, according to its reduced composition, the pre-prepared
melt could be recycled glass.

5. Conclusions

The archaeometric approach which combines several analytical techniques adapted
to every type of sampled tesserae (different types of rocks and glass pastes) has proven
to be a powerful tool for obtaining relevant data about provenance, raw materials, and
glass-working technology.

The results obtained from the 13 sampled tesserae can be summarized as follows:

• Ten samples were stone tesserae: seven limestones, two sandstones, and one marble.
The provenance of four of the tesserae could be established: (i) a tessera made of
Alveolina limestone (#9) of the early Eocene age from the southern Pyrenees; (ii)
two tesserae made of siliciclastic sandstone (#6 and #10) of the Miocene age from
Barcelona’s Montjuïc hill; and (iii) a tessera made of Carrara white marble (#13) from
the Apuan Alps (Tuscany, Italy).

• Three samples were glass tesserae: two bluish tesserae (#7 and #8) containing antimony-
based opacifiers and a green tessera (#12) containing tin-based opacifiers and a base
glass with hints of being recycled.

The profuse use of tesserae of types #10 and #13 within the mosaic is evidence of the
use of both local (#10) and imported (#13) materials by the artisans of the mosaic workshop.
The materials (Montjuïc sandstone and Carrara marble) are both known to have been
extensively used for the architecture and sculptures of Barcino. These types of tesserae
could be the result of recycling stone leftovers.

The rarest and most expensive types of tesserae were used in small quantities and
reserved to build details of relevant members of the depicted scene, for example, bichrome
tesserae, such as #9, which were used for the tails of the horses, and glass tesserae (#7,
#8, and #12) which were used for the charioteer’s clothing and horses’ decorations. Re-
garding glass tesserae, the observed variations in the base glass, opacifying and coloring
technologies, would imply that the material was gathered from more than one source. In
particular, the coexistence of antimony- and tin-based opacifiers would suggest the survival
of the traditional technology along with innovations that were possibly stimulated by the
shortage of raw materials (antimony and perhaps the glass itself). This would reflect the
transitional character of the period in which the mosaic was assembled, confirming the
archaeological hypothesis on its chronology, i.e., the early 4th century AD.
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