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Abstract: Excavations at the Roman villa of Noheda (Spain) revealed the remains of an exceptionally
elaborate fourth-century floor mosaic that contains a surprisingly large number of glass tesserae,
representing a broad spectrum of colors. This paper presents the results of the chemical (LA-ICP-MS)
and microstructural analyses (SEM-EDS, XRPD) of 420 glass tesserae from these mosaics. The high
number of data allowed us to establish the compositional variability and to elucidate questions of
supply in relation to a large-scale artistic campaign. The tesserae from Noheda were almost exclusively
made from recycled mixed Roman Mn and Sb base glass, thus demonstrating that recycling of Roman
base glasses was common practice in the fourth century, occurring on a near industrial scale. It also
suggests that the workshops specializing in the production of mosaic tesserae might have been in the
western Mediterranean. A limited number of coloring and opacifying additives (Mn, Co, Cu, Sb, Pb)
were identified, which resulted in a wide range of hues. These were differentially associated with
various trace elements, which implies the use of different raw materials. A sub-set of red, green, and
orange tesserae reflect distinct base glass characteristics as well as coloring technologies that point to
an Egyptian provenance.

Keywords: Roman Mn and Sb glass; mosaic tesserae; glass recycling; glass coloring; glass opacifiers;
LA-ICP-MS; XRPD; emerald green; plant ash red; orange; cobalt; antimony white; cuprous oxide;
metallic copper; lead antimonate

1. Introduction

Mosaic making in the Roman world included a variety of techniques that were specific to floor,
wall, and vault mosaics. Different types of mosaic artisans with special skills were recognized in the
fourth-century Edictum de Pretiis Rerum Venalium [1]. This decree, issued by Emperor Diocletian in the
year 302 CE, aimed to regulate the maximum price for goods and services in a period of uncontrolled
inflation. Within this decree, the creation of floor and wall mosaics is attributed to two distinct artisans,
the tessellarius and musivarius, whose daily wages were notably different (50 and 60 denarii per day,
respectively). However, given the daily wage of 25 denarii for a common worker, both floor and wall
mosaics can be considered a rather costly affair. Furthermore, in order to estimate the economic value of
a Roman mosaic, the cost of craftmanship has to be added to the cost of the material [2,3]. According to
the Edictum de Pretiis, unworked glass was differently priced, depending on its provenance (13 denarii
for one libra of vitrum Iudaicum, 24 for one libra of Alexandrinum). Colored glass was more expensive,
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ranging from 20 to 30 denarii per libra. Hence, it is clear that mosaics, and especially glass mosaics,
were not the kind of decoration affordable for everyone. This is also evident from first-century CE Latin
sources that refer to glass in architecture as being ostentatious (e.g., Pliny, N.H, 36, 50). Glass tesserae
become more common, especially in wall mosaics after the invention and spread of glass-blowing [4],
which led to a depreciation, and as a consequence, radical change in the economy of ancient glass [5].
Judging from the high price attributed to colored glass, however, the use of glass tesserae in mosaics
can be considered as a marker of luxury, even as late as the fourth century CE.

The fourth century is a particularly vibrant period for Roman mosaic art, as it reaches its greatest
geographic expansion, spreading all the way to the edges of the empire [6]. The increasing wealth
of the aristocracy during the first decades of the century may explain the apogee of mosaics [7]. At
the same time, the manufacture of glass experienced a transformation as new primary production
groups started to supplement the earlier Roman base glasses [8–14]. Due to the limited data on
the compositional and micro-structural characteristics of late antique mosaic tesserae, it is not clear,
however, whether the production of glass tesserae underwent similar developments. To date, scholarly
attention has focused mostly on case studies in Italy [15–17], Albania [18], and the eastern regions
of the Empire such as Jordan [19], Syria [20], Cyprus [21], and Turkey [22]. Analytical data for glass
tesserae from other parts of the empire such as northern Africa and the Iberian Peninsula are virtually
lacking, despite the high technical and artistic quality and significance of mosaic decorations from
these regions [23,24].

The floor mosaics from the Roman villa at Noheda (Cuenca, Spain) represent a technical and artistic
high-point in late Roman mosaic making [25–27]. Archaeological investigations unearthed the last
phase of the building, dating from the first quarter of the fourth to the late fifth century CE. At this point,
a pre-existing villa was expanded, according to the contemporary fashion of monumentalization that is
well documented across the empire [28–35]. During this building campaign, the edifice was equipped
with private baths and a 290 m2 triclinium, with apses on three sides (Figure 1) [36]. The renovated
structure received a lavish decoration and the triconch was entirely paved with mosaic that contained
a large proportion of colored and gold leaf glass tesserae [37]. The glass tesserae are all concentrated in
the mythological scenes that occupy the central space of the room, while the three apses, which were
usually covered by furniture used for dining, are decorated with a simple geometric mosaic made from
stone tesserae. This distribution pattern reveals the economic and functional value of glass tesserae
that evidently served as artistic highlights in areas that were in plain sight (Figure 1).

Here, we present the detailed chemical and micro-structural results of a substantial number of
the glass tesserae from Noheda (n = 420; Table S1). This is the first comprehensive analytical study of
any Roman mosaic from the Iberian Peninsula. Previous studies only considered a limited number
of samples [38,39]. The large-scale approach provides a reliable basis to investigate and estimate
the technological and material variability within a single high-end late antique decorative program.
Defining the base glass compositions and variability of the Noheda tesserae allows us, on the one hand,
to identify the additives used as pigments and opacifiers and, on the other hand, to assess broader
issues related to the history of mosaic making such as the relationships between glass-making, recycling,
glass coloring, and mosaic workshops as well as the circulation and supply of colored glass tesserae.
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Figure 1. The floor mosaic in the triconch hall of the villa of Noheda. (Top panel) lower register of the 
mosaic in the eastern part of the triclinium, showing the abduction of Helena by Paris and her arrival 
at the gates of Troy (to the right of the scene); (lower left) orthophoto superimposed on the ground 
plan of the triclinium; (lower right) detail of one of the sailors from the ship, containing a substantial 
number of glass tesserae. 

Here, we present the detailed chemical and micro-structural results of a substantial number of 
the glass tesserae from Noheda (n = 420; Table S1). This is the first comprehensive analytical study of 
any Roman mosaic from the Iberian Peninsula. Previous studies only considered a limited number 
of samples [38,39]. The large-scale approach provides a reliable basis to investigate and estimate the 
technological and material variability within a single high-end late antique decorative program. 
Defining the base glass compositions and variability of the Noheda tesserae allows us, on the one 
hand, to identify the additives used as pigments and opacifiers and, on the other hand, to assess 
broader issues related to the history of mosaic making such as the relationships between glass-
making, recycling, glass coloring, and mosaic workshops as well as the circulation and supply of 
colored glass tesserae. 

2. Materials and Methods 

A group of 420 loose glass tesserae were studied including a wide range of colors and textures 
of opaque, translucent, and gold-leaf tesserae. The tesserae were all found in the deposit covering the 
mosaic of the triconch. During the burial phase, the mosaic was partially destroyed by agricultural 
work. According to the stratigraphic position, the post-depositional history, and the colors that match 
those of the mosaics in situ (Figure 1), the loose tesserae can be safely attributed to the mosaic of the 
triconch. 
  

Figure 1. The floor mosaic in the triconch hall of the villa of Noheda. (Top panel) lower register of the
mosaic in the eastern part of the triclinium, showing the abduction of Helena by Paris and her arrival
at the gates of Troy (to the right of the scene); (lower left) orthophoto superimposed on the ground
plan of the triclinium; (lower right) detail of one of the sailors from the ship, containing a substantial
number of glass tesserae.

2. Materials and Methods

A group of 420 loose glass tesserae were studied including a wide range of colors and textures
of opaque, translucent, and gold-leaf tesserae. The tesserae were all found in the deposit covering the
mosaic of the triconch. During the burial phase, the mosaic was partially destroyed by agricultural work.
According to the stratigraphic position, the post-depositional history, and the colors that match those
of the mosaics in situ (Figure 1), the loose tesserae can be safely attributed to the mosaic of the triconch.

2.1. Analytical Methods

Small samples (<4 mm diameter) of each tessera were removed with a mosaic cutter and embedded
in epoxy resin. The resin blocks with ten samples each were then ground and polished to obtain a
clean and flat surface. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was
conducted on the polished cross sections at IRAMAT-CEB (Institut de recherche sur les archéomatériaux,
Centre Ernest-Babelon, Orléans, France) using a Resonetics M50E excimer laser coupled with a Thermo
Fisher Scientific ELEMENT XR mass spectrometer. The 193 nm laser was operated with 5 mJ energy
and a pulse frequency of 10 Hz. The standard spot size of 100 µm was occasionally reduced when
saturation caused by elevated manganese levels or the presence of antimony particles occurred. A 20 s
pre-ablation time was followed by a 30 s collection time (equivalent to 10 mass scans). Fifty-eight
isotopes (from Li to U) were concurrently measured and the signal intensities were subsequently
quantified as detailed by Gratuze [40]. The average values of repeated measurements of the standard
reference materials Corning A, B, and NIST 612 are given in Table S2.

To determine and visualize the crystalline phases present in the glass matrix, the polished and
carbon coated samples were investigated at IRAMAT-CEB using a FEI Philips XL40 environmental
scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS).
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Back-scattered images (BSE) were obtained and semi-quantitative analyses of opacifiers and colorants
were performed with an acceleration voltage of 20 kV, a beam diameter of 1 µm, and a working distance
of 10 mm for 300 s. A subset of samples (four red, four white, three yellow, two blue, two turquoise, and
one orange sample) was furthermore analyzed by x-ray powder diffraction (XRPD). The samples were
selected based on the LA-ICP-MS and SEM results to capture the different compositional and textural
variants identified among the Noheda tesserae. For the XRPD analyses, about 15–20 mg of the tesserae
was powdered by means of an agate pestle and mortar. Data were recorded on a Bragg−Brentano D8
Advance Bruker diffractometer (Cu Kα radiation) equipped with a LynxEye XE detector over a two
theta angular range of 15◦ < 2θ < 70◦, with a step of 0.021◦ and 1 s per step. The International Centre for
Diffraction Data (ICDD) PDF-4 2019 database [41] was used for the identification of observed phases in
the XRD patterns.

2.2. Data Analysis/Statistical Methods

The assemblage was divided into color groups determined by optical inspection, and as a second
criterion, the magnesia and potash levels (Figure 2, Table 2). To statistically evaluate the different
groups of tesserae in terms of their base glass composition, the TiO2/Al2O3 and Na2O/CaO ratios of the
individual groups (Figure S1) were compared using a nonparametric two-tailed Mann–Whitney U-test
(MW, for pairwise comparison) as well as a Kruskal–Wallis test (KW), followed by a post-hoc Dunn’s
multiple comparison test, and Welch’s analysis of variance (ANOVA) with a Games–Howell post-hoc
test (for multiple comparisons). The resulting P-values are reported in the main text (where relevant)
and in the Supplementary Materials (Table S3).

To visualize the color specificity of the different color groups and the co-variation of the colorants,
opacifiers, and associated elements, principal component analysis (PCA) was performed on the
LA-ICP-MS data of 15 of the identified coloring elements (Mn, Fe, Cu, Sb, Pb, Cr, Co, Ni, Zn, As,
Ag, Cd, Sn, Ba, and Bi). Vanadium, gallium, indium, platinum, and gold that deviate in some of the
colored samples from the colorless tesserae were excluded from the PCA because they were found
to not offer additional distinguishing criteria. The PCA was run on the correlation matrix of the
non-normalized data (all expressed in element ppm) using the open-source Response of Humans to
Abrupt Environmental Transitions (RESET) database and statistical tools [42]. Principal components
PC 1 and PC 2 with Eigenvalues of 3.7 and 3.4, respectively, account for approximately 47% and are
represented in a bivariate graph (Figure 3).

3. Results

3.1. Base Glass

A comparison of the magnesium and potassium oxide concentrations (Figure 2a; Table 1)
demonstrates differences in the fluxing agent. The vast majority of tesserae had low values of both
oxides (<1.5 wt %), which is indicative of the use of natron, while a subset of the red, translucent
green, and all of the orange samples has high magnesia and potash (>1.5 wt %) as well as high
phosphorus oxide levels (>0.7 wt %), pointing to the addition of an ash component [43]. A group of
white tesserae has notably elevated magnesia levels but is low in potassium. An excess in magnesia in
antimony white glasses has already been observed elsewhere, but no conclusive explanation has been
advanced [44–47]. The fact that the only other elements that are substantially increased in these white
tesserae are antimony, and to a lesser degree arsenic, strongly suggests that the excess in magnesium
may have been introduced as part of the opacifying procedure (Table 2).
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from their natron-type counterparts. Asterisks (*) indicate reduced and normalized data. 

Oxide ratios such as TiO2 to Al2O3 and Na2O to CaO enable further classification of the tesserae 
from Noheda. These elements reflect the feldspars, heavy minerals, and carbonates introduced as 
part of the silica source in relation to the fluxing agent (Figures 2b and S1). Na2O/CaO ratios have 
proved efficacious in distinguishing Roman antimony de-colored glasses from Roman manganese 
de-colored as well as Roman mixed antimony and manganese containing samples [50,51]. Antimony 

Figure 2. Base glass composition of the tesserae from Noheda. (a) Magnesium and potassium oxide
concentrations discriminate the orange, and some of the green, red, and white tesserae from the bulk of
the assemblage; (b) TiO2/Al2O3 and Na2O/CaO ratios illustrate the overall compositional homogeneity
of the tesserae in terms of the silica source that is compatible with Roman spectrum tesserae [48].
The compositional ranges of the three base glasses (Roman Sb, Roman Mn, and Roman mixed shown
in blue, red, and yellow, respectively) from the Iulia Felix (IF) shipwreck [14,49] are given as kernel
density outlines generated by the open-access RESET statistical tools [42]; (c) differential proportions of
manganese and antimony versus alumina concentrations in the gold leaf tesserae reveal the recycling
and mixing of Roman Sb and Mn base glasses; (d) Th/Zr versus La/TiO2 ratios clearly distinguish
the base glass characteristics of the red, green, and orange plant ash glasses from their natron-type
counterparts. Asterisks (*) indicate reduced and normalized data.
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Oxide ratios such as TiO2 to Al2O3 and Na2O to CaO enable further classification of the tesserae
from Noheda. These elements reflect the feldspars, heavy minerals, and carbonates introduced as part
of the silica source in relation to the fluxing agent (Figure 2b and Figure S1). Na2O/CaO ratios have
proved efficacious in distinguishing Roman antimony de-colored glasses from Roman manganese
de-colored as well as Roman mixed antimony and manganese containing samples [50,51]. Antimony
or manganese oxides were added during the imperial period to neutralize the greenish-blue hues
caused by the natural impurities of the raw materials, a process that appears to have occurred on a
large scale at the primary production stage in Egypt (Roman Sb) and the Levant (Roman Mn) [52,53].
The presence of both manganese and antimony in the same glass has been shown to be the result
of the mixing of both glass types during recycling [52,53]. The tesserae from Noheda have, with
very few exceptions, low TiO2/Al2O3 ratios (<0.055), and moderate Na2O/CaO ratios (2 < Na2O/CaO
< 3.5), exhibiting characteristics typical of Roman mixed and Roman Mn glasses [52]. A group of
turquoise samples shows considerably higher Na2O/CaO ratios (Figure 2b and Figure S1) because of
exceptionally low lime concentrations. Judging from their high Na2O/CaO ratios, low alumina values
(Al2O3 < 2 wt %), somewhat elevated titanium oxide (>0.11%), and manganese contents at natural
contamination levels (<250 ppm), some of the turquoise tesserae appear to have been made from a
different base glass, possibly related to Roman antimony de-colored glass (Table S1). The majority of
the high Mg white tesserae also has low alumina contents and manganese oxide at natural impurity
levels (<250 ppm), suggesting that these samples may also be of a Roman antimony de-colored base
glass (Table S1). Only three natron samples stand out for their very high TiO2/Al2O3 ratios (Figure 2b).
Their compositional features include high iron, manganese, and titanium (Table S1), identifying them
as so-called HIMT glass, produced most likely in Egypt during the fourth and fifth century CE [11].
The plant ash glasses appear well separated from the bulk of the assemblage on account of somewhat
higher TiO2/Al2O3 and lower Na2O/CaO ratios.

For setting the Noheda tesserae in the broader context of Roman base glass compositions, the data
were compared to published values obtained for glass cullet, transported by the Iulia Felix ship, sunk in
the Grado Lagoon at the beginning of the third century CE. Analyses of the Iulia Felix glasses identified
two main groups, corresponding to the two different decolorizing technologies: one utilizing antimony
and the other using manganese. A third group represents recycled glasses, providing evidence of
mixing of the two primary glass groups [14,49]. The Iulia Felix assemblage is given as a series of five
contours of kernel density estimates [42] of the different Roman subgroups (Figure 2b). The Noheda
tesserae overwhelmingly (approximately 90% of the natron glass tesserae) coincide with the Iulia Felix
mixed group.

Table 1. Means and standard deviations (SD) of the gold leaf tesserae and the reduced composition of
all natron-type and plant ash tesserae from Noheda.

Type wt % ppm

Na2O MgO Al2O3 SiO2 P2O5 Cl K2O CaO TiO2 MnO Fe2O3 Sr Zr

gold leaf (n = 70) 18.5 0.65 2.18 68.7 0.07 1.14 0.50 6.46 0.10 0.61 0.60 436 56.2
SD 0.8 0.20 0.26 1.7 0.06 0.11 0.13 0.79 0.03 0.47 0.24 96 18.8

natron (n = 381) 18.0 0.73 2.26 69.2 0.09 1.08 0.56 6.46 0.10 0.48 1.02 418 54.5
SD 1.2 0.48 0.27 1.8 0.06 0.15 0.13 0.81 0.02 0.44 0.79 63 12.1

plant ash (n = 28) * 14.4 2.64 2.15 64.4 1.05 1.01 2.49 9.27 0.16 0.50 1.81 652 71.1
SD 1.3 0.42 0.31 1.0 0.22 0.11 0.61 1.23 0.03 0.20 0.45 100 18.8

* only the red and green samples

The preponderance of a recycled/mixed base glass is confirmed when isolating the gold-leaf
tesserae, because their composition is not significantly affected by the addition of coloring agents or
opacifiers. As demonstrated by Freestone [52], the ratio of manganese to the sum of manganese and
antimony compared to the alumina levels reveal the proportional recycling and mixing of Roman
antimony and Roman manganese de-colored glasses (Figure 2c). The majority of the gold leaf tesserae
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from Noheda indeed exhibit a mixed composition, with only seven of the 70 samples representing the
manganese de-colored end member (Sb < 30 ppm) that may contain an element of the Foy 3.2 glass
type [10]. Four samples (340, 342, 362, and 414) may be considered antimony de-colored glass in the
strict sense (Mn < 250 ppm) (Figure 2c, Table S1). Furthermore, we did not observe any significant
differences between the TiO2/Al2O3 and Na2O/CaO ratios of the colorless samples (n = 70) and those
of all other natron-type glasses (all colors, n = 311), indicating that the colorless tesserae reflect the
base glass composition of the Roman spectrum tesserae as a whole (MW test, TiO2/Al2O3: P = 0.7307;
Na2O/CaO: P = 0.1376). We thus conclude that the mosaic assemblage from Noheda comprises
mostly mixed Roman antimony and manganese glass with on average relatively high soda (18.5%),
low magnesia (0.65%), potash (0.5%), titanium oxide (0.10%), and zirconium (56 ppm) as well as
moderate alumina (2.18%) and lime (6.46%) levels, as judged by the gold leaf tesserae (Table 1). This
mean composition can be used to estimate the coloring and opacifying additives that underlie the
color palette of the Noheda tesserae (see below), even though individual tesserae may deviate from
this average composition. For example, about half of the turquoise tesserae and most of the high Mg
white tesserae have compositions closer to Roman Sb glasses with no manganese (Mn < 250 ppm)
as well as lower than average alumina concentrations. The overall homogeneity of the base glass
composition of the mosaic tesserae is reflected in the exceptionally low standard deviation across the
major and minor base glass elements for all the natron type tesserae (n = 381; Table 1). The relatively
uniform composition of the mosaic tesserae from Noheda is ultimately further proof that the glasses
are the result of an efficient recycling system. Repeated and/or large-scale recycling would necessarily
converge the glass toward a common composition.

In contrast, the red, green, and orange plant ash samples have a distinct base glass composition.
Apart from the elements associated with the ash component (MgO, P2O5, K2O, CaO, Sr) that are much
higher than in the natron-type tesserae, they also differ in terms of silica related elements such as
titanium and zirconium (Table 1). The compositional differences become particularly pronounced
when comparing the natron red and green tesserae with their plant ash counterparts (Figure 2d).
The higher titanium and zirconium contents relative to thorium and lanthanum clearly distinguish the
red and green plant ash tesserae from the red and green natron samples, reflecting a different region of
origin. More precisely, the plant ash red and green samples show features typically associated with an
Egyptian provenance [11]. Since the orange samples cluster in the same field, they can tentatively be
included in this group.

3.2. Coloring and Opacifying Technologies

Having shown that the glass tesserae from Noheda were produced from a similar base glass
independent of the color, the additives introduced during the coloring and opacifying process can be
mathematically estimated by subtracting the average composition of the gold leaf tesserae from the
average composition of the individual colors. The elements that differ by two standard deviations from
the average gold leaf tesserae composition were thus classified as potentially significant (highlighted
in red in Table 2). For example, manganese is considerably elevated only in the purple tesserae in both
the opaque as well as the translucent purple sub-groups. High levels of iron oxide distinguish the
red as well as the translucent green samples, whereas copper in different oxidation states underlies
the red, green, and turquoise glasses. Cupric oxide (CuO) is responsible for the opaque green and
turquoise tesserae, and cuprous oxide (Cu2O) and/or particles of metallic copper for the red and
orange hues, typically in combination with varying levels of lead. Copper is slightly elevated in the
translucent green, opaque aqua, and grey tesserae. The presence of cobalt is associated with a deep
blue color, even at low levels (≥100 ppm). The main coloring elements (Mn, Fe, Cu, Sb, Pb, and Co) are
differentially associated with traces of tin, nickel, zinc, gallium, arsenic, cadmium, indium, barium,
gold, and bismuth (Table 2).
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Table 2. Means and standard deviations (SD) of the tesserae from Noheda separated by color. Oxides and chlorine are given as (wt %), while trace elements are given
as [ppm]. Elements that differ by two standard deviations from the average composition of the gold leaf tesserae are highlighted to indicate their association with the
coloring and opacification process (red). Blue indicates differences in the base glass composition.

Elements Colorless
(n = 70)

Blue
(n = 61)

Turquoise
(n = 49)

Green
Opaque
(n = 33)

Green
Transl

(n = 18)

Yellow
(n = 25)

Red
(n = 48)

Purple
Opaque
(n = 4)

Purple
Transl
(n = 6)

White
(n = 25)

White
High Mg
(n = 14)

Aqua
Opaque
(n = 20)

Grey
(n = 8)

mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD

Na2O 18.5 0.8 17.7 1.3 17.9 0.6 17.6 1.5 17.9 0.5 16.3 1.3 16.7 0.7 17.2 0.5 18.8 0.6 16.1 1.9 15.7 0.8 17.6 0.9 18.0 0.6
MgO 0.65 0.20 0.62 0.07 0.54 0.10 0.54 0.09 0.75 0.06 0.48 0.09 0.83 0.16 0.86 0.26 0.76 0.01 0.50 0.17 2.76 0.75 0.61 0.17 0.68 0.06
Al2O3 2.18 0.26 2.23 0.23 2.04 0.32 2.14 0.19 2.35 0.11 2.11 0.28 2.46 0.16 2.00 0.11 2.32 0.06 2.11 0.22 1.95 0.13 2.10 0.15 2.24 0.11
SiO2 68.7 1.7 67.9 1.0 67.3 1.1 66.6 1.8 66.1 0.8 66.5 1.7 64.4 1.5 67.7 0.4 67.4 0.5 67.4 1.9 66.0 1.7 68.2 1.0 68.0 1.2
P2O5 0.07 0.06 0.09 0.04 0.06 0.03 0.09 0.04 0.10 0.02 0.07 0.03 0.16 0.07 0.06 0.01 0.06 0.01 0.08 0.05 0.04 0.01 0.09 0.04 0.09 0.02

Cl 1.14 0.11 1.00 0.17 1.17 0.15 1.08 0.11 1.03 0.05 1.04 0.08 1.02 0.07 0.88 0.09 1.16 0.05 0.91 0.19 0.80 0.09 0.97 0.13 1.10 0.03
K2O 0.50 0.13 0.50 0.08 0.49 0.09 0.55 0.08 0.61 0.10 0.51 0.07 0.73 0.15 0.48 0.03 0.45 0.03 0.49 0.06 0.50 0.05 0.53 0.09 0.57 0.03
CaO 6.46 0.79 6.59 0.59 5.40 0.95 5.84 0.52 6.72 0.34 6.04 0.86 6.76 0.52 6.56 0.32 6.02 0.13 6.26 0.91 6.47 0.34 6.17 0.43 6.38 0.24
TiO2 0.10 0.03 0.09 0.02 0.09 0.03 0.09 0.03 0.11 0.01 0.08 0.02 0.10 0.01 0.08 0.00 0.12 0.00 0.07 0.01 0.08 0.01 0.08 0.02 0.10 0.02
MnO 0.61 0.47 0.49 0.29 0.20 0.26 0.24 0.12 1.05 0.38 0.20 0.17 0.69 0.29 1.67 0.34 1.65 0.26 0.16 0.11 0.03 0.01 0.34 0.27 0.67 0.22
Fe2O3 0.60 0.24 0.89 0.24 0.68 0.29 0.68 0.23 1.98 0.43 0.73 0.27 2.63 0.63 0.56 0.10 0.93 0.12 0.45 0.10 0.48 0.06 0.61 0.20 0.84 0.27
CuO 0.02 0.11 0.15 0.10 2.08 0.83 1.37 0.62 0.33 0.27 0.02 0.01 1.20 0.31 0.02 0.01 0.01 0.00 0.02 0.04 0.01 0.00 0.42 0.47 0.30 0.18

Sb2O3 0.31 0.23 1.44 1.42 1.60 0.95 0.73 0.18 0.23 0.20 0.89 0.37 0.36 0.20 1.66 0.20 0.06 0.01 4.49 2.53 4.91 1.72 1.92 1.05 0.46 0.08
PbO 0.06 0.21 0.12 0.17 0.19 0.13 2.22 2.43 0.42 0.45 4.85 1.87 1.61 1.74 0.04 0.02 0.02 0.01 0.76 1.02 0.08 0.16 0.11 0.11 0.36 0.37

Li 4.89 1.83 4.42 1.67 5.59 1.37 4.50 1.15 5.42 0.55 4.28 0.85 5.58 0.45 4.51 0.88 3.99 0.37 4.06 1.26 6.43 1.08 4.77 0.86 6.22 1.12
B 178 27 174 28 208 49 180 33 159 10 165 42 166 12 191 27 165 5 175 28 205 28 192 19 180 9
V 16.8 6.8 15.2 3.2 11.5 3.5 12.7 2.7 20.6 3.3 12.1 4.2 18.9 2.8 32.4 6.6 22.5 0.8 9.7 2.1 8.5 0.7 13.4 5.1 17.8 2.4
Cr 11.9 5.0 12.2 2.5 10.5 4.4 11.0 1.7 14.3 2.4 11.5 1.7 14.4 1.6 7.60 1.15 12.8 1.9 9.8 2.3 10.1 1.2 10.2 2.6 11.5 3.1
Co 5.68 5.52 271 93 9.64 11.0 5.94 3.40 18.0 3.5 3.33 1.67 20.3 9.9 15.2 4.5 6.08 0.56 5.67 6.10 1.76 0.25 24.6 22.2 40.2 36.3
Ni 7.52 4.66 30.6 23.4 11.26 3.01 9.44 2.84 16.6 4.3 5.05 1.68 20.2 4.7 12.2 2.6 8.39 0.19 4.93 1.58 5.39 1.07 8.01 2.76 11.20 3.54
Zn 26.4 20.7 51.8 13.4 318 371 212 512 99.6 71.1 31.0 12.1 148 171 87.9 57.9 65.9 22.4 47.7 31.1 67.8 30.1 56.9 29.7 68.4 47.5
Ga 3.24 0.53 4.30 0.60 3.03 0.44 3.18 0.30 4.36 0.53 2.96 0.37 3.63 0.25 4.42 0.28 4.77 0.27 2.83 0.24 2.62 0.11 3.22 0.42 3.72 0.33
As 17.8 11.7 39.2 26.8 69.0 39.5 33.5 14.3 26.3 6.7 40.6 21.8 31.3 6.7 71.3 15.9 16.0 3.7 85.0 53.2 187 149 53.6 33.9 24.2 3.0
Rb 9.9 4.9 8.4 1.9 9.9 3.0 12.2 2.7 15.0 2.7 10.4 3.8 15.5 3.0 12.1 3.1 10.7 1.2 8.8 5.1 5.4 0.5 11.0 3.0 11.9 1.5
Sr 434 96 407 29 353 67 374 32 452 22 387 56 430 43 535 64 451 22 378 30 430 42 391 35 414 19
Y 6.17 0.71 6.29 0.42 5.68 0.50 5.77 0.26 6.58 0.33 5.85 0.47 6.07 0.40 6.50 0.55 6.63 0.19 5.83 0.51 5.07 0.25 5.88 0.39 6.25 0.26
Zr 55.9 18.6 53.6 8.9 52.3 10.8 55.1 12.5 58.7 3.8 48.2 12.3 52.7 3.9 43.8 1.5 60.6 2.2 46.1 8.9 46.9 3.8 49.7 8.1 56.7 7.2
Nb 1.79 0.55 1.74 0.30 1.85 0.41 1.87 0.52 2.03 0.13 1.70 0.42 1.94 0.14 1.56 0.12 2.01 0.05 1.43 0.25 1.50 0.13 1.61 0.27 1.87 0.26
Mo 1.53 1.19 2.90 1.73 0.61 0.62 0.75 0.33 2.81 0.90 0.54 0.44 2.00 0.82 1.94 0.75 3.18 0.25 0.43 0.25 0.46 0.29 0.91 0.64 1.89 0.52
Ag 1.31 8.18 0.63 0.66 6.95 3.12 6.63 3.81 1.53 0.97 5.15 3.02 5.00 2.06 0.82 0.29 0.16 0.03 1.29 0.92 0.88 0.46 2.00 1.64 4.93 2.72
Cd 0.09 0.07 0.28 0.22 0.48 0.45 0.16 0.10 0.22 0.09 0.22 0.16 0.16 0.15 0.43 0.09 0.39 0.15 0.64 0.33 0.97 0.57 0.31 0.23 0.16 0.05
In 0.01 0.01 0.24 0.17 0.20 0.15 0.25 0.21 0.10 0.07 0.02 0.04 0.00 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.17 0.42 0.04 0.04
Sn 20.0 79.0 54.2 64.3 715 419 699 493 313 191 408 259 748 544 11.6 3.2 5.9 2.3 111 155 13.8 24.1 182 261 148 100
Cs 0.19 0.24 0.15 0.11 0.20 0.12 0.39 0.27 0.36 0.07 0.37 0.36 0.39 0.10 0.23 0.08 0.24 0.08 0.15 0.14 0.17 0.11 0.23 0.08 0.30 0.11
Ba 214 104 207 37 166 47 170 15 471 182 174 40 280 90 586 349 720 223 157 25 129 6 202 93 281 87
La 6.77 0.93 7.00 0.65 6.92 0.55 7.12 0.64 7.96 0.45 7.33 0.80 7.46 0.55 7.36 0.69 7.24 0.10 6.64 0.59 5.98 0.30 6.76 0.62 7.28 0.65
Ce 11.6 1.6 11.9 1.2 11.5 1.2 12.1 1.3 13.6 0.6 12.9 1.5 13.1 0.9 11.5 1.0 12.5 0.2 10.8 1.2 9.7 0.6 11.3 1.1 12.6 1.2
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Table 2. Cont.

Elements Colorless
(n = 70)

Blue
(n = 61)

Turquoise
(n = 49)

Green
Opaque
(n = 33)

Green
Transl

(n = 18)

Yellow
(n = 25)

Red
(n = 48)

Purple
Opaque
(n = 4)

Purple
Transl
(n = 6)

White
(n = 25)

White
High Mg
(n = 14)

Aqua
Opaque
(n = 20)

Grey
(n = 8)

mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD

Pr 1.44 0.19 1.46 0.12 1.42 0.11 1.48 0.13 1.63 0.07 1.50 0.16 1.56 0.09 1.49 0.13 1.55 0.03 1.33 0.13 1.19 0.06 1.40 0.10 1.51 0.12
Nd 6.01 0.71 6.05 0.45 5.83 0.46 6.06 0.43 6.64 0.31 6.07 0.61 6.40 0.38 6.26 0.51 6.49 0.20 5.59 0.49 5.01 0.25 5.81 0.46 6.22 0.45
Sm 1.20 0.15 1.21 0.11 1.16 0.09 1.19 0.08 1.32 0.07 1.17 0.12 1.28 0.08 1.28 0.16 1.34 0.09 1.13 0.08 0.99 0.07 1.18 0.08 1.23 0.09
Eu 0.32 0.03 0.32 0.03 0.29 0.03 0.31 0.02 0.36 0.02 0.30 0.03 0.33 0.02 0.33 0.04 0.34 0.02 0.29 0.03 0.25 0.01 0.30 0.03 0.34 0.02
Gd 1.04 0.13 0.99 0.15 0.94 0.13 1.02 0.07 1.13 0.08 0.90 0.14 1.06 0.08 1.02 0.06 1.03 0.04 0.90 0.11 0.81 0.05 1.01 0.10 1.07 0.08
Tb 0.17 0.02 0.18 0.01 0.16 0.01 0.17 0.01 0.19 0.01 0.16 0.02 0.18 0.01 0.18 0.02 0.19 0.01 0.16 0.01 0.14 0.01 0.17 0.01 0.18 0.01
Dy 1.01 0.12 1.04 0.08 0.96 0.08 0.97 0.05 1.09 0.06 0.96 0.08 0.99 0.07 1.10 0.11 1.09 0.05 0.97 0.08 0.86 0.06 0.99 0.07 1.05 0.06
Ho 0.21 0.02 0.22 0.02 0.21 0.02 0.21 0.01 0.23 0.01 0.20 0.02 0.20 0.01 0.23 0.02 0.24 0.01 0.20 0.02 0.17 0.01 0.21 0.02 0.22 0.01
Er 0.57 0.07 0.59 0.04 0.54 0.06 0.56 0.03 0.62 0.04 0.54 0.05 0.56 0.04 0.62 0.05 0.63 0.03 0.54 0.05 0.47 0.03 0.56 0.04 0.59 0.04
Tm 0.08 0.01 0.09 0.01 0.08 0.01 0.08 0.01 0.09 0.01 0.08 0.01 0.08 0.00 0.10 0.01 0.10 0.00 0.08 0.01 0.07 0.01 0.08 0.01 0.09 0.01
Yb 0.56 0.07 0.57 0.04 0.53 0.06 0.54 0.05 0.59 0.03 0.52 0.05 0.55 0.04 0.59 0.06 0.60 0.04 0.52 0.04 0.46 0.03 0.54 0.05 0.57 0.03
Lu 0.08 0.01 0.09 0.01 0.08 0.01 0.08 0.01 0.09 0.01 0.08 0.01 0.08 0.01 0.09 0.01 0.09 0.00 0.08 0.01 0.07 0.00 0.08 0.01 0.09 0.01
Hf 1.36 0.41 1.32 0.21 1.30 0.26 1.35 0.29 1.42 0.08 1.19 0.29 1.30 0.09 1.09 0.03 1.52 0.06 1.14 0.21 1.17 0.09 1.23 0.18 1.42 0.17
Ta 0.10 0.03 0.10 0.02 0.11 0.03 0.12 0.06 0.12 0.01 0.10 0.02 0.11 0.01 0.09 0.01 0.12 0.01 0.09 0.02 0.09 0.01 0.10 0.02 0.11 0.02
W 0.38 0.38 0.35 0.41 0.23 0.21 0.19 0.25 0.92 0.34 0.35 0.49 0.74 0.28 0.41 0.10 0.74 0.14 0.14 0.18 0.80 1.27 0.23 0.19 0.53 0.12
Pt 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Au 0.06 0.05 0.16 0.24 0.41 0.41 0.24 0.19 0.07 0.07 0.35 1.33 0.13 0.09 0.55 0.53 0.02 0.01 0.18 0.16 0.15 0.13 0.42 1.12 0.24 0.12
Bi 0.08 0.16 0.16 0.18 0.75 0.33 1.97 3.31 0.37 0.22 3.93 3.47 1.42 0.90 0.30 0.16 0.03 0.01 0.64 0.63 0.25 0.16 0.28 0.23 0.34 0.28
Th 1.15 0.31 1.18 0.29 1.30 0.21 1.49 0.37 1.43 0.09 1.31 0.37 1.40 0.22 1.29 0.20 1.18 0.03 1.06 0.29 0.93 0.07 1.24 0.22 1.35 0.25
U 1.00 0.21 1.12 0.17 1.15 0.16 1.16 0.15 1.12 0.08 1.03 0.14 1.00 0.09 1.10 0.13 1.13 0.09 1.04 0.19 1.22 0.17 1.10 0.13 1.13 0.09
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To assess the co-variation between the different coloring and opacifying agents and the associated
trace elements, a principal component analysis (PCA) was conducted and visualized in a simple binary
plot (Figure 3). There is an intimate relationship between the turquoise and opaque green tesserae due
to copper being the defining colorant associated with elevated tin and zinc. Green is also closely related
to yellow, because of the use of lead oxide as a major additive that introduced traces of bismuth [54].
The distinguishing feature of the majority of the red tesserae appears to be high iron levels that caused
an increase in chromium. The translucent green samples (green samples displaced to the right) and
most of the purple tesserae are singled out on account of their elevated manganese to which barium
is attached. Some of the cobalt blue tesserae have elevated nickel, while the white and aqua colored
samples are defined by high antimony contents associated with arsenic and cadmium (Figure 3).

3.3. Antimony Compounds as Opacifier

The main opacifying agents are antimony compounds either in the form of calcium antimonate or
lead antimonate (Figure 4a). Microstructural observations at the electron microscope confirmed the
absence of tin-based opacifiers as well as any opacification technologies popular during the medieval
period such as the addition of crushed quartz and the intentional formation of air bubbles in the glass
melt [55]. The aqua, white, blue, grey, turquoise, and light purple tesserae are all opacified by white
crystals, distributed throughout the glass matrix. Microanalysis exclusively detected the presence of
calcium antimonate as the main opacifier. As confirmed by both SEM and x-ray diffraction analyses,
the crystals are present in both the orthorhombic (Ca2Sb2O7) and hexagonal (CaSb2O6) forms (Figures
4b and 5). Interesting is the prevalence of the hexagonal form CaSb2O6 in some of the white and
turquoise tesserae (Figure 5). In most opaque Roman glasses, the orthorhombic Ca2Sb2O7 is more
frequently observed, and whenever CaSb2O6 is identified, it is typically in turquoise tesserae, combined
with a sodium-rich base glass type (high Na2O/CaO ratios; [50] and references therein). The white and
turquoise tesserae for which XRD patterns are available (except for Noheda 302) have relatively high
antimony oxide levels (Sb2O3 > 3%) and no or very low manganese. These features suggest the use
of a base glass with a high proportion of Roman antimony glass, implying a glass high in soda and
relatively low in lime (Table S1). In contrast, only Ca2Sb2O7 was identified in high Mg white and blue
tesserae (Figure 5). While the latter have on average higher lime concentrations and thus lower soda
to lime ratios, the excess in magnesia in the whites may have impacted the formation of the calcium
antimonate particles.
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Figure 4. Antimony compounds as opacifiers. (a) Lead and antimony concentrations show the
separation between calcium antimonate (blue, grey, turquoise, white) and lead antimonate (green,
yellow) opacified tesserae. Some white and blue samples have elevated lead contents. (b) Back-scattered
scanning electron microscope (SEM) image of newly formed hexagonal and cubic calcium antimonate
crystals in a white tessera.
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Figure 5. X-ray diffraction (XRD) patterns of 16 opacified tesserae from Noheda. Blue and high Mg
white tesserae exhibit the presence of only orthorhombic calcium antimonate particles (Ca2Sb2O7),
some white and turquoise tesserae are opacified by hexagonal (CaSb2O6) crystal structures; lead
stannate (Pb2Sb2O7) underlies the yellow samples; cuprous oxide (Cu2O) is present in the orange
sample; and metallic copper is identified in the red tesserae.

The lime contents of the opacified tesserae are essentially unchanged compared to the
colorless tesserae, pointing to the addition of antimony oxide or sulfide rather than calcium antimonate
to a base glass, and heating it to a temperature of close to 1100 ◦C [56–60]. This is confirmed
by the microstructure of the white tesserae, which shows that opacification was obtained by in situ
crystallization (Figure 4b). Some of the white tesserae that appear particularly bright and homogeneous,
additionally contain lead oxide (1.08 < PbO < 2.47 wt %). White glasses with variable amounts of lead
have been documented since the Hellenistic period, particularly in cameo and mosaic glass [58,61,62].
Even though it has been proposed that the lead may have been accidentally introduced with the
antimony [58], recent experimental work has demonstrated that the presence of as little as 2% lead
oxide modifies the viscosity and thus the workability of the glass, and facilitates the formation and
dispersion of Ca2Sb2O7 crystals during the melting process [59,63]. Elevated concentrations of lead
were also found in some of the blue, turquoise, and grey tesserae from Noheda (1.00% < PbO < 2.13%).
This may be due to the use of a lead rich antimony ore [58], a calcination procedure that involved the
use of lead to refine the antimony minerals [63], or simply the result of recycling processes such as the
addition of lead-white glass to a translucent colored glass (Figure 4a, Table S1). This practice of adding
an opacified glass to a strongly colored translucent glass has been documented in seventh-century
mosaics from Rome [64].

Opaque yellow and green tesserae are colored and opacified by yellow lead antimonate crystals in
the form of Pb2Sb2O7 (Figure 5). As is typical for ancient yellow glasses [65], the Noheda tesserae have
a heterogeneous micro-structure as a result of the uneven distribution of the opacifier within the glass
matrix. The crystals have roundish edges and are frequently surrounded by air bubbles, testifying
to a chemical interaction between the crystals and the glass. As noted in the scientific literature,
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lead antimonate crystals disintegrate at relatively low temperatures, and in order to prevent the loss
of the yellow color, the pigment needs to be added rapidly to the molten glass [60,66]. Experimental
investigations demonstrated that the Venetian technique of adding the anime (lead–antimony–silicate
pigment) to the base glass was a convenient practice, probably already adopted in antiquity [60,66–68].

The LA-ICP-MS data of the yellow and opaque green samples revealed relatively constant levels
of antimony oxide (median Sb2O3 approximately 0.85% and 0.74%, respectively), whereas the lead
oxide in the yellow samples is significantly higher with a median of about 4.5% compared to 1.5% in the
green samples (Figure 6a). These values represent an approximation of the excess of lead and antimony
that have gone into solution in the glass matrix, rather than the absolute concentrations, because
crystalline phases are generally avoided during analyses. The excessive lead would have reduced the
melting temperature and thus helped preserve the yellow lead antimonate pigment [58]. The separate
x-ray microanalysis of the crystalline aggregates showed that they are in fact a combination of crystals
containing lead and antimony, and lead and tin. This combination of tin and antimony was observed
in samples where the matrix contained as little as 0.1% tin oxide. Rather than reflecting a specific
opacification technique [68,69], however, it is more likely that some tin entered the glass as a by-product
of the lead raw material. In the yellow tesserae, tin shows a strong positive correlation with lead,
supporting the interpretation of tin as an impurity of the lead source (Figure 6b). Different correlations
between lead and bismuth (Figure 6c) illustrate instead that different lead-rich materials were exploited
for the production of the yellow lead antimony pigment. This difference was independent of the
final color, as both green and yellow samples display both correlations. The opaque green tesserae
are additionally colored by copper oxide (CuO). The main coloring element of the translucent green
samples instead appears to be high iron dissolved in the glass matrix (Table 2). This applies to both the
natron-type as well as the plant ash translucent greens with the possible exception of one sample each,
indicating two very different coloring technologies.Minerals 2020, 10, x FOR PEER REVIEW 13 of 21 
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Figure 6. Lead antimony compounds responsible for the opaque green and yellow tesserae. (a) The
concentration of lead and antimony differs between the green and yellow samples; (b) low concentrations
of tin are positively correlated with lead in the yellow samples, indicating that tin entered the glass as
an accessory element of the lead raw material; (c) two different correlations of lead and bismuth are
apparent (indicated as dotted lines), suggesting the exploitation of different lead sources.

3.4. Cobalt and Copper as Colorants

The strong coloring power of cobalt ions causes an intense blue coloration, requiring only very
small quantities as low as 100 ppm (Table S1). In some of the translucent cobalt blue tesserae from
Noheda, we detected inclusions of the cobalt colorant, characterized by the association of cobalt with
iron, alumina, and nickel. The nature of cobalt-bearing raw materials used in antiquity for coloring
blue glasses is still unclear. A recent investigation distinguished two different cobalt sources according
to the CoO/NiO ratios, which changed from higher to lower ratios sometime during the fourth century
CE [70]. Interestingly, the cobalt blue samples from Noheda exhibit two distinct correlations of cobalt
to nickel (Figure 7a), suggesting that two different cobalt sources were used, thereby confirming that
the transition from the ancient cobalt source to the exploitation of a nickel-rich cobalt source occurred
in the fourth century CE. The association of cobalt with nickel may point to the exploitation of the
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minerals erythrite or skutterudite as source material, while the earlier Roman pigments may have been
made from cobalite, which is characterized by higher iron and arsenic [71,72] (Table S1).
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Figure 7. Elements and oxides responsible for the colors of the tesserae. (a) Two different correlations
of Co versus Ni in the cobalt blue tesserae indicat the use of two different cobalt-bearing minerals;
(b) Fe2O3/CuO compared to PbO in the red (natron and plant ash) and orange glasses separate the
three groups in terms of coloring recipes; (c) dendritic cuprous oxide crystals (Cu2O) in an orange
tessera; (d) relic of metallurgical slag, showing copper particles separating from the slag (light grey)
and partially dissolved in the glass matrix; black structures are air bubbles.

As is well established by now, opaque red and orange colors were obtained by the precipitation
of crystals of cuprous oxide (Cu2O) and/or nanometric particles of metallic copper during thermal
treatment ([73] and references therein). Lead acts as a reducing agent that facilitates the precipitation
of cuprous oxide, while iron seems to play a key-role in the precipitation of metallic copper. It has
also been proposed that plant ash or wood ash was occasionally added to the molten glass in its
capacity as a reducing agent. The red glasses from Noheda are quite variable in terms of iron, lead,
and copper concentrations, and can be subdivided according to their lead and iron relative to copper
contents (Figure 7b). All the red tesserae with a natron-type base glass are characterized by higher
Fe2O3/CuO ratios and are, in most cases, either low in lead or lead free. Their composition is thus
consistent with low-lead/low-copper red glasses colored by metallic copper rather than cuprous oxide,
which was confirmed by x-ray diffraction analysis (Figure 5). The red tesserae containing a plant ash
component are associated with variable concentrations of lead oxide (0.42 < PbO < 7.89) and generally
low Fe2O3/CuO (<1.5). The mild reducing effect of plant ashes may have aided the formation of
the crystalline phase. No dendritic cuprous oxide crystals were identified by SEM in any of the red
samples, and nanometric particles responsible for the color and opacity of these tesserae are merely
visible as bright dots. The XRD data of four red tesserae (two natron and plant ash samples each)
exclusively revealed metallic copper (Figure 5).

The orange tesserae form a technologically distinct group with high lead (15.8 < PbO < 33.2 wt %)
and high copper (5.69 < CuO < 9.98 wt %) concentrations, resulting in Fe2O3/CuO below 0.5 (Figure 7b).
Data from the literature suggest that orange is usually generated by the presence of cuprite particles
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(Cu2O) [73–75]. Crystals with the typical dendritic structure of cuprous oxide (Cu2O) were clearly
visible in the SEM, often accompanied by nanometric particles that could be either cuprous oxide or
metallic copper (Figure 7c). The color ultimately depends on the crystal size and heat treatment. Small
cuprous crystals (<5 µm) appear yellow, the red color becomes more intense the larger the particles
grow [76,77]. In the tesserae that exhibit alternating deep red and orange bands, it is likely that the
nanoparticles represent metallic copper, resulting from the reduction of cuprous oxide. XRD analysis
of a truly orange sample identified only cuprous oxide (Figure 5). Inclusions, representing relics of the
raw materials used for coloring are clearly visible in some of the samples (Figure 7d). These inclusions
are characterized by grey zones, surrounded by light particles. The grey central part of the inclusions
fit well with the composition of the glassy phase of copper or iron smelting slags [78]. The surrounding
high-copper particles and air bubbles are indicative of a chemical reaction between the inclusion
and the glass matrix. Inclusions of this kind are accompanied by calcium-silica crystals, probably
wollastonite, one of the devitrification phases commonly precipitating inside the glass melt [79]. It has
been widely assumed that Roman orange glasses were typically colored using either metallic copper or
copper alloys, possibly in the form of scale, from metallurgical workshops [75,80,81]. The earliest use
of metallic slag for coloring glass was attributed to fifth- to seventh-century northern Europe [78,82],
but has since been identified in some fourth-century red tesserae from Aquileia [17]. Our data from
Noheda support the hypothesis that this technological innovation originated in the Mediterranean in
the fourth century, or possibly even earlier. Generally, the copper used for the green, red, orange, and
turquoise tesserae is associated with elevated tin and zinc contents, but no clear pattern was identified
either among the same color or between colors. This suggests the use of different copper alloys and/or
different copper alloy waste products for the coloration of the tesserae.

4. Discussion

Our analytical data demonstrate that the tesserae from Noheda were almost exclusively made
from mixed Roman antimony and manganese decolored glass. Whereas both Mn as well as Sb
decolorized raw glass chunks have been found in the cargo of shipwrecks, supporting the addition of
both decolorants at the primary production stage [52,83,84], the mixing of Mn and Sb was the result
of recycling. Glass recycling appears to have been systematic and large-scale, in particular on the
western fringes of the Roman Empire. This is reflected in the mixed composition of numerous glass
assemblages and archaeological evidence from, for example, Roman Britain [63] and the seaborne
trade of glass cullet [14,83]. Recycling and mixing of both end members of Roman glasses (Roman Sb
& Mn) are less evident in areas close to the primary production sites in Egypt and the Levant. The
higher incidence of recycling in the western regions of the empire has implications for our model of
mosaic production during the later Roman period. The preponderance of mixed Roman Sb and Mn
glass among the tesserae of Noheda and numerous other mosaic assemblages [48,50] strongly suggests
that secondary workshops specializing in the production of strongly colored glasses for mosaic making
were far removed from the primary production centers in Egypt and the Levant, and located perhaps
somewhere in the western Mediterranean.

While the manufacture of mosaic tesserae during the later Roman period relied heavily on the
use of recycled material possibly in the form of cullet, its transformation into new strongly colored
tesserae involved numerous additives and a series of, at times, complex glass coloring technologies.
The exceptional homogeneity of the base glass composition of the mosaics from Noheda allowed
the identification of the different coloring agents and provides new insights into the organization
of tesserae production and trade (Table 2). The variability of the colorants and their co-variation
with accessory trace elements imply the use of different raw materials for coloring, and by extension,
probably different secondary workshops. The remarkable compositional characteristics of some of
the tesserae, most notably the group of samples with a plant ash component, and the compositional
differences among the white tesserae point to distinct production sites and/or the use of different recipes
for coloring the glass. Different types of white tesserae (Sb whites with and without Pb; high Mg),
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for example, imply the use of three different opacifying recipes. Lead-white glass is known from
mosaic tesserae cut from glass rods, cameo, and millefiori vessels dating between the first century BCE
and the first century CE [59,61], but has also been documented in medieval beads [85,86] and mosaic
tesserae [69]. This means that either these tesserae were recycled and/or reused or that the selective
addition of lead to modify the material properties of white glass was practiced as late as the fourth
century CE.

The translucent green plant ash tesserae may represent a relic of a distinctive type of emerald
green glass that was identified in vessels and occasionally in mosaic tesserae from the Hellenistic
period through to the second century CE [5,50,87,88]. The production and circulation of first-century
CE emerald green glass vessels has been studied in some detail, revealing a relatively homogeneous
group, for which the authors proposed a provenance in the eastern Mediterranean, possibly Egypt [88].
The translucent green as well as the red and orange plant ash tesserae from Noheda have very similar
compositions to the emerald green vessels. The atypically high phosphorus positively correlated with
magnesia (Figure 8a) distinguishes these glasses from all other known Near Eastern or Mesopotamian
plant ash glass types [88]. The tesserae and the emerald green vessels also form a uniform compositional
group in terms of the elements associated with the silica source such as high titanium and zirconium
levels relative to lanthanum and thorium (Figure 8b), suggesting a common Egyptian origin. Given
the relatively coherent compositional grouping and clear geographical attribution, it is likely that the
location of secondary working of these glasses may also have been in the same region, even though
the coloring techniques differ. The emerald green vessels are unvaryingly colored by the presence
of copper oxide (Cu(II)) and iron, and the translucent green tesserae (except Noheda 292) contain
no copper, but an excess of iron oxide (Table S1). Hence, the vessels represent a very different glass
coloring technology. The generation of a vibrant copper emerald green involves a complex combination
and interaction of elements and heat treatments [88], whereas the production of iron oxide green can
be considered comparatively simple.Minerals 2020, 10, x FOR PEER REVIEW 16 of 21 
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Figure 8. Red, green, and orange plant ash glasses in comparison with first century emerald green
vessel glass. (a) The tesserae have high phosphorus oxide levels that are positively correlated with
magnesia, similar to the emerald green vessel glass; (b) the tesserae from Noheda and the emerald green
vessels share the same Th/Zr versus La/TiO2 ratios that suggest a common, most likely Egyptian origin.

Distinct glass-coloring recipes also underlay the red and orange tesserae. Metallic copper or
cuprous oxide crystals responsible for red and orange, respectively, require reducing conditions.
The techniques appear to be related even though metallic copper is bound to precipitate more easily
than cuprite. The orange glasses contain a considerable amount of lead and much higher copper
concentrations. Lead was most certainly intentionally added to aid the growth of dendritic crystals
and possibly enhance its brilliance [75]. The evidence from Venetian glass recipe books offers a useful
parallel. In Venice, orange glass was made in a three-step process, where lead oxide was introduced
to a base glass, to which the coloring agent was subsequently added [69,89]. The Noheda oranges
may have been made in a similar way, using a lead-rich base glass that was then colored by a copper
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compound. Given the strong corrosive nature of lead, it is likely that the base glass was contaminated
by the ceramic crucibles, which could explain the higher alumina levels compared to the red tesserae.
It is therefore impossible to tell at this stage whether or not the red and orange plant ash tesserae were
produced in the same secondary workshop and/or from the same base glass.

5. Conclusions

The mosaics of Noheda represent the entire range of known primary colorants and opacifiers used
in strongly colored Roman glasses. The comprehensive sample size revealed considerable variations
in the use of coloring raw materials, and hence different secondary production technologies and
workshops. The plant ash tesserae are most certainly of an Egyptian origin. Some of the low lime,
low manganese turquoise samples are consistent with a Roman antimony decolored glass, and so are
some of the white, especially the high Mg white tesserae. They presumably represent the reuse of
older Roman material. The bulk of the mosaic tesserae recovered from Noheda (about 90%) have a
relatively homogenous mixed base glass composition. There are a number of significant differences
in the elements associated with the colors and opacity of the samples. At least two different lead
sources were exploited for the opaque green and yellow samples, and the lead to antimony ratios differ
between the two colors. The copper-rich raw materials responsible for the green, red, and turquoise
tesserae exhibit different trace elements, and two different cobalt sources were used. These variations
imply either small-scale productions or the output of different secondary workshops. It seems unlikely
that a single workshop dedicated to the production of tesserae supplied all of the material for the
floor decoration of the Roman villa at Noheda. Given the variability between samples of the same
color, the mosaicists must have procured the material at different times and/or from different sources.
Nevertheless, it seems likely that the material was acquired specifically for the decoration of the villa
and not salvaged from building debris. The site of the villa of Noheda is in an isolated location, far from
the urban dynamics that would have promoted efficient and large-scale recycling. The glass tesserae
or cakes from which the tesserae were cut must have been brought to Noheda especially. The mosaics
were evidently the results of an ambitious artistic campaign, reflected in the sophisticated iconography
and technical execution as well as the use of newly procured materials.

This paper expands the corpus of analytical data of late antique mosaic tesserae and late antique
colored glass more generally, providing a reference for the composition of fourth-century Roman glass
tesserae. We demonstrate that colored glass circulating in Spain during the fourth century was made
by coloring a mix of recycled Roman Sb and Mn base glass. The location of the secondary workshops
remains elusive, but they must have been located in regions with a high availability of Roman
antimony and Roman manganese glass for recycling purposes. Among the tesserae, we identified
various coloring technologies, suggesting that they were the product of different specialized secondary
glass-coloring workshops. For instance, plant ash green and lead-white tesserae are comparable to
glasses of the first century CE and may represent the survival of these specialized productions or the
reuse of older material. Two different types of cobalt colorants point to the transition from a Roman to
a new late antique cobalt source in the fourth century. Similarly, the orange tesserae from Noheda
provide some of the earliest evidence for the use of metallurgical slag in the production of colored
glass. A complex picture is thus emerging for the relationships between mosaic workshops and glass
suppliers. Workshops responsible for high-end mosaics like the floor mosaics in Noheda clearly had
access to a wide range of glass tesserae (or glass cakes) of all the required colors. The variations in
the coloring agents and technologies, however, imply that the material was gathered from more than
one source.
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