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Abstract: This work aims to characterise the chemical composition of Roman opaque red glass sectilia
dated to the 2nd century A.D and to shed light on Roman glassmaking production of different
shades of red, from red to reddish-brown. Due to the lack of technical historical sources for this
period many questions about technological aspects still remain. In this project a multi-disciplinary
approach is in progress to investigate the red glass sectilia with several red hues from the Imperial
Villa of Lucius Verus (161–169 A.D.) in Rome. First, colorimetric measurements were taken to
identify the various red hues. The second step was chemical characterization of the samples and
the identification of crystalline colouring phases. Particle Induced X-Ray Emission (PIXE) analysis
was used to investigate the chemical composition of these glass samples, while the crystalline phases
were identified by Raman Spectroscopy and Scanning Electrons Microscope with Energy Dispersive
X-ray Spectrometry (SEM-EDS). Using SEM-EDS nanoparticles were detected as a colouring agent,
the chemical composition and the morphology of which has been studied in depth. This information
has been compared with the colorimetric analysis to establish any correlation with the different
colour hues.

Keywords: copper; opaque red; red hues; roman glass; nanoparticles; optical properties; FORS;
SEM-EDS; µ-Raman

1. Introduction

The 2nd century AD imperial villa of Lucius Verus is situated along the Via Appia near Rome,
and a large number of its rooms were decorated with the opus sectile technique, with monochrome
and polychrome glass pieces (sectilia) of different colours [1]. The aim of using these pieces of glass
to substitute specific types of marble commonly used in Roman architecture is not fully clear [1].
Unfortunately, the decoration of this villa was destroyed and more than 30,000 glass pieces of different
sizes, shapes and colours became part of the private collection of the Italian tenor Evangelista Gorga,
between the end of the 19th and the beginning of the 20th century. As result of financial problems,

Heritage 2019, 2, 2597–2611; doi:10.3390/heritage2030159 www.mdpi.com/journal/heritage

http://www.mdpi.com/journal/heritage
http://www.mdpi.com
http://www.mdpi.com/2571-9408/2/3/159?type=check_update&version=1
http://dx.doi.org/10.3390/heritage2030159
http://www.mdpi.com/journal/heritage


Heritage 2019, 2 2598

part of his huge collection was sold to the Italian government. Nowadays the sectilia are stored in the
Soprintendenza Archeologica di Roma (more than 30,000 glass pieces of different sizes, shapes and
colours) [1,2].

The large amount of well dated monochrome Roman opaque red glass sectilia in this collection
provides a unique opportunity to investigate this glassmaking technology and enrich our knowledge of
Roman opaque red glass. The first step of this work established a preliminary colour-based classification
of more than 8000 monochrome red sectilia, 10 of which were then selected for their different hues and
analysed by a multi-analytical approach. The polychrome sectilia, in which opaque red glass was used
with other colours, were not considered in this study.

The aim of this work is to investigate different red hues, found in the Gorga collection, through a
multi-analytical approach. The results will be used to highlight the specific features of Roman opaque
red glass, and to distinguish one hue from another.

Formation of Colour

The use of copper as a colouring agent dates back to the beginning of glassmaking technology [3,4].
Copper in cupric form (Cu2+) produces a turquoise-blue glass, while the strong reducing condition
in the melt or in the furnace atmosphere, during the melting and working stages, leads to copper
precipitation in form of cuprous oxide (cuprite crystals, Cu2O) or metallic copper (Cu◦) generating
red glass [5]. The formation of cuprous oxide or metallic copper depends on the glass composition
and on the partial pressure of oxygen which affects the oxidation state of copper. Indeed, cuprous
oxide is formed more easily than metallic copper, which requires much stronger reducing conditions
to precipitate [5–10]. The addition of reducing agents, such as iron, tin and antimony compounds is
fundamental to facilitate this process [5–10]. It is generally accepted that the formation of red colour
(striking) occurs during the cooling phase. At this stage, if the correct redox conditions to achieve the
precipitation of cuprous oxide or metallic copper are obtained, micrometric or nanometric particles
start to form in the glass [9–11]. Once the particles are formed, their interaction with the visible light
causes the absorption and the scattering phenomena of light which determine the colour of the glass
and its transparency or opacity [12]. When the concentration and size of particles increase (>50 nm)
the scattering effect is the prevailing phenomenon and an opaque red glass is obtained [5,12,13].

Doubts about the true colouring agent of opaque red glass emerged in recent decades leading
to two theories: some authors support the hypothesis that cuprite (Cu2O) is responsible for the red
colour [11,14,15], while others defend the idea that metallic copper is the true colouring agent for red
glass [5,8,16,17].

In historical glass both cuprite and elemental copper were found in opaque red glass. They were
the results of different types of technological production processes, and they were generated in glasses
with different chemical compositions [13,18]. Micrometric cuprite crystals (50–150 µm) are formed in
glass which is rich in copper (CuO 5–12%) and lead (PbO 15–40%), and require specific heat-treatment
in order to grow to dendritic micrometric sizes [19]. This glass, called sealing wax, was identified for
the first time by Turner in Egyptian red glass [20]. Sealing wax is a bright red glass; as far as we know,
it was widely used from the 4th century BC until the 1st century AD in Ancient Egypt, as well as in La
Tène and Celtic cultures until the Hellenistic Empire [3,4,14,18,21,22].

Red glass coloured by nanoparticles of metallic copper shows low content of copper (CuO 0.6–5%)
and lead oxide (PbO 0.1–15%); iron or tin oxide were intentionally added in the glass composition
as reducing agents [23,24]. Since this type of red glass is duller than sealing wax, in literature it is
frequently called red-brown. It has been produced from the Roman age to the current day especially
for mosaic tesserae [25].

A third glass resulting from this technology is the aventurine glass characterized by sparkling
flakes of metallic copper of visible size formed by slowly cooling the melt. As far as we know,
aventurine glass was invented at the end of the 16th century AD by Venetian glassmakers [25–28].
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2. Materials and Methods

2.1. Materials

About 8000 opaque red sectilia [1], stored in 8 boxes grouped by colour and shape (Figure 1), were
inspected in order to identify different red hues.
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Figure 2. Red sectilia selected from the Gorga Collection: (a) R1; (b) R2; (c) R3; (d) R4; (f) R5; (g) R6; 
(h) R7; (i) R8; (l) R9; (m) R1. 
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field) were used. 
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MAYA 200 PRO from Ocean Optics spectrophotometer with a single beam dispersive optical 
fibre was used, at the scientific laboratory in DCR Lisbon, together with a 2048 CCD Si detector that 
allows operating in the 200–1050 nm range. The light source is a HL-200-HP 20 W halogen from Ocean 
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Some sectilia covered by a green, white or black corroded layer, could be not studied. Sampling
was based on sectilia showing recent fractures or polished by the dealers before becoming part of the
Gorga collection or freshly broken. In the end, 10 samples showing various red hues were collected
(Figure 2).
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Figure 2. Red sectilia selected from the Gorga Collection: (a) R1; (b) R2; (c) R3; (d) R4; (e) R5; (f) R6; (g)
R7; (h) R8; (i) R9; (j) R1.

2.2. Equipment and Characterization Methods

2.2.1. OM (Optical Microscope)

Images were collected using a Zeiss Axioplan 2 Imaging system (HAL 100) coupled to a Nikon
DXM1200F digital camera and ACT-1 software. Different illumination modes (bright field and dark
field) were used.
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2.2.2. FORS (Fibre Optics Reflectance Spectroscopy)

MAYA 200 PRO from Ocean Optics spectrophotometer with a single beam dispersive optical
fibre was used, at the scientific laboratory in DCR Lisbon, together with a 2048 CCD Si detector that
allows operating in the 200–1050 nm range. The light source is a HL-200-HP 20 W halogen from
Ocean Optics, with a single optical path between 360 and 2500 nm. The spectra were taken directly
on the glass surface of the objects, in reflectance (R) mode, with a 45◦/45◦ configuration (illumination
angle/acquisition) and a ca. 2 mm diameter of the area analysed. Spectra were obtained between 380
and 1050 nm, with an integration time of 8 ms per scan and 15 scans. A Spectralon®surface was used
as a reference for calibration.

By means of the reflectance spectra, it is possible to calculate the band gap energies of semiconductor
materials using the following equation proposed in the literature [29–33]:

(αhv)n = A(hv− Eg) (1)

where α is the absorption coefficient, hv is the energy of incident photon, Eg is the band gap energy,
A is a proportionality constant and n is an exponent which is related to the optical transition.
As mentioned by Rosi [29], it was necessary to convert the FORS spectra into Kubelka-Munk values
which are proportional to the absorption coefficient. Afterwards a band gap energy was calculated by
extrapolating the linear region of a plot of (αhv)2 vs. hv [29–33].

2.2.3. Colorimetric Measurements

Colorimetric measurements were made at the Stazione Sperimentale del Vetro (SSV), Murano
Venice, with a UV-VIS-NIR spectrophotometer Perkin-Elmer Lambda 900 with a Spectralon 15 mm
diameter integrating sphere Pela1000. Ceramic tile certificated NIST (SRM2019) was used as standard
for the measurements in reflection.

Because of the small sizes of the samples a specific protocol was adopted. An area of 3 × 3 mm
was measured by applying a mask on the sample, made of carbon paper, to avoid any interference.

These analyses were taken and elaborated by the procedure indicated in Publication of Commision
Internationale de l’Eclairage (CIE) n◦15:2004 “colorimetrie”, with D65 illuminant (CIE n◦15) and 2◦

observer (CIE 1931)—5 nm.

2.2.4. Reference Standards

To calculate the oxide concentration in the semi-quantitative and quantitative chemical analysis
calibration of instruments with glass reference standard was carried out. Standard Corning A, B,
C, D were used. These standards have a well-known and certificated composition with different
concentrations of several oxides to reproduce the chemical composition of historical glass [34].

2.2.5. PIXE (Particle Induced X-Ray Emission)

Quantitative chemical compositions were achieved with a µ-PIXE ion beam analytical technique,
at C2TN (Center for Nuclear Science and Technology in Lisbon, using an Oxford Microbeams OM150
type scanning nuclear microprobe setup, either with the in-vacuum or with the external beam
configuration. To allow efficient detection of low energy X-rays the fragments were irradiated in
vacuum with a focused 1 MeV proton beam. The X-rays were collected by an 8 µm thick Be windowed
SDD detector with 145 eV resolution. X-ray imaging (2D elemental distribution) and spectra were
obtained from an irradiated sample area of 750 × 750 µm2. For trace elements quantification (typically
elements with atomic number above the one of Fe), a 2 MeV proton beam was used. In this case,
the external beam setup was chosen in order to prevent sample beam-charging and consequently
X-ray spectra degradation. X-rays were collected with an SDD detector with 145 eV resolution
from a sample area of 800 × 800 µm2. Operation and basic data manipulation, including elemental
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distribution mapping, was achieved through the OMDAQ software code, and quantitative analysis
with GUPIX program.

2.2.6. SEM-EDS (Scanning Electrons Microscope with Energy Dispersive X-ray Spectrometry)

A field emission electron Gun Scanning Electron Microscope (FEG-SEM, JEOL 7800F), at C2RMF
(Centre de Recherche et de Restauration des Musées de France, Paris), was used for the analysis.
To limit the charge effects on the surface, a platinum coating of about 1 nm was deposited to make the
glass surface conductive and moderate accelerating tensions were used (2–15 kV). For the platinum
coating and the SEM observation, samples were submitted to a vacuum of about 1Pa and 5.10−5Pa
respectively. At the same time as SEM observations, EDS analysis was carried out on the glass samples,
using a BRUKER Quantax 400 system. The intensity of the electronic beam current was 1 nA during
the analysis it was scanned on a surface area, larger than 2 µm, to prevent alkali drift.

2.2.7. µ-Raman Microscopy

Raman microscopy was carried out at a scientific laboratory in DCR Lisbon using a Labram 300
Jobin Yvon spectrometer, equipped with a solid state 50-mW laser operating at 532 nm. Spectra were
recorded as an extended scan. The system was calibrated using a silicon standard. The laser beam
was focused either with a 50× or a 100× Olympus objective lens. The laser power at the surface of the
samples was controlled with neutral density filters (optical densities 0.3 and 0.6). Raman data analysis
was performed using LabSpec 5 software. All spectra are presented as acquired without any baseline
correction or other treatment.

3. Results

3.1. Colorimetric Measurements

Because of the small size of the samples, it was possible to perform colorimetric measurements
only on samples R1-R3-R4-R6-R7-R8-R9-R10. Colorimetric coordinates (Table 1) identified four main
red hues which can be observed in the 3D chart of Figure 3. Samples R3-R4-R7-R8 seem to compose
a homogeneous group, which will hereafter be referred to as: Red-group. Of the other samples: R1
is very, dark almost black, with low values in the colorimetric coordinates. Minimal differences in
colorimetric coordinate a* and b* were observed between the Red-group and sample R9 explaining
why it was so difficult to distinguish them by visual observation alone. Sample R10 shows a lower
value of the coordinate a* which makes it darker than both the Red-group and R9.

Table 1. Chromatic and colorimetric coordinates.

Sample Colorimetric Coordinate Dominant
Wavelength (nm)

L * a * b * C h
R1 28.6 1.3 1.2 1.8 40.6 591.6
R3 39.1 25.0 13.7 28.4 28.7 604.1
R4 39.7 24.3 14.0 28.0 30.0 603.5
R7 41.0 26.1 13.6 29.4 27.6 606.9
R8 42.5 21.1 12.2 24.4 30.0 602.7
R9 35.4 23.5 10.8 25.8 24.7 609.1
R10 36.4 14.8 11.2 18.5 37.0 596.8
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3.2. Optical Microscope

Observation by optical microscope confirmed the four red hues found by colorimetric measurements,
showing four different textural features, as is shown in Figure 4. Sample R1 (Figure 4a) is very dark with an
alternance of red opaque and black translucent layers. Samples R2-R3-R4-R5-R6-R7-R8 are similar to each
other showing a heterogeneous pattern where light red layers alternate with dark red layers (Figure 4b);
furthermore, some black translucent veins were observed. Sample R9 exhibits high concentrations of large
dendritic crystals (sizes 50–150 µm) in a translucent colourless glass matrix (Figures 4c and 5a); sample
R10 is relatively homogenous with the presence of several euhedral crystals (triangle, hexagons) around
50 µm in size (Figures 4d and 5b). Few large metallic inclusions were detected in the samples, usually of
spherical shape and up to 50 µm in diameter such as in R3 (Figure 5c), except in sample R8 which shows a
large metallic inclusion of more than 100 µm in size (Figure 5d).
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Figure 5. Optical micrographs in dark field objective: (a) dendric crystals in sample R9; (b) euhedric
copper crystal in sample R10; (c) metallic inclusion in sample R3; (d) metallic inclusion in sample R8.

3.3. FORS Spectra

Reflectance spectra (Figure 6) confirmed the grouping of samples in four hues showing
correspondences with colorimetric measurements and OM observations. Sample R1 is characterized
by an inflection point at 571 nm due to metallic copper (Cu0) nanoparticles [35–38].
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Metallic copper is the main colouring agent in the Red-group (R2-R3-R4-R5-R6-R7-R8) and in
sample R10, as indicated by the inflection point at 583-587 nm [38,39]. These two hues are distinguished
by different reflectance values that apparently make sample R10 darker than the Red-group, which
correlates with the colorimetric measurements. Furthermore, the slight inflection point at ca. 650 nm
seems to indicate the presence of several iron oxides which could affect the hue of sample R10.

Sample R9 exhibits the characteristic sigmoidal form of semiconductor materials, with two band
gaps of 1.98 and 2.08 eV corresponding to an absorption bands at 625 nm and 595 nm respectively,
due to the presence of cuprite crystals (Cu2O) of two different sizes [32,33].

3.4. Chemical Analyses

Bulk Composition

The average quantitative chemical composition of the colouring elements of the selected red
samples is reported in Table 2. Silica, sodium and calcium oxides are the main glass components
(soda-lime-silica glass) except in sample R9 in which high contents of lead (PbO 28.3%) and copper
(CuO 9.0%) were observed. Samples R2-R3-R4-R5-R6-R7-R8 show high contents of magnesium (MgO
from 1.6% to 3%) and potassium (K2O from 1.8% to 3.4%), and a high concentration of phosphorus
(P2O5 from 0.24% to 0.93%). Lower concentrations of MgO and K2O were detected in samples R1
(MgO: 0.74%; K2O: 0.64%) and R10 (MgO: 0.83%; K2O: 0.81%).

Table 2. Average quantitative Particle Induced X-Ray Emission (PIXE) chemical analysis of the elements
potentially involved in the colour formation, expressed in wt% oxide. n.d. elements not detected (LOD
Sb2O3 estimated: 0.13%).

Sample Colour Fe2O3 CuO PbO SnO2 Sb2O3

R-1 3.90 0.31 0.39 0.10 0.48
R-2 Red-group 1.30 2.13 1.40 1.32 0.50
R-3 Red-group 1.50 2.09 8.65 0.54 n.d
R-4 Red-group 1.12 0.54 0.11 0.28 0.14
R-5 Red-group 1.07 1.80 1.20 0.94 n.d
R-6 Red-group 1.00 1.87 0.60 0.25 n.d.
R-7 Red-group 1.10 1.67 0.62 0.30 0.17
R-8 Red-group 1.05 2.27 0.52 0.57 n.d.
R-9 Sealing wax 0.42 9.0 28.3 0.23 1.60

R-10 4.20 2.85 1.00 0.25 n.d.

A high content of iron was detected in samples R1 and R10 (Fe2O3 3.9 and 4.20% respectively),
while in the other samples this varies between 0.42 and 1.50%. A high content of tin oxide was detected
in samples R2 and R5 (SnO2 1.32 and 0.94% respectively) while in the other samples it is lower than
1%. Antimony is present in some samples in low concentrations (Sb2O3 <0.5%) except in sample R9
(Sb2O3 1.6%).

3.5. Crystalline Phases

Copper-rich spherical nanoparticles have been revealed by SEM in samples R1-R2-R5-R6 (Figure 7a).
Sizes vary from 60 nm to 200 nm, as shown in Table 3. Following the FORS measurements and low energy
EDS analyses, those nanoparticles were identified as metallic copper. In samples R3–R4, the larger
metallic copper nanoparticles (between 100–400 nm) have cubic shape (Figure 7b), while particles less
than 100 nm in size have spherical shapes. Samples R7-R8 showed copper-rich nanoparticles measuring
up to 200 nm of both spherical and cubic shapes. The presence of particles smaller than 60 nm is not
excluded in the samples of the Red-group and in sample R1; however it is not possible to detect particles
less than 60 nm by FEG-EDS. Sample R10 exhibits hexagonal and cubic rich copper crystals bigger than
1 µm (Figure 7d), which are metallic copper as confirmed by the SEM-EDS investigation and the FORS
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spectrum. Sample R9 (Figure 7c) contains dendritic crystals identified as cuprite crystals by Raman
spectroscopy (Figure 8); moreover, some globular metallic copper particles were also detected by SEM
(up to 1 µm).
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particles less than 100 nm in size have spherical shapes. Samples R7-R8 showed copper-rich 
nanoparticles measuring up to 200 nm of both spherical and cubic shapes. The presence of particles 
smaller than 60 nm is not excluded in the samples of the Red-group and in sample R1; however it is 
not possible to detect particles less than 60 nm by FEG-EDS. Sample R10 exhibits hexagonal and cubic 
rich copper crystals bigger than 1 μm (Figure 7d), which are metallic copper as confirmed by the 
SEM-EDS investigation and the FORS spectrum. Sample R9 (Figure 7c) contains dendritic crystals 
identified as cuprite crystals by Raman spectroscopy (Figure 8); moreover, some globular metallic 
copper particles were also detected by SEM (up to 1 μm). 
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(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in
sample R10.
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Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the samples.

Sample Size (µm) Shape

R1 0.06–0.1

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R2 0.06–0.2

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R3 0.1–0.4

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R4 0.1–0.4

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R5 0.06–0.2

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R6 0.06 –0.15

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R7 0.06–0.2

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R8 0.06–0.2

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)
R9 50–150 Dendritic (Cu2O)
R9 0.5–1

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)

R10 0.5–1

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

Heritage 2019, 2 FOR PEER REVIEW  10 

 

  

Figure 7. Field emission electron Gun Scanning Electron Microscope (FEG-SEM) micrographs of red 
samples: (a) sample R1, copper spherical nanoparticles; (b) copper-cubic nanoparticles in sample R7; 
(c) dendritic crystals of cuprite in sample R9; (d) euhedral micrometric crystals of metallic copper in 
sample R10. 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

 

 

 

  

c) d) 

(Cu◦)Heritage 2019, 2 FOR PEER REVIEW  10 

 

 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified. 

Table 3. Description of the range of size and shapes of the particles observed by FEG-SEM in the 
samples. 

Sample Size (μm) Shape 
R1 0.06–0.1            (Cu°) 
R2 0.06–0.2            (Cu°) 
R3 0.1–0.4            (Cu°) 
R4 0.1–0.4            (Cu°) 
R5 0.06–0.2            (Cu°) 
R6 0.06 –0.15            (Cu°) 
R7 0.06–0.2            (Cu°) 
R8 0.06–0.2            (Cu°) 
R9 50–150 Dendritic  (Cu2O) 
R9 0.5–1           (Cu°) 
R10 0.5–1           (Cu°) 

3.6. Other Crystalline Phases and Inclusions 

Euhedral crystalline phases rich in Na-Si-Ca or in Si-Ca were detected in almost all samples; 
their compositions are compatible with devitrite or wollastonite crystals respectively, which are 
devitrification products formed in soda-lime glass melt during the cooling phase [7].  

Different types of inclusions were detected in the samples through SEM-EDS analysis. Few 
inclusions rich in Fe2O3, SiO2, Al2O3 and TiO2 were revealed in sample R10 (Figure 9) which may be 
either clay or ceramic. Several polyphase products with high contents of Na2O, SiO2, Al2O3 and Fe2O3 
were found in sample R3. Finally, numerous crystalline phases rich in calcium and phosphorus 
(probably calcium phosphate) were identified in sample R6. Few metallic inclusions in sample R8 
composed of copper, lead and sulphur (probably copper sulphide and lead sulphide) were also 
detected. 

Figure 8. Raman spectrum of sample R9 in which cuprite crystals were identified.

3.6. Other Crystalline Phases and Inclusions

Euhedral crystalline phases rich in Na-Si-Ca or in Si-Ca were detected in almost all samples;
their compositions are compatible with devitrite or wollastonite crystals respectively, which are
devitrification products formed in soda-lime glass melt during the cooling phase [7].

Different types of inclusions were detected in the samples through SEM-EDS analysis. Few
inclusions rich in Fe2O3, SiO2, Al2O3 and TiO2 were revealed in sample R10 (Figure 9) which may
be either clay or ceramic. Several polyphase products with high contents of Na2O, SiO2, Al2O3 and
Fe2O3 were found in sample R3. Finally, numerous crystalline phases rich in calcium and phosphorus
(probably calcium phosphate) were identified in sample R6. Few metallic inclusions in sample R8
composed of copper, lead and sulphur (probably copper sulphide and lead sulphide) were also detected.
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4. Discussion

By means of several analytical investigation, four hues have been identified in the red opaque
sectilia from the Gorga Collection. Metallic copper is the colouring agent in nine of the samples, while
in sample R9, characterized by large concentrations of copper and lead, cuprite crystals are responsible
for the red colour.

In samples R2-R3-R4-R5-R6-R7-R8 and R10 a voluntary addition of iron, probably as a reducing
agent to support the precipitation of metallic copper particles, was detected [6]. It is still not clear in
which form the iron was added, probably as Fe◦ or Fe2+ or a mixture of both to encourage the redox
reaction, in order to obtain metallic copper.

The production technology behind these samples is based on the appropriate chemical composition
of the glass melt, which leads to the redox reaction, as well as a fast cooling process to prevent the
excessive growth of the metallic copper nanoparticles [5].

The samples in the Red-group (R2-R3-R4-R5-R6-R7-R8) have similar chemical compositions,
with high contents of magnesium (MgO > 1.5%) and potassium (K2O > 1.5%) and almost the same
concentration of copper (CuO around 2%) and iron (Fe2O3 from 1.10% to 1.6%). The values of MgO,
K2O and P2O5, present in these samples suggest the use of soda plant ash as fluxing agent which was
uncommon during the Roman age [40]. Although there is still not a clear explanation for this unusual
composition, it could be that specific coloured glass was made by specialized workshops which used
distinct practices.

Some slight differences were observed through colorimetric measurements and FORS spectra
analyses. This could be related to the different sizes of the metallic copper particles detected by SEM.
Indeed, samples R3 and R4 revealed larger metallic copper particles (up to 400 nm) than samples
R2-R5-R7-R8 (up to 200 nm), which in turn changed the colour of samples R3 and R4 to a more brownish
red hue. Moreover, the samples of the Red-group are characterized by a pronounced heterogeneity
with red layers of different hues, and in some cases black translucent veins, as observed by OM.
Through SEM-FEG analyses no copper particles were detected in the black veins while no significant
differences in the chemical composition between black veins and red layers were detected by PIXE and
EDS analyses. Therefore, it is probable that the formation of black veins is due to the absence of the
correct redox condition in some areas of the melt, preventing the precipitation of metallic copper and
producing a translucent glass in which copper ions are dissolved [10]. Although the presence of layers
with different red hues is probably due to differences in concentration and in size of metallic copper
particles, as observed by OM and SEM-FEG, the causes that led to this pattern are still unclear.
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In sample R6, crystalline particles rich in Ca and P, probably calcium phosphate, were found. It is
possible that this compound entered the melt through bone ash which was extensively used in the
Byzantine and in the early Islamic period as an opacifier for mosaic glass tesserae [41,42].

A High content of iron (Fe2O3 3.9%) was revealed in sample R1, which shows the lowest copper
concentration (CuO 0.3%). This glass is made of large translucent dark areas and thin red opaque
strips. This pattern was probably intentionally manufactured by Roman glassmakers to imitate natural
marbles [43].

Sample R10 differs from the previous group due to its higher content of iron (Fe2O3 4.20%) and
copper (CuO 2.85%), and because of the presence of relatively large euhedral metallic copper crystals
(flakes) (50 µm) in triangular and hexagonal shapes. In contrast to the technique used to produce the
samples of the Red-group, it seems likely that a specific heat treatment was applied (the melt was
maintained at a high temperature for a long time, after which it could be slowly cooled) to produce this
colour [6]. Sample R10 looks very similar to the aventurine glass invented by Venetian glassmakers
at the end of the 16th century AD [28]. The chemical composition establishes that sample R10 is
genuine Roman natron glass, with low concentrations of potassium (K2O < 1.5%) and magnesium
(MgO < 1.5%) [40], which distinguishes it from the Venetian soda ash glass which has a high content of
potassium (K2O > 2.5%) and magnesium (MgO > 2.5%) [44].

It is known that Roman sectilia were designed to imitate specific marbles [1,43]; therefore, it is
possible that Roman glassmakers intended to obtain this effect, suggesting that they knew how to
manufacture aventurine glass more than thirteen centuries before the Venetian glassmakers. It is also
possible that this production was the unexpected result of an occasional melt since up to now only few
sectilia of aventurine type were found. Further investigations are under way to clarify this aspect.

Tin and lead are considered other crucial elements in ancient red glass production [23]. They are
present in low concentrations in most of the analysed samples (SnO2 0.10–1.32%; PbO 0.11–8.7%) and
probably entered the melt as components of copper-rich metal scraps such as brass or bronze used to
introduce copper [14,23].

Sealing wax red glass (R9) revealed a chemical composition drastically different from the other
red samples, with high concentrations of copper (CuO 8.9%), lead (PbO 28.3%) and antimony (Sb2O3

1.6%). The high lead content in this glass probably serves two main purpose: to decrease the viscosity
of glass melt and consequently the working temperature, and to contribute to the redox reaction which
leads to the formation of cuprite [5,7,11]. The high concentration of antimony could suggest that it
was intentionally added as Sb2O3 to work as a reducing agent. In this sample, the amount of iron is
low (Fe2O3 0.45%), probably introduced by the silica source used to make the glass. As suggested by
some experimental reproductions [19,45] it is likely that sealing wax was the result of a specific long
heat treatment in order to allow the slow formation and growth of dendritic cuprite crystals [19,45].
The presence of some metallic copper particles in this sample, detected by SEM-FEG, could be due to
the strong reducing conditions in the furnace during the heat treatment, which promoted a further
reduction of cuprous oxide [45].

5. Conclusions

In this work, the nature and chemical compositions and the crystalline phases present in 10
Roman opaque red samples from the sectilia of the Gorga collection, were investigated through
several analytical techniques in order to understand the origin of the colour and of different red hues.
The multi-analytical approach allowed the detection of four red hues which are the results of specific
production processes. Different chemical compositions, and probably different heat treatments, were
applied to modify the size of metallic copper crystals and consequently the final colour of the sectilia.

Metallic copper is the colouring agent in samples R1-R2-R3-R4-R5-R6-R7-R8-R10, in which the
sizes of the particles and the amount of iron distinguish the three shades of red of this red-brown
group. Metallic copper particles in the range of 60 to 400 nm were found in these samples, except in
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sample R10 where metallic copper flakes larger than 1 µm, similar to the Venetian aventurine glass
were detected. Further investigation is in progress to characterize other similar Roman glass samples.

Sample R1 is characterized by a high content of iron and low content of copper oxides, and by the
presence of stripes of translucent black and red opaque glass.

Cuprite crystal of micrometric sizes were detected in sample R9 confirming that the sealing wax
red colour was still produced in Roman glass factories during the 2nd century AD. The literature
identifies sealing wax red glass as the brightest opaque red glass and red-brown as the duller one;
however, this study showed that this distinction is not always exact as Roman glass sectilia coloured
by cuprite are very difficult to distinguish from these coloured by metallic copper through visual
inspection and colourimetric analysis. This shows the skill of Roman glassmakers in the production of
glass colour.

Highly specialized glassmakers produced the red samples for the opus sectile decoration of Lucius
Verus villa. Further investigation will help to understand the production technology and shed light on
the process used to create these specific effects and the colours that this work has revealed.
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