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Abstract

:

This work aimed to investigate the origin of different red hues of Roman copper-based red opaque glass sectilia, to shed light on the production technology behind them. This objective was achieved by the depth study of the samples of glass sectilia, which decorated the villa of co-Emperor Lucius Verus (161–169 AD). These were selected for analysis due to their abundance, the certainty of their date and of their different red and orange hues. Using OM (optical microscopy), colourimetry and FORS (fibre optical reflectance spectroscopy) spectroscopy, four red and four orange hues were individuated. A set of representative samples for each hue was analysed by EPMA (electron probe microanalyses) to detect any correlation between colour and chemical composition. Crystalline phases were investigated through high-resolution FEG–SEM (field emission gun scanning electron microscope), μRaman spectroscopy and XRD, for the identification of colouring and opacifying agents and to understand how the different hues are affected by their shape, concentration and dimension. Sub-micrometric particles of metallic copper and cuprite crystals were identified as both the colouring and opacifying agents. These were not present in the same samples and were manufactured by two distinct colouring techniques, corresponding to two different glass chemical compositions. The size and the number of the colouring particles were the main factors that distinguished one hue from another. Although produced through different colouring techniques, some red samples appeared to be very similar to each other. These data enrich a period of the Roman age through some analyses and allow the identification of the type, as well as some of the production conditions of opaque red glass produced during 2nd century AD, which could be considered to be a period of transition from one technology to another.
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1. Introduction


1.1. Brief Overview of the Theory of Opaque Red Glass


The use of copper to colour glass dates back to the beginning of glassmaking technology. Based on its oxidation state, copper-containing glass has a wide chromatic scale of colours. When copper is dissolved in the melt as a cupric ion (Cu2+), a blue turquoise glass is obtained, while the glass is colourless as a cuprous ion (Cu+). When the reducing conditions are achieved, and copper separates from the melt in the form of metal micro particles (Cu°) or as crystals of cuprous oxide (Cu2O, cuprite), opaque red glass is generated [1,2]. This process also occurs throughout the formation of some minerals. In the labradorite, for example, the reducing conditions lead to the exsolution of Cu° nanoparticles from the host feldspar during the cooling phase, producing red transparent layers [3,4].



Despite the considerable number of studies on the mechanism of colour in opaque red glass, the nature of the colouring agents is not accepted unanimously. Several studies, both in the field of archaeological and material engineering proved the presence of two main copper-rich phases—dendritic crystals of cuprite and metallic copper particles, which were detected both in glass and glaze [5,6,7,8,9,10].



The formation of these particles in the glass requires reducing conditions during the process (melting and cooling phases), in order to decrease the partial pressure of oxygen [2,11]. Due to the low solubility of metallic copper, this element is usually introduced as copper oxide, which dissolves in the ionic form (Cu2+, Cu+). In order to create the correct redox conditions inside the molten glass, elements with the proper oxidation state (iron: Fe2+; tin: Sn2+; antimony: Sb3+) are added to the melt, acting as reducing agent. It is generally accepted that the redox reactions between the copper and the reducing agents occur mainly when the glass is sufficiently viscous and starts to cool, at a temperature below its melting point [11]. Moreover, the chemical composition of the glass determines the formation of one of these crystalline phases. In glass with high copper (CuO 5–10 wt.%) and lead (PbO 15–50 wt.%) contents, the formation of cuprite crystals is favoured. Instead, in the case of a lower concentration of copper (CuO < 5 wt.%) and a significant amount of iron (Fe2O3 2–5 wt.%), sub-micrometric metallic copper particles precipitate [12,13,14,15,16]. The rate of cooling can modify the nucleation or the growth of the crystalline phases, which are controlled through specific heat treatment, promoting different hues of opaque red glass [17].



Orange glass could be considered as copper-red glass, obtained by combining high concentration of copper and lead with delicate heat treatment, to favour the nucleation of small cuprite crystals (<400 nm) [17].




1.2. Brief History of Opaque Red Glass Production


A substantial number of analyses of archaeological opaque red glass established the existence, along the centuries (since the 2nd millennium BC until nowadays) of two types of opaque red, coloured by metallic copper or cuprite. The oldest samples from Egypt (1500–1400 BC) showed a high concentration of copper (CuO 5–9 wt.%) and sporadically considerable contents of antimony and iron [18]. The colour was dark red or “liverish” (red brown), and both metallic copper or cuprite were detected [18,19].



During the second half of the 1st millennium BC (4th–1st century BC), the archaeometric analyses highlighted a drastic change in the opaque red glass production. In samples from Nimrud (4th/3rd century BC Mesopotamia), high lead (PbO 15–30 wt.%) and copper (CuO 5–10 wt.%) contents were detected, together with a high amount of antimony oxide (Sb2O3 1–4.8 wt.%) [6,18]. Micrometric cuprite crystals (Cu2O) in the dendritic shape were identified as responsible for its colour. The formation of cuprite crystals is considered to be the result of a well-mastered technology that probably requires specifically long heat treatment, to allow the growth of the crystals [6,17,18,19]. This type of bright opaque red, called “sealing wax”, was highly sought after and produced in ancient Egypt and Ptolemaic Egypt, the Mesopotamian region (Nimrud) and probably along the Syro-Palestinian coastal [20,21]. It was abundantly found in the North Europe, where it was probably not produced but imported from Egypt [22], and among the La Tene cultures. It was employed as enamel to decorate metalworks, to substitute precious stones in jewellery, as rods in glass mosaic vessels and in the production of rare bowls [13,23,24,25,26,27,28].



A modification in the manufacturing technology of opaque red glass occurred when the Roman Empire established its domain in the entire Mediterranean basin (around the 1st century AD). This third type was characterized by a gradual decrease of copper (CuO 1–5 wt.%) and lead (PbO < 15 wt.%) contents in the glass and the addition of iron (Fe2O3 1–4 wt.%). Although this new opaque red glass, called red brown, is indicated as being duller than sealing wax, several red hues are included under this designation. It was recently verified that no marked visual differences were observed among Roman red brown and sealing wax [29]. Furthermore, it was established that sub-micrometric particles of metallic copper, varying between 60 and 400 nm, generate colour and opacity in the red brown glass [12,30]. However, the presence of cuprite crystals was identified in some Roman red brown samples, keeping the debate about the true nature of the colouring agent still alive [19]. The precipitation of these metallic particles occurs during the cooling phase, through the redox reactions between copper and the reducing agents. The formation of colour does not need heat treatment, cutting down on the time of production [2].



After the 1st century AD and the massive scale glassmaking production, red brown became the dominant type of red glass during the Roman age. Since fewer metals and less time were required to produce red brown, it probably represented an economic advantage for the increased demands of coloured glass for the manufacture of mosaic tesserae, rods, sectilia and beads [23,24]. This type of opaque red continued to be produced abundantly throughout the centuries, with minor changes in the chemical composition, until the present day [31].




1.3. Roman Opaque Red Glass


The considerable number of studies on analyses of Roman opaque red glass, highlighted the presence of some anomalous chemical composition for the Roman age, generating many questions that are still unsolved regarding the technology of its production.



It was established that the Roman glass was made by combining sand, which contains silica and carbonaceous minerals or shells, and a mineral that is extremely rich in sodium carbonate like a fluxing agent, called natron. The resulting chemical composition of the Roman glass is poor in K2O, MgO, which are usually lower than 1.5 wt.%, and have low contents of P2O5 (usually < 0.2 wt.%) [32]. Furthermore, at the beginning of the Roman glass studies, it was already observed that Roman glass discovered in different parts of the Roman Empire showed similar chemical composition [32]. In the last twenty years, it was established that the Roman glassmaking industry was organized in two steps: (a) large furnaces, located in the Levant region or in Egypt produced massive amount of raw glass, which (b) was broken into several chunks and shipped to the secondary furnaces or workshops spread-out in the different regions of the Empire [33]. In the secondary furnaces, the raw glass was re-melted to be coloured or to be used in the manufacturing of glass object [33]. This model explains the similar and almost constant chemical composition of the Roman glass. Furthermore, this model was confirmed by the archaeological excavation in Egypt and in Israel, in which large furnaces were uncovered and identified as the primary furnaces [33]. In contrast, no archaeological evidences of the secondary furnaces were found, and it did not allow us to have a clear understanding of the production of coloured glass.



The higher contents of K2O, MgO (both > 1.5 wt.%) and P2O5 (>0.5 wt.%) often detected in Roman opaque red glass, compared to other colours, created a controversial issue [34,35]. Some authors attributed the presence of these anomalous values to the addition of fuel ash from the furnace [36,37,38,39,40], while other support the hypothesis that another fluxing agent, different from the traditional natron [32,33], could be used for technological benefit in specialised production centres [35,41,42].



A question concerns the production of other types of opaque red glass, for example, sealing wax. What happened after the invention of the red brown technology since the Roman Empire, is still not clear [43,44].



Furthermore, establishing a historical development of the colouring technique of Roman opaque red glass is very complex. Most of the analyses are focused on mosaic glass tesserae, which mainly concerns the Late Antiquity, while a small number of analyses were performed on other artefacts made by opaque red glass. Moreover, although, mosaic glass decorations are usually well-dated, it could be possible that the glass mosaic tesserae were re-used from previous sites or might be substituted in some restoration and could give (in some cases) misleading interpretation. Finally, a complete understanding of the production technology, or the recipe, is precluded by the lack of archaeological evidences (furnaces, scraps, tools, etc.) of Roman written technical sources.



Due to the shortage of chemical analyses that investigated orange glass, it was still not possible to establish how this colour was manufactured. There are few analyses on the orange glass before the Roman age, while a considerable amount of chemical analyses covers the period from the 1st century AD to 6th century AD of the Roman Empire [15,39,40,45,46,47]. This suggests that an increase of its use occurred with the spread of the mosaic or opus sectile decorative technique in many regions of the Roman Empire, in which a more extended chromatic scale was necessary.




1.4. The Sectilia from the Gorga Collection


Opus sectile (cut work) was a decorative technique where the panels were composed on a resin and plaster support, by inlaying flat pieces of coloured marbles and glass; afterwards these were applied on pavements or walls [48,49].



The most significant evidence of glass sectilia is found in the collection of the Italian tenor Evangelista Gorga (1865–1956). This collection includes 26,000 coloured glass sectilia, showing different colours and patterns, attributed to the decoration of the co-Emperor Lucius Verus villa (161–169 AD), located on via Cassia (8 km from Rome) [50,51]. The attribution was confirmed by recent excavations in the area of the Lucius Verus villa [51,52], uncovering more than 800 glass sectilia, later studied by the archaeologists and glass technicians, and resulting in a collection identical to that of the Gorga collection. However, it could not be excluded that some sectilia show a different provenance. The works of Saguì [50], Verità [53] and Tesser [54] established the ability of glassmakers to create patterns similar to natural stone, in order to imitate precious marbles that are commonly used in private Roman architecture.



Glass sectilia were manufactured through different techniques. Some of these were made from cane slices (Figure 1b,c) juxtaposed on a plane and fused in a kiln or furnace. Afterwards, these were pressed on the side and from the top, to adhere and form slabs [50]. Other thinner sectilia were cut from the cast, pressed and drawn at the corners (Figure 1a) [50]. Finally, the samples used as a frame in the decoration were obtained by casting the molten glass into a mould (Figure 1d) [50].



In this frame, the Gorga collection turned out to be of fundamental interest for the archaeometric studies of opaque red glass for several reasons. (1) The certain date of the sectilia, (2) the scant number of analyses concerning the 2nd century AD red glass, (3) could be a result of a century of transition from the sealing wax to the production red brown and (4) the abundance of red sectilia and the presence of different red hues. All these aspects make this collection a unique opportunity to examine the technological aspect behind Roman red glass production.



This work aimed to characterize the different red glass hues identified in the Gorga collection through a multi analytical approach. A part of the samples was already analysed and previously reported [29]. Nevertheless, the present work increased the number of analysed samples for each red hue and four orange samples were included. Furthermore, a new set of 38 opaque red sectilia was selected and analysed by colourimetric measurements, optical microscope and reflectance spectroscopy, to confirm and establish the red hues identified by naked eye observations. In the previous publication [29], the colouring agent in each red hue was not identified with certainty. In this investigation, the crystalline phases that affect each hue, were identified through new measurements by means of FEG–SEM, Raman spectroscopy and X-Ray diffraction, allowing to clarify the nature of the colouring agent. The analytical results permit us to understand and to establish the factors, such as chemical composition or the nature and dimensions of particles that contribute to generate each red hue. The results obtained shed new light on the probable recipes connected with the production of copper-based opaque red glass, during the 2nd century AD.





2. Materials and Methods


The colour and the thickness of the sectilia were used as a parameter to select the samples for analyses. Through naked-eye observation, different hues from orange, red, to dark brown were identified, and for each hue, several samples were collected. Furthermore, in order to investigate possible differences and correlations between chemical composition, microstructure, and colour, the samples were manufactured with a different technique, and consequently, different thickness were selected to be analysed (Figure 1).



Analytical Technique


The selected samples were studied by colourimetric measurements (except samples AR2, R2, R5, R6, R11 and R14, due to their small size) and fibre optical reflectance spectroscopy (FORS) [29]. MAYA 200 PRO from Ocean Optics spectrophotometer with a single beam dispersive optical fibre was used together with a 2048 CCD Si detector that allows operating in the 200–1050 nm range. The light source was an HL-200-HP 20 W halogen from Ocean Optics, with a single optical path between 360 and 2500 nm. The spectra were taken on the glass surface, in reflectance (R) mode, with a 45°/45° configuration (illumination angle/acquisition) and 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.



Through the reflectance spectra, it is possible to calculate the band gap energies of semiconductor materials, using the following equation [55,56,57,58]:


(αhv)n = A(hv − Eg)



(1)




where α is the absorption coefficient, hv is the energy of the incident photon, and Eg is the band gap energy, A is a proportionality constant and n is an exponent related to the optical transition. As mentioned by Rosi [55], it was necessary to convert the FORS spectra into Kubelka–Munk, values which were 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 [55,56,57,58].



Optical microscopy observations were conducted with a Zeiss Axioplan 2 Imaging system (HAL 100) coupled to a Nikon DXM1200F digital camera (Nikon, Tokyo, Japan) and ACT-1 software (Act 1 Systems, Los Angeles, CA, USA), with different illumination modes (bright field and dark field) [29].



After the identification of the red and orange hues, a set of 25 samples was selected for a deep chemical and mineralogical characterization (see Table 1). These samples were embedded in resin and prepared in polished section, coated by carbon or platinum for EPMA and FEG–SEM analyses.



Chemical quantitative analyses were carried out with a Cameca SX-50 at the Stazione Sperimentale del Vetro, Murano, Murano–Venice (Italy), equipped with three wavelength-dispersive spectrometers (PET, LiF and TAP crystals). The operating conditions were—accelerating potential 15 kV, beam current 20 nA for major and minor components or 100 nA for trace elements, respectively. A 40 × 50 mm scanning electron beam and limited counting time (10 s for major and minor elements, 20–30 s for trace elements) were employed to ensure that no significant alkali drift (ion migration) occurred during the irradiation [59].



The micro-texture was investigated through a field emission gun scanning electron microscope (FEG-SEM, JEOL 7800F, JEOL, Tokyo, Japan), which was used after platinum coating. At the same time as SEM observations, EDS (energy dispersive x-ray spetroscopy) analysis was carried out on the samples, using a BRUKER Quantax 400 system (BRUKER, Billerica, MA, USA). The intensity of the electron beam current was 1 nA. During the analysis it was scanned on a surface area larger than 2 μm, to prevent alkali drift.



The identification of the crystalline phases was conducted by μRaman spectroscopy, a Labram 300 Jobin Yvon spectrometer (HORIBA, Kyoto, Japan) equipped with a solid-state 50 mW laser, operating at 532 nm. The spectra were recorded as an extended scan and the system was calibrated using a silicon standard. The laser beam was focused either with a 50× or a 100× Olympus objective lens and its 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 (HORIBA, Kyoto, Japan) and all spectra are presented as acquired, without any baseline correction or other treatment [29]. The RRUFF database was useful for the identification of some crystalline phases.



X-ray diffraction was used in some samples where Raman spectroscopy did not allow the identification of the colouring agent, and in the orange samples, to understand whether other opacifying agents were used. The measurements were performed by X’Pert PRO MPD (PANalytical B.V., Almelo, Netherlands), equipped with an X-ray tube with Cu anode (1.54059 A, Kα, 45 kV, 40 mA) and an X’Celerator detector (ultra-set X-ray 1D detector based on Real Time Multi Steps-RTMS-technology). The scans were collected in the angular range of 3°–89° 2θ with a 0.03° virtual step size and 30 sec/step counting time. The XRD data were processed by the X’Pert HighScore (PANalytical B.V., Almelo, Netherlands). In order to avoid any contamination of resin peaks, the analyses were performed on bulk samples.





3. Results


3.1. Identification of the Red Hues


3.1.1. The Sampling


Through naked-eye observation, five primary hues were identified (Figure 2). The first hue, indicated as Gr-1, included both thin and thick sectilia, of brick red and duller red colour (Figure 2a). The second red hue was composed of reddish-brown glass samples (Gr-2), showing a homogeneous texture, and in some of them a sparkling effect was observed (Figure 2b). In the third hue, the samples were characterized by an extremely heterogeneous morphology, constituted by red and black stripes, making these types of glass dark-red in colour (Gr-3) (Figure 2c). The fourth hue included four samples (R9-R11-R12-R13) presenting a sort of gem effect, seeming very homogeneous and shiny, they represented another red hue called Gr-4 (Figure 2d). The fifth hue (Figure 2e) was made up of orange samples (Gr-5), in shades ranging from reddish orange to yellowish orange.




3.1.2. Optical Microscopy


The samples included in Gr-1 were characterized by a noticeable heterogeneity, where several layers of orange and dark red hues formed (Figure 3a,b). By means of naked eyes observation, dark transparent layers were observed, which seemed to not contain particles, when observed through a microscope, and through a very thin section, they resembled greenish transparent glass. The reddish-brown samples (Gr-2) looked homogenous, and some black inclusions were encountered. In samples R10, R17 and R21, numerous glittering crystals (triangle, hexagon), approximately around 50 μm in size were observed (Figure 3c,d). The heterogeneous red-banded samples (Gr-3) were formed by large dark transparent zones and opaque red layers (Figure 3e,f).



The samples of the Gr-4 group had a homogeneous aspect and well-developed red dendritic crystals embedded in a colourless glass matrix were observed (Figure 4). The number and the dimensions of these crystals were slightly different in each sample, forming lighter (R13) (Figure 4c) and darker hues (R12) (Figure 4a) within this group. These features were comparable with the red type sealing wax.



Different hues were exhibited by the orange samples (Gr-5): yellowish orange AR1 and AR2 (Figure 5a,b), and reddish orange AR4 and AR6 (Figure 5c,d). Samples AR2 and AR6 look homogeneous, while the other samples showed the presence of reddish layers (Figure 5a–d).




3.1.3. UV–Vis Reflectance Spectroscopy with Optical Fibres (FORS)


The FORS spectroscopy helped to discriminate the red hues through the reflectance percentage and the calculation of the inflection points, which corresponded to the maximum of the first derivative in the reflectance spectra [60,61].



The samples of the Gr-1 group (Figure 6a) showed an inflection point between 579 and 588 nm (Figure 6b), which is typical of a red colour, and the different reflectance percentage observed in the range between 650 and 780 nm, makes some of them slightly lighter than others. The value of the inflection point could be attributed to the presence of metallic copper [60,62,63,64,65,66].



In the Gr-2 group, the reflectance spectra exhibited a different shape (Figure 6c), while the value of the first derivative was in a narrower range between 582 and 586 nm (Figure 6d), likely due to metallic copper nanoparticles. Moreover, the shape of the spectra, as well as the first derivative, showed a shoulder centred around 660 nm, which could be indicative of several iron oxides present in the samples [67]. The Gr-2 group had a lower reflectance percentage than the Gr-1 group, which led to a darker hue. Moreover, two different sub-groups emerged, observing the range between 650 and 780 nm, which moved R18-R19-R20-R21 toward lighter tonality, while R10 and R17 were darker than the previous samples.



Gr-3 samples (Figure 7) are very dark with extremely low reflectance values; however, by means of fibre optics it was possible to discriminate the reflectance spectra of opaque red and dark transparent layers in samples R1 and R22. In the opaque red layer, the first derivative exhibited an inflection point at ca 575 nm, suggesting the presence of metallic copper nanoparticles (Figure 7b). An extremely weak inflection point at the same position was detected in the dark transparent layer, suggesting the presence of few copper nanoparticles (Figure 7d).



The sigmoid shapes with a steeper rise around the inflection point (Figure 8a) might indicate the presence of a semiconductor, such as cuprous oxide, in the Gr-4 group. This group exhibited reflectance values close to the Gr-1 group. The optical band gap was calculated by extrapolating the plot of the formula [55,56,57], and two values were obtained, for the four samples, at ca 1.98 and 2.08 eV, corresponding to an inflection point at 625 nm and 595 nm, respectively (Figure 8b). Furthermore, these values were related to the presence of a cuprous oxide, which could be affected by the presence of some impurity.



The spectra of the Gr-5 group (orange samples) showed two different hues, one more yellowish-orange (Figure 9a) and the second one reddish orange (Figure 9b). Sample AR4 exhibited a broad absorption band between 400 and 620 nm, while the rest of the samples showed a narrow absorption before 500 nm. The interpretation of these spectra was complicated. The energy band gaps of all samples revealed four values—2.56-2.13-2.08 and 1.98 eV corresponding to absorption band a 482-583-595-623 nm (Figure 9c). These suggest the presence of nanocrystals of cuprite with different sizes and shapes [58,68] and probably lead oxide [69].



The probable presence of metallic copper and cuprite crystals could correspond to two different colouring technique.




3.1.4. Colourimetry


Through the colourimetric measurements, the samples and the groups were clearly identifiable in the 3D chart (Figure 10) although in some cases, these were divided by slight chromatic differences (Table 2). Some of the Gr-1 group samples (R31, R32), as observed through the FORS analyses, moved toward more brownish coordinates with a slight decrease of the a* (20 and 21, respectively) and b* (10.7–12, respectively) coordinate.



In the samples of Gr-2 group, the values of colourimetric coordinates decreased, especially a* (13.3–16.8) and b* (9.2–10.6), leading them towards a reddish-brown hue.



Samples of Gr-3 group showed a significant reduction of both colourimetric coordinate a* and b*, in which the red and yellow part was almost absent, and an increase in the contribution of the green and blue part was observed, while the lowest brightness values moved these samples toward an extremely dark colour, almost black. Due to the small sizes of sample R1, it was not possible to measure the red and black layers separately, consequently, it seemed almost black (L*: 24.3; a*: 1.3; b*: 1.2). In sample R22, the red and black part were analysed, showing an increase of the a* (6.1 and 5.3, respectively) coordinate while the brightness was almost the same (L*: 26.5 and 24.3, respectively).



As was observed by the naked-eye and by the reflectance values, the samples of the Gr-4 group were very close to those of Gr-1, making them almost identical. Furthermore, the R12 sample was a dark red, with low a* (15.7) and b* (7) values, while the brightness was higher (L*: 40). Samples R9 and R13 were clearly distinct from R12, and showed a higher contribution of a* (23.5 and 26, respectively) and b* (10.8 and 11.2, respectively) chromatic coordinates. Probably the more intense red was due to the low values of the b* coordinate, which was higher in the Gr-1 group samples.



Orange (Gr-5) samples split in two hues—reddish orange samples characterized by an increase of the red component (coordinate a*: 30.3–32.4); while the yellowish-orange samples exhibited high brightness values (L*: 49.3–50.1) and higher values of the b* coordinate (29.4–34).





3.2. Chemical Analyses


The quantitative chemical composition of the analysed samples is reported in Table 3 In order to characterize the base glass composition, the element added for colouring or opacifying glass were removed (PbO, CuO, SnO2, Sb2O3, ZnO), leaving the elements that entered the glass from the sand and the fluxing agent. Afterwards, the chemical composition was re-calculated and normalized [70]. The obtained base glass composition would be functional to understand the colouring technique, and if the formation of colour was affected by the base glass composition. A strict comparison with the natron Roman groups present in the literature were out of the scope of this work.



3.2.1. Base Glass Composition


The glass composition identified two different types of soda–lime–silica glass. As showed in the bi-plot of Figure 11a, the five red hues were located in two main parts of the graphic. The samples of Gr-1 group were characterized by high contents of magnesium (MgO 3.1–3.3 wt.%) and potassium (K2O 2.1–3.8 wt.%). In this group, high phosphorus (P2O5 1.2–1.6 wt.%) and calcium (CaO 12.1–12.8 wt.%) together with low sodium concentration (Na2O 12.6–14.8 wt.%) were also detected. These values suggest the use of a soda-plant ash as a fluxing agent [71].



Samples of the Gr-2, Gr-3, Gr-4 and Gr-5 groups exhibit low concentrations of MgO and K2O (both lower than 1 wt.%), as well as of P2O5 (<0.3 wt.%) and CaO (from 6 to 8.1 wt.%), while a higher sodium content (Na2O 15.8–18 wt.%) than Gr-1 group was revealed. These samples were located in the lower left section of the diagram (Figure 11a) which belonged to the typical Roman natron glass.



Gr-1 group exhibited low contents of alumina and silica compared to the samples of the Gr-2 and Gr-3 groups, however, the former network was supplied from a similar silica source. Sample R3 of the Gr-1 group was different from the other brick red samples, showing low magnesium (MgO 1.9 wt.%) and calcium (CaO 8.9 wt.%) values, with higher contents of silica and alumina (Figure 11b). High levels of silica were detected in the Gr-4 group and in one orange glass. Two samples of the Gr-5 group seemed to be produced with the same sand of Gr-2 and Gr-4 groups, while the other two samples (AR1 and AR8) were located in distinct area of the graph, with a higher alumina content.




3.2.2. Bulk Composition


Taking into account the concentration of copper and lead, the five groups could be gathered in two main categories—high concentrations of copper (CuO > 5 wt.%) and lead (PbO >15 wt.%); low contents of copper (CuO < 5 wt.%) and lead (PbO < 15 wt.%) (see Table 4). A concentration of copper lower than 5 wt.% was observed in the Gr-1, Gr-2 and Gr-3. These groups showed different concentration of copper correlated with differences in the iron contents. In the Gr-1 samples, low levels of iron and moderate copper contents were detected (respectively, Fe2O3 1.1–1.3 wt.%; CuO 1.8–2.2 wt.%), except in sample R31 in which the content of iron increased beyond the 3 wt.% (Fe2O3 3.3 wt.%), as well the colour moving toward more reddish brown hue. The Gr-2 group presented higher amount of iron and copper (Fe2O3 4.5–5.0 wt.%; CuO 2.7–3.3 wt.%); while in the Gr-3 group, the iron content was close to the samples of Gr-2 (Fe2O3 4.5 wt.%), however, the concentration of copper was drastically reduced (CuO 0.3 wt.%). Lead contents were very low in the Gr-3 group (PbO 0.3 wt.%), variable in the Gr-1 group (PbO 0.4–2.0 wt.%), and constant around 1.1 wt.% in the Gr-2 group. Tin contents were higher than 1 wt.%, only in three samples of the Gr-1 group (R2, R5 and R27)



Gr-4 and Gr-5 groups were very rich in lead as well in the content of copper, which was higher than 5 wt.%. The concentrations of copper (CuO 7.7–11.7 wt.%), lead (PbO 28.5–30.0 wt.%) and antimony (Sb2O3 0.84–1.3 wt.%) detected in the samples of the Gr-4 group were very close to the sealing wax red glass. Moreover, a drastic decrease of iron content (Fe2O3 0.45 wt.%) made the Gr-4 group dissimilar to the previous three groups.



High concentrations of lead (PbO 11.0–22.0 wt.%), copper (CuO 6.8–11 wt.%) and iron (Fe2O3 1.5–1.7 wt.%) were detected in the orange samples of the Gr-5 group, except in the yellowish sample AR2 (F2O3 0.7 wt.%). Furthermore, the amount of antimony and tin were higher than the Gr-4 group, especially in samples AR2 and AR4 (Sb2O3 1.4 wt.%, SnO2 1.1 and Sb2O3 1.2 wt.%, SnO2 1.2 wt.%, respectively).





3.3. Identification of Colouring Agents


3.3.1. (FEG-SEM)


In the Gr-1 samples, the copper-rich particles were revealed. In the samples R2, R5 and R6, the copper-rich particles varied from 60 to 200 nm in size (Figure 12a) and in the samples R3–R4, these were between 100 and 400 nm. Furthermore, the shapes of these particles seemed to change with the increase of their dimension. Particles with less than 100 nm exhibited a spherical shape, while a cubic habitus was observed for particles larger than 100 nm (Figure 12b). Samples R7–R8 showed both particles with spherical and cubic shape in the range of 60 and 200 nm.



The heterogeneity of these samples was due to the compresence of opaque red layers with different red hues and the layers appearing dark transparent. In the first case, the lighter red layers were characterized by an elevated number of small copper-rich particles (Figure 13a); on the contrary in the darker red layers, the number of particles decreased and they were enlarged in size (Figure 13b). The transparent dark layers were regions of greenish glass where no particles were observed. No significant chemical compositional differences were revealed between the dark transparent and opaque red bands.



Euhedral copper-rich particles (in hexagonal, triangular and square shaped in cross-section) were revealed in Gr-2 samples (Figure 14a,b). While their dimension increased up to more than 1 μm, they were present in lower numbers, as compared to the Gr-1 group. Some of these crystals were larger than 10 μm and appeared as a white line (Figure 14a encircled with a yellow line), which corresponded to their vertical section or their thickness.



The dark transparent and the opaque red layers of the samples of Gr-3 group were analysed separately by FEG–SEM. No considerable compositional differences were detected between the two layers; only the red layers were a result of being richer in iron (R1: 5.4 wt.%; R22: 4.5 wt.%) than the dark transparent areas (R1: 4.6 wt.%; R22: 3.3 wt.%).



A high number of copper-rich particles, in the range of between 50 and 100 nm, were observed in the red layers (Figure 15a,b). Particles rich in copper and sulphur (probably Cu2S), slightly larger than 1 μm in size, were observed constantly in both the red and in the dark transparent layers.



The samples of the Gr-4 group appeared to be very homogeneous with dendritic-shape particles (Figure 16) rich in copper and oxygen, likely cuprous oxide. These crystals were of different sizes in the four analysed samples reaching micrometric sizes.



The two hues of this group seemed to be affected by different number and sizes of cuprous oxide particles—few large crystals in the darkest sealing wax (R11–R12) and a high number of small dendritic cuprite crystals in the lightest (R9–R13).



Crystals rich in Cu and O, likely cuprous oxide, were observed in all orange samples (Gr-5 group). Each orange hue of Gr-5 group was characterized by a distinct abundance and size of the crystals. The yellowish orange samples exhibited a high number of crystalline particles, which had hexagonal or cubic habitus. In sample AR1 (Figure 17a), the crystals varied between 100 and 300 nm, while in sample AR2 (Figure 17b), the number of the particles increased and their sizes were slightly lower (200 nm).



In the reddish orange hue, the concentration of crystals seemed to be reduced, while they were enlarged in size. Sample AR8 (Figure 17c) exhibited large copper-rich particles reaching approximately 1 μm and showing mainly hexagonal shapes, while in sample AR4 (Figure 17d), the sizes were included in the range of 200 and 800 nm, with hexagonal habitus.



The heterogeneity of the samples composed of red and orange layers (AR1, AR4 and AR8), was investigated carefully using FEG–SEM. No compositional differences were revealed by chemical analyses, on the contrary copper-rich particles showing different sizes and different abundance were observed; a high number of small crystals were detected in the yellow layer, while few large crystals were revealed in the red layer (sometime in dendritic shape) (Figure 18).



In order to know how much copper remained in the glassy phase and how much copper precipitated to form the copper-rich particles, mean measurements were performed in the samples of the five groups. Through EDS analyses, two different areas of the samples were investigated—(a) in a large mean area including the glassy phase and nanoparticles, and (b) in a much smaller area embodying only the glassy phase. Results are reported in Table 5. It was observed that the differences of copper contents between the average area and the glassy phases were very low. In the samples coloured by Cu° particles (R16 and R19), the compositional difference was minimal, ranging between 0.2 (Gr-1) or 0.6 wt.% (Gr-2). In the samples coloured by Cu2O, these compositional differences were more evident, varying between 3.4 wt.% (Gr-4) and 4.3 wt.% (Gr-5). This evidence suggests that it is likely that only a low percentage of copper precipitated as Cu° or Cu2O [31].




3.3.2. Raman


Through the Raman spectroscopy, it was not possible to detect the copper-rich particles in the samples of Gr-1, Gr-2 and Gr-3 groups. Metallic copper is not Raman active and no peaks were observed [72,73]. Furthermore, most of the red samples (Gr-1 group) showed high fluorescence, which did not convey any information about the colouring agent. However, the typical cuprite peaks were not revealed, which could exclude its presence in these groups. The Raman spectra obtained (Figure 19a,b) showed the typical features of silicate glass, composed of the two main regions attributable to the bending modes (between 400–500 cm−1) and the stretching modes (900–1000 cm−1) of Si-O [72,73,74].



By focusing red μRaman laser (532 nm) on the dendritic crystals in samples from the Gr-4 and Gr-5 groups, the spectra characterized by an intense peak at 218 cm−1 were observed (Figure 20a,b). Other weak bands at 416 and 630 cm−1 were obtained for the Gr-4 samples (Figure 20a), while two weak peaks at 409 and 624 cm−1 were visible in the spectra of orange samples (Figure 20b). These features were in good agreement with the Raman spectra of cuprite (Cu2O) present in the literature, belonging to the Pn3m space group [75]. The peaks at 140 and 160 cm−1, and 630 cm−1 were due to a lattice mode, while the peaks at 215–218 cm−1 and between 400 and 490 cm−1 were attributed to multiphonon Raman scattering [76]. The peak at 142 and 145 cm−1 could be related to the crystal lattice vibration of Pb-O [75].




3.3.3. XRD


X-ray diffraction performed on representative samples for Gr-1 (R2-R4-R5), Gr-2 (R10) groups showed a broad peak of between 20° and 30° (2Theta), typical of vitreous material, and two weak peaks at d = 2.09, d = 1.81, which were assigned to metallic copper with cubic symmetry (Figure 21). The different intensity of the peaks observed between the two groups was probably due to the differences in size and concentration of crystals, indicating that the sample contained R10 particles of metallic copper larger than the samples of Gr-1 group.



Due to the small size of the Gr-3 samples, these were not analysed by X-ray diffraction.



XRD analyses (Figure 22) in the Gr-5 groups, showed intense peaks at d = 3.01, d = 2.46, d = 2.13, d = 1.51 and d = 1.28, which were characteristic of cuprite crystals. No other crystalline phases were detected in the orange samples by mean of XRD analyses. Only micro-samples of the Gr-4 group were available for the XRD analyses, which were too small to obtain good and precise results.




3.3.4. Other Crystalline Phases


Several crystalline phases, different from the colouring particles, were identified by SEM–EDS and Raman spectroscopy in several samples. The crystalline phases, the inclusions, and devitrification products, are shown in Table 6, in order to have a general view of the results obtained in the five hues.



Euhedral crystals rich in Ca-Si or Na-Ca-Si, classical devitrification products [77], were detected in several samples of the Gr-1, Gr-3 and Gr-5 groups. No devitrification products were revealed in the samples of the Gr-2 and Gr-4 groups. In the samples with higher concentrations of phosphorus (R6–R26), crystalline phases rich in calcium and phosphorus (probably calcium phosphate) were identified. Furthermore, inclusions with compositions comparable to magnetite (Fe3O4) and chalcocite (Cu2S) were observed in samples of the Gr-1, Gr-2 and Gr-3 groups. In sample R16, a spherical inclusion rich in copper, silver and sulphur was identified. This inclusion was surrounded by particles measuring 10 micron in size, rich in silver, copper and antimony (Figure 23a). Inclusions rich in Si-Al-Fe-K-Na (probable a clay material) were observed in sample R10 (Figure 23b). In the red-banded samples (Gr-3), spherical particles composed of copper and sulphur were encountered in both layers (Figure 23c), while in sample R1 (in the dark transparent layer), a large inclusion of hematite (Fe2O3) was detected together with a devitrification product (wollastonite).



Through SEM–EDS, spread of aggregates of euhedral crystals throughout different areas of the sample AR2 were detected, showing a high concentration of calcium, antimony, tin, lead and low amounts of iron (Figure 24a). These crystalline phases were identified as calcium antimonite through the Raman spectroscopy (Figure 24b).



The sharp peaks situated at 478 and 631 cm−1 were the typical fingerprint of orthorhombic calcium antimonate (Ca2Sb2O7) [75,78]; the weak peaks at 320 and 372 cm−1 were due to the bending mode of the O-Sb-O, while the other weak peaks at 785 and 823 cm−1 were combinations of overtone [75,78].






4. Discussion


The copper-red glass sectilia studied in the Gorga collection were divided in two distinct glassmaking technologies. The first technology included the samples of Gr-1, Gr-2 and Gr-3 groups, which were coloured by metallic copper (Cu°). It was observed that the number and size of metallic copper particles were distinguished by three different hues (Figure 25). Metallic copper between 50–500 nm coloured the brick red samples (Gr-1), while Cu° larger than 1 μm were detected in the reddish brown samples (Gr-2), which in some cases reached 50 μm in sizes. The red-banded samples (Gr-3) were coloured (in the red layers) by Cu° nanoparticles between 50–100 nm.



The second technology was represented by Gr-4 and Gr-5 groups, which were coloured by cuprite crystals. The process required to produce cuprite crystals, which included chemical composition and heat treatments, was extremely different from the technology of metallic copper. Dendritic cuprite crystals were tens of micrometre in magnitude in the sealing wax red glass (Gr-4), while in the orange samples, the crystals were usually smaller than 800 nm and mainly present in cubic and hexagonal forms (Gr-5). Furthermore, the yellowish orange hues were characterized by high numbers of small cuprite crystals (<300 nm), while on the contrary the number of particles were slightly diminished in the red orange samples, promoting larger cuprite hexagonal crystals between 400–800 nm in size.



In both technologies, the comparison between the average chemical composition (glassy phase + crystals) and the punctual EDS analyses on the glassy phase among the copper-rich particles, highlighted only small differences in the concentration of copper. It suggests that only a small percentage of copper precipitates to form Cu° or Cu2O, while the majority remain in the form of Cu+, or Cu2+ ion. It is possible to observe that, in general, the amount of Cu+ that precipitated to form cuprite crystals was higher than that of Cu°, highlighting the strong colouring power of the metallic copper. For instance, the modern copper red glass, coloured by Cu°, is usually manufactured with only 0.1 wt.% of copper and the addition of a strong reducing agent, such as tin or coke.



The technological aspects involved in the manufacturing of each group is discussed in the following paragraphs.



4.1. Cu° Colouring Technique


The three groups showed the use of two different types of base glass—natron base glass in the Gr-2 and Gr-3 groups and a soda plant ash base glass in the Gr-1 group.



The high concentrations of K2O, MgO and CaO with low content of Na2O suggest the use of soda plant ash base glass, rather than the addition of potash ash to a natron base glass. P2O5 content was higher than the usual soda plant ash base glass but this could be due to two factors—(a) the high variable composition of the plants, which depends on the nature of the substrate and how the specific elements are synthesized in their tissue [79] and (b) the addition of fuel ash to a soda plant ash base glass.



In the opaque red glass, the use of a soda plant ash base glass, seemed to correspond to a well-mastered recipe, especially diffused in the early period of the Roman age (1st-4th century AD), as well as several studies that highlighted this [36,41,42,43,45,47]. This recipe could be engineered to solve the most crucial aspect of the opaque red glass production, the correct redox oxidation state in the melt. As mentioned in the introduction, the addition of an internal reductant is fundamental to reducing copper in its elemental state (Cu°). In our case, iron is the reducing agent, confirmed by its moderate concentration in the Gr-1 group, which interacts with copper, according to the redox equation (Equation (2)).


Cu+ + Fe2+ ⇔ Cu° + Fe3+



(2)







The proportion of Cu+/Cu° and Fe2+/Fe3+ depends on the temperature, but during cooling, the equilibrium (Equation (2)) was displaced toward the right, inducing the formation of Cu° and Fe3+ [11,18].



In the case of our red glass sectilia, the use of partially burned soda ashes, containing carbonaceous compounds, produced a reduced base glass, which needs less iron for the formation of Cu° nanoparticles [41,80]. This technical benefit could bring the Roman glassmakers to prefer the use of soda plant ash as a fluxing agent, in order to achieve a vivid or light red hue. In fact, the higher the iron content, the darker or more brownish is the red hue [16], as was clear in sample R31, which showed a higher concentration of iron than the other samples of Gr-1 group and its colour moved slightly toward reddish brown hue. It was remarkable that distinguishing brick red glass (Gr-1) from the sealing wax (Gr-4) by the naked eye was a difficult task (Figure 26). It underlined that Roman glassmakers were able to obtain a colour very close to the sealing wax by using Cu°. Additionally, the colourimetric measurements showed only few differences in the chromatic coordinate, making them very similar.



The heterogeneity, which microscopically characterized these samples of the Gr-1 group, was due to the presence of dark transparent layers in which no particles were detected, and because layers with different ratios of number and size of Cu° were formed. Identifying the cause that lead to this heterogeneity was complex and it was probable that several factors concerning the melting condition or how the molten glass was cooled, play a crucial role. No significant compositional differences were detected through the chemical analyses. Therefore, it is probable that the glass was not in the correct oxidation state to promote the precipitation of the Cu° particles. Hence, it is likely the proper redox conditions were not achieved in the dark transparent layers. It could be due to the stirring of the melt. This operation, for instance, is often mentioned in the Venetian recipe manuscripts, to avoid the formation of dark transparent layers. This procedure helps to mix the more oxidized upper layer of the molten glass (green transparent) with the inner and more reduced part of the melt (red opaque).



This heterogeneity was almost absent in the samples of the Gr-2 group. It could be due to the higher concentration of iron and copper, which stabilized the glass redox environment through a buffering effect. As observed above, the Gr-2 group samples had lower numbers but larger crystals than the red brick samples (Gr-1). This was the result of a higher concentration of copper and of a specific heat treatment.



The high concentration of copper aided the aggregation of the Cu° atoms in large crystals, while the presence of high iron content hampered the formation of cuprous ions [16]. When copper-containing glass was rapidly cooled, metallic copper crystals were chilled in sub-micrometric sizes, caused by the increase of viscosity that prevented the crystal growth, creating an opaque red glass [2,16,81]. On the contrary, crystal growth was favoured when the molten glass was maintained at a temperature that favoured a low viscosity, for a prolonged period and it was slowly cooled. As result, the copper-containing glass would be brown, or in an extreme case, crystals visible to the naked-eye would form [16,81]. This process is driven by Ostwald ripening, which favours the growth of thermodynamically stable particles of a specific size, while the smaller particles dissolve in the glass matrix [82]. Since this technology is temperature and time-dependent, through specific heat treatment, it is possible to control the growth of a few large particles or the high amount of small crystals.



These samples seemed to prove that the Roman glassmakers knew these principles. Likely in an empirical way, however, they foresaw the technological production of aventurine glass, first produced in high amounts by the Venetian glassmakers at the end of the 16th century AD. Aventurine glass was an extreme consequence of a long and slow cooling phase (some Venetian recipes said that it took one week), through which large crystals gave off a clear sparkling effect [83]. The chemical analyses confirmed that the samples of the Gr-2 group were typical Roman natron glass [32,33]; however, the concentrations of copper and iron were very close to those detected in the Venetian aventurine [83].



The samples of the Gr-3 group present red bands in a dark transparent glass. The chemical analyses did not highlight any compositional differences. A redox difference could be suspected to originate from the disproportion of iron (R1: 4.5 wt.%; R22: 3.9 wt.%) and copper (R1: 0.27 wt.%; R22: 0.31 wt.%). The Cu2S particles (frequently detected in both layers) were the result of a first crystallization, in which the two elements reacted below the melting temperatures. Once the sulphur available to react was consumed, a second crystallization occurred, leading to the formation of metallic copper nanoparticles.



Although iron was abundantly used in the three groups and in general in the production of opaque red glass, it is still unknown what acted as the iron-bearing material. Inclusions comparable with the chemical composition of magnetite and hematite were detected by the FEG–SEM analyses. The use of only iron-rich mineral (such as magnetite) is unlikely because it presents both oxidation states of iron, which makes it a weak reducing agent. Hematite could be ruled out due to its oxidizing action. On the contrary, the use of hammer scale from the beating of incandescent iron could be an alternative hypothesis. Previous studies on Roman black glass from the 2nd century AD observed that iron flakes were used as a colouring agent. This metallurgical by-product could contain wustite (FeO), magnetite and metallic iron, supplying enough reducing agents; furthermore, this is easy to reduce into powder [84,85,86]. Additionally, this is commonly indicated in the Venetian manuscripts. Hence, the presence of hematite or magnetite could be the relicts of the iron bearing material used as reducing agent.



Beyond the iron, no other reducing agents seem to have been used. The concentrations of tin and antimony were probably not enough to bring any technical benefits. Hence, they probably entered as impurity of metallurgical by products, or as contaminants of glass cullet. The levels of lead oxide were very low. Although, it was usually supposed that lead at a concentration below 5 wt.% did not generate any technical advantage for the manufacturing of the red colour [13], it was not excluded that low contents of lead could decrease the viscosity of the melt, facilitating the crystal growth [77]. The inclusion detected in samples R16, composed of silver–copper–antimony, could indicate the use of litharge or slags obtained from a silver-refining process, such as a lead oxide source, as reported by Freestone [13]. Nevertheless, chemical analyses involving the detection of trace elements were necessary to confirm this argument.



Several devitrification products, detected in the three groups, indicated that the molten glass was not rapidly poured but was probably laid at temperatures slightly below the liquidus temperatures, in order to facilitate the precipitation of Cu° particles.




4.2. Cu2O Colouring Technique


The base glass used in this colouring technique was a lead–soda–lime–silica glass. The differences in the alumina and silica contents could be indicative that different sands were employed for the manufacturing of sealing wax and orange samples. It was likely that, a careful selection of the different types of sand or pure silica pebbles for the sealing wax were used. Conversely, the sand of orange glass would be richer in alumina, K2O and MgO, suggesting high concentrations of feldspar and dolomitic minerals, in all likelihood.



Contrary to the Cu° colouring technique, the production of cuprite crystals required high concentration of copper and lead oxide. Strong reducing conditions should be avoided in order to prevent the precipitation of Cu° and metallic lead (Pb°). Since Cu+ was more soluble than Cu°, high percentages of copper (Cu+) should be used for the formation of cuprite crystals. Lead oxide plays a key role in this technology because—(a) it decreases the working temperature, reducing the viscosity and gives enough time for the copper ions to aggregate in dendritic shape and grow; (b) it shifts the Cu2+/Cu+ towards Cu2O [11,18,19].



Although modern laboratory reproduction obtained opaque red and orange glass only through management of the heat treatment [17], Roman glassmakers would control the colour with the manipulation of the chemical composition of the glass.



The concentration of lead oxide was different in the two groups (Gr-4 and Gr-5), which could be related to the control of the number and the size of the particles. It was observed that the higher the concentration of lead, the larger the cuprite crystals were. On the contrary, a cut of the lead content aided the increase of small-sized Cu2O particles [18]. It could explain the higher concentrations of lead in the sealing wax (PbO 28–30.4 wt.%) more than the orange samples (PbO 8–22.4 wt.%).



It is usually accepted that antimony is used as a reducing agent in the sealing wax technology [87]; however, the moderate concentrations revealed by the chemical analyses, complicates an accurate interpretation. Antimony probably acted as nucleant agent, favouring the aggregation of cuprous ions, rather than reducing agent [87]. In Roman sealing wax, the content of antimony oxide is usually lower than 2 wt.%, while it was higher than 4 wt.% in the sealing wax produced before the Roman age [6,18,70]. It suggests a change in the recipes, probably due to a different antimony-bearing material or because of an improvement in the heat treatment process. In the orange samples (Gr-5), antimony, iron and tin were often higher than 1 wt.%, suggesting an intentional addition to encourage an increase of the nucleus number. The reduction of Cu2+ to Cu+ was much easier than that of Cu+ to Cu°, hence the moderate amount of reducing agent (such as Fe2+, Sn2+, Sb3+) might hamper the precipitation of metallic copper. However, a strong reducing agent such as metallic iron, metallic tin and carbon should be excluded, in order to avoid the formation of metallic lead, which could damage the wall of the ceramic crucible.



The procedure to produce these two colours required different heat treatments for the formation of Cu2O crystals of specific dimensions. In the sealing wax, it was important that the molten glass was laid at temperature slightly below the melting temperature (for a long period), to promote the formation of few nucleus. A second step was probably a gradual and prolonged cooling phase, in order to encourage the growth of crystal [17]. On the contrary, to produce orange glass, the molten glass should be maintained at a temperature lower than the sealing wax, in order to increase the number of small cuprite crystals [17].



The euhedral calcium antimonate crystals, detected in sample AR2, were not considered to be a possible opacifying agent or a voluntary addition to achieve a specific hue. It most probably formed as the glass started to cool or laid a temperature below the melting point, for a prolonged period [18]. In sealing wax red glass, no devitrification products were detected. High concentrations of lead probably obstructed the formation of devitrification products that prevented the development of cuprite [18].



The presence of sealing wax among the sectilia of Lucius Verus villa could open a new path in the definition of the correct chronology of its production. Other authors encountered sealing wax in Roman mosaic tesserae and enamels, but only until the 1st century AD [43,44]. In our case, sealing wax was abundantly present, which could suggest that during the 2nd century AD, this technology was not abandoned but was still well-known. Likely, the control of colour in the sealing wax was more difficult than in the brick red (Gr-1), which needed less time in its production. These factors would have favoured the employment of sealing wax only for high-status clients and at special request.





5. Conclusions


The multi-analytical approach used to investigate the copper red glass sectilia of the Gorga collection allowed the characterisation of several crucial aspects of this glass, providing precious insight, in order to clarify its production technology.



In this research, five red hues from orange to brown through to the red, were distinguished. Each hue was characterized by two main factors—chemical composition and the relationship of size–number of the copper-rich particles. Two main colouring techniques were detected that used two different colouring and opacifying agents—metallic copper and cuprite. They were never found together in the same samples. The nature of the colouring agents was strictly linked with the chemical composition, while the number and the size of the particles were the result of specific heat treatments.



Three recipes were identified within the metallic copper colouring technique, which included Gr-1, Gr-2 and Gr-3. In this technique, iron played an important role, and the manipulation of iron and copper proportion was a key factor to obtaining the three different red hues. Moderate concentration of copper and iron were used for the brick red glass (Gr-1), while by increasing their content, the colour moved towards reddish-brown hue (Gr-2). The production of a dark red (Gr-3) glass used very high quantities of iron and small amounts of copper, obtaining red-banded samples in which an extreme heterogeneity was composed of dark-green transparent and opaque-red layers.



Two different base glass composition were used. In order to better control the reducing condition inside the melt, ensuring a light-red colour, in the recipe of the brick red (Gr-1), a soda plant ash base glass was used. The final red colour of these samples was in many cases very close to the sealing wax, making it very difficult to distinguish them. Natron base glass was used in the Gr-2 and Gr-3 groups.



The authors support that the high concentrations of potassium and magnesium, and the lower sodium contents should be attributed to the use of a soda plant ashes as fluxing agent, rather than the addition of fuel ash to a natron base glass. It would imply the presence of specialised workshops that produced their own base glass, to manufacture specific coloured glass. However, it is still not possible to establish whether in the Roman age there were specific production centres that manufactured soda plant ash glass, and more analyses are necessary to shed light on this intriguing question.



The typical heterogeneity observed by the naked eye (Gr-3) and microscopically (Gr-1) in the metallic copper colouring technique, could be due to the continued stirring of the glass, which was included in their recipe. Conversely the reddish brown samples (Gr-2) were not affected by heterogeneity. Likely, they were produced through a specific heat treatment, in which a slow and prolonged cooling phase was employed in order to favour the crystal growth of metallic copper. The features and the chemical composition of the reddish-brown samples were very close to the Venetian aventurine. This attests that this technology that was attributed to the end of the 16th century AD Venetian glassmakers up till now, was known by Roman glassmakers.



In the cuprite technology, high concentrations of lead and copper were used. The chemical compositional differences detected in the two groups (Gr-4 and Gr-5), highlighted the extraordinary attention to the proportion of specific elements. The production of orange glass showed the incredible skill of manipulating the chemical composition and controlling the melting process, which at that time might have been challenging. An engineered chemical composition allowed an increase in the number of small cuprite crystals, while a mastered heat treatment allowed the control of the size. As a result of the control of this technique, four different orange hues were produced.



Sealing wax red glass seemed to present a different chemical composition compared to those produced before the Roman age. It was likely that a change in the raw material or an improvement in the heat treatment occurred. However, sealing wax red glass is an expected guest in glass from the 2nd century AD, since it is generally accepted that its production stopped around the 1st century AD. On the contrary, the abundant sectilia of sealing wax could suggest that its production was not been replaced by the red-brown but continued to be used exclusively for specific demands.



This paper enriches the corpus of analytical data of the 2nd century AD. Furthermore, due to the lack of any written source concerning recipes for colouring techniques, our results offer a reference and helpful clues to shed light on the manufacturing of opaque red glass during the 2nd century AD.
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Figure 1. Technique used to manufacture the sectilia—thin sheets stretched at the corner with visible tools markers (a); thick sample with flat surface (b) and composed by an ensemble of several canes (c), and visible on the back of; cast in a mould technique (d). The white and green layers on the surface is due to the weathering of the glass. 
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Figure 2. Samples of red sectilia from the Gorga collection: (a) Gr-1; (b) Gr-2; (c) Gr-3; (d) Gr-4; (e) Gr-5. 
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Figure 3. Optical micrographs in dark field objective: layers of different red hues in sample R4 (a,b); sample R10 (c) and sparkling crystals less than 50 μm in sample R17 (d); several red bands are present in sample R1 (e,f). 
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Figure 4. Optical micrographs in dark field objective: dendritic crystals embedded in the glass matrix in sample R12 (a,b) and R13 (c,d). 
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Figure 5. Optical micrographs in dark field objective: AR1 (a); AR2 (b); AR6 (c) AR4 (d). 
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Figure 6. (a) Reflectance spectra of Gr-1 samples and the calculated first derivative (b); reflectance spectra of Gr-2 samples (c) and their first derivative (d). 
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Figure 7. Reflectance spectra of Gr-3 groups with red (a) and dark transparent (c) layer. The first derivative of the red (b) and dark transparent layers (d). 
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Figure 8. FORS spectra of Gr-4 samples: (a) reflectance spectra of Gr-4 samples in which cuprous oxide could be present as a colouring agent (b) with their respective first derivative. 
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Figure 9. FORS spectra of orange samples. (a) Yellowish orange samples; (b) reddish orange sample (AR4); and (c) first derivative of the orange samples. 
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Figure 10. CIE Lab graphic representation: L* a* b* chromatic coordinates of the samples projected on the L* a* b* space. 
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Figure 11. Bi-plot graph, reporting the concentrations from the reduced composition, of MgO vs. K2O (a), (b) Al2O3 vs. SiO2 of the base glass of the samples. 
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Figure 12. FEG–SEM micrographs of Gr-1 samples: (a) Sample R2, copper spherical nanoparticles; (b) copper spherical and cubic nanoparticles in sample R4. 
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Figure 13. FEG–SEM micrographs of Gr-1 samples. Different red layer with different number and size of particles in sample R31: (a) Orange layer and (b) red layer. 
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Figure 14. FEG–SEM micrographs of sample R10 (Gr-2 group). (a) Different dimensions of the copper-rich particles—few and large platelet-type (line in cross-section) and abundant but much smaller copper-rich particles; and (b) copper-rich particles at higher magnification. 
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Figure 15. Gr-3 group sample: R22 at optical micrograph (a) and FEG–SEM micrographs of R22 (b). 






Figure 15. Gr-3 group sample: R22 at optical micrograph (a) and FEG–SEM micrographs of R22 (b).



[image: Minerals 10 00875 g015]







[image: Minerals 10 00875 g016 550] 





Figure 16. FEG–SEM micrographs cuprite crystal in sample R9 (Gr-4). 
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Figure 17. FEG–SEM micrographics of Gr-5 group samples—cuprite crystals observed in sample AR1 (a) and AR2 (b), AR8 (c) and AR4 (d). 
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Figure 18. Optical (a) and FEG–SEM micrographs (b) of the red layer and orange layer in sample AR4 (Gr-5). 
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Figure 19. Raman spectra of the samples in Gr-1 group (a) and in Gr-2 group (b). 
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Figure 20. Raman spectrum of cuprite (Cu2O) detected in Gr-4 (a) and Gr-5 (b) groups. 
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Figure 21. X-ray diffraction on the samples of Gr-1 (R2-R4-R5) and Gr-2 (R10), showing the typical peaks of metallic copper. No cuprite crystals were detected. 
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Figure 22. X-ray diffraction for the three orange samples of Gr-5 group. The diffractograms showed the typical peaks of cuprite cubic crystals. No metallic copper crystals were detected. 
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Figure 23. FEG–SEM micrographs of R16, R10 and R1 samples. Inclusion rich in Ag in R16 (a); probable clay inclusion in sample R10 (b); and spherical particles of Cu2S in sample R1 (c). 
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Figure 24. (a) FEG–SEM micrograph showing aggregates of CaSb2O7 in sample AR2. (b) Raman spectra of two CaSb2O7 (calcium antimonate) detected in the sample AR2. 
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Figure 25. The colour changes with the increase of the colouring agent dimensions (Cu° on the right; Cu2O on the left). 
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Figure 26. Comparison of two fragments of copper red glass—sealing wax (a) and brick red (b). 
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Table 1. Samples investigated by UV–VIS spectroscopic measurements and chemical and mineralogical analyses.






Table 1. Samples investigated by UV–VIS spectroscopic measurements and chemical and mineralogical analyses.





	Group
	Samples
	O.M.
	FORS
	FEG-SEM
	EMPA
	Raman
	XRD





	Gr-1
	R2-R3-R4-R5-R6-R7-R8-R14-R15-R16; R25-R26-R27-R28-R29-R30-R31-R32-R33-R34
	R2-R3-R4-R5-R6-R7-R8-R14-R15-R16; R25-R26-R27-R28-R29-R30-R31-R32-R33-R34
	R2-R3-R4-R5-R6-R7-R8-R14-R15-R16; R25-R26-R27-R28-R29-R30-R31-R32-R33-R34
	R2-R3-R4-R5-R6-R7-R8-R14-R16-R26-R27-R31-R33
	R2-R3-R4-R5-R6-R7-R8
	R2-R3-R4-R5-R6-R7-R8-R25-R26-R27-R28-R29-R30-R31-R34
	R2-R4-R5



	Gr-2
	R10-R17-R18-R19-R20-R21
	R10-R17-R18-R19-R20-R21
	R10-R17-R18-R19-R20-R21
	R10-R17-R19
	R10
	R10-R17-R18-R19-R20 R21
	R10



	Gr-3
	R1-R22-R23
	R1-R22-R23
	R1-R22
	R1-R22
	R1
	R1-R22
	/



	Gr-4
	R9-R11-R12-R13
	R9-R11-R12-R13
	R9-R11-R12-R13
	R9-R11-R12
	R9
	R9-R11-R12-R13
	/



	Gr-5
	AR1-AR2- AR4-AR6-AR7-AR-8
	AR1-AR2- AR4-AR6-AR7-AR-8
	AR1-AR2-AR4-AR6-AR7-AR-8
	AR1-AR2- AR4-AR8
	AR1-AR2- AR4
	AR1-AR2-AR4-AR6-AR7-AR-8
	AR1-AR2- AR4
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Table 2. Average chromatic and colourimetric coordinates of the five groups.
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Group

	
Colour

	
Colorimetric Coordinates CIE L*a*b*




	
L*

	
a*

	
b*






	
Gr-1

	
Brick red

	
34–36.3

	
20.4–26.7

	
10.7–13.3




	
Gr-2

	
Reddish-brown

	
33.7–36

	
13.3–16.8

	
9.2–10.6




	
Gr-3

	
Red banded

	
24–28

	
1.3–6.3

	
1.2–5.3




	
Gr-4

	
Sealing wax

	
34.6–40.5

	
15.6–26

	
7–11.2




	
Gr-5

	
Yellowish orange

	
49.3–50.1

	
24.7–29

	
29–34




	
Gr-5

	
Reddish orange

	
43.8–46.2

	
30.3–32.4

	
28.4–30.2
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Table 3. Average quantitative chemical composition (wt.% oxides) of the representative samples for each red hue (Gr-1, Gr-2, Gr-3, Gr-4, Gr5). With major and minor oxide in wt.% oxide. * Samples analysed using EPMA, while the other samples were analysed by SEM–EDS. S.D.—Standard Deviation; five measurements were performed (at least) for each sample.






Table 3. Average quantitative chemical composition (wt.% oxides) of the representative samples for each red hue (Gr-1, Gr-2, Gr-3, Gr-4, Gr5). With major and minor oxide in wt.% oxide. * Samples analysed using EPMA, while the other samples were analysed by SEM–EDS. S.D.—Standard Deviation; five measurements were performed (at least) for each sample.




























	Sample
	Group
	SiO2
	Al2O3
	Na2O
	K2O
	CaO
	MgO
	SO3
	P2O5
	Cl
	TiO2
	Fe2O3
	MnO
	CuO
	PbO
	SnO2
	Sb2O5
	As2O3
	ZnO
	BaO





	R-2 *
	Gr-1
	59.0
	1.7
	12.9
	3.1
	11.5
	3.0
	0.23
	1.1
	0.73
	0.12
	1.3
	0.40
	2.0
	1.3
	1.2
	0.12
	<0.02
	0.07
	<0.02



	
	S.D.
	0.98
	0.04
	0.21
	0.09
	0.19
	0.10
	0.02
	0.03
	0.04
	0.04
	0.10
	0.03
	0.39
	0.13
	0.05
	0.05
	
	0.05
	



	R-3 *
	Gr-1
	57.8
	2.4
	13.1
	1.9
	8.0
	1.7
	0.20
	0.68
	0.75
	0.20
	1.6
	0.43
	2.0
	8.3
	0.28
	0.62
	0.05
	0.08
	<0.02



	
	S.D.
	0.73
	0.04
	0.91
	0.05
	0.46
	0.04
	0.03
	0.03
	0.01
	0.02
	0.13
	0.02
	0.13
	0.13
	0.03
	0.05
	0.02
	0.13
	



	R-4 *
	Gr-1
	58.2
	1.4
	14.2
	3.7
	11.7
	3.2
	0.25
	1.4
	0.80
	0.12
	1.1
	0.40
	2.2
	0.53
	0.40
	0.10
	0.03
	0.10
	<0.02



	
	S.D.
	0.16
	0.03
	0.15
	0.03
	0.40
	0.07
	0.01
	0.02
	0.01
	0.03
	0.07
	0.03
	0.20
	0.07
	0.05
	0.05
	0.02
	0.02
	



	R-5 *
	Gr-1
	59.2
	1.8
	12.8
	3.1
	11.7
	2.9
	0.18
	1.1
	0.80
	0.15
	1.2
	0.35
	2.0
	1.2
	1.1
	0.08
	<0.02
	0.05
	0.04



	
	S.D.
	0.09
	0.01
	0.06
	0.02
	0.10
	0.03
	0.04
	0.03
	0.01
	0.03
	0.02
	0.04
	0.08
	0.03
	0.02
	0.05
	
	0.02
	0.03



	R-6 *
	Gr-1
	59.8
	1.6
	12.2
	3.7
	12.3
	2.9
	0.21
	1.5
	0.75
	0.15
	1.1
	0.35
	2.1
	0.65
	0.25
	0.14
	<0.02
	0.05
	0.07



	
	S.D.
	0.23
	0.02
	0.10
	0.04
	0.21
	0.05
	0.03
	0.03
	0.04
	0.02
	0.04
	0.01
	0.10
	0.05
	0.06
	0.05
	
	0.02
	0.03



	R-7 *
	Gr-1
	59.0
	1.8
	13.8
	3.0
	12.4
	2.9
	0.23
	1.3
	0.77
	0.17
	1.3
	0.35
	1.8
	0.55
	0.27
	0.12
	<0.02
	0.05
	0.08



	
	S.D.
	0.47
	0.77
	0.26
	0.23
	1.41
	0.19
	0.03
	0.04
	0.21
	0.08
	0.40
	0.02
	0.31
	0.17
	0.08
	0.05
	
	0.02
	0.03



	R-8 *
	Gr-1
	58.4
	1.5
	14.1
	3.6
	12.1
	3.1
	0.23
	1.4
	0.80
	0.15
	1.1
	0.40
	2.1
	0.40
	0.32
	0.12
	<0.02
	<0.02
	0.08



	
	S.D.
	1.35
	0.08
	0.79
	0.24
	1.06
	0.22
	0.04
	0.05
	0.07
	0.02
	0.10
	0.02
	0.37
	0.06
	0.02
	0.05
	
	
	0.03



	R14
	Gr-1
	58.8
	1.4
	14.3
	3.4
	11.4
	2.6
	0.32
	1.1
	0.83
	0.11
	1.2
	0.35
	2.8
	0.26
	0.60
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.26
	0.04
	0.07
	0.03
	0.21
	0.04
	0.05
	0.05
	0.03
	0.04
	0.09
	0.06
	0.26
	0.06
	0.11
	
	
	
	



	R16
	Gr-1
	59.2
	1.4
	13.6
	3.4
	11.3
	2.6
	0.35
	1.0
	0.77
	0.15
	1.2
	0.30
	2.8
	0.67
	0.51
	0.21
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.60
	0.09
	0.24
	0.09
	0.51
	0.05
	0.07
	0.08
	0.04
	0.06
	0.09
	0.08
	0.32
	0.09
	0.13
	0.13
	
	
	



	R26
	Gr-1
	60.8
	1.4
	13.1
	3.4
	11.5
	2.4
	0.25
	1.2
	0.82
	0.09
	1.1
	0.35
	2.3
	0.31
	0.46
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.24
	0.04
	0.06
	0.04
	0.15
	0.05
	0.05
	0.06
	0.02
	0.06
	0.07
	0.09
	0.05
	0.06
	0.11
	
	
	
	



	R27
	Gr-1
	59.2
	1.5
	12.8
	2.9
	11.3
	2.4
	0.29
	0.90
	0.78
	0.12
	1.4
	0.33
	2.9
	1.1
	1.2
	0.18
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.41
	0.07
	0.07
	0.06
	0.13
	0.02
	0.13
	0.09
	0.04
	0.08
	0.13
	0.09
	0.38
	0.11
	0.13
	0.14
	
	
	



	R31
	Gr-1
	57.7
	1.6
	11.1
	3.5
	12.1
	2.6
	0.15
	1.3
	0.64
	0.18
	3.3
	0.56
	1.8
	1.9
	0.88
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.21
	0.05
	0.05
	0.04
	0.09
	0.03
	0.03
	0.04
	0.04
	0.08
	0.09
	0.12
	0.09
	0.08
	0.07
	
	
	
	



	R33
	Gr-1
	58.3
	1.4
	11.4
	3.7
	11.8
	3.0
	0.35
	1.4
	0.65
	0.14
	1.3
	0.41
	2.8
	1.5
	0.87
	0.30
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.76
	0.11
	0.08
	0.09
	0.26
	0.04
	0.07
	0.09
	0.03
	0.06
	0.13
	0.08
	0.34
	0.20
	0.37
	0.13
	
	
	



	R-10 *
	Gr-2
	60.5
	2.5
	18.0
	0.75
	5.9
	0.96
	0.25
	0.23
	1.1
	0.15
	4.7
	0.53
	2.5
	1.0
	0.30
	0.35
	0.10
	<0.02
	0.05



	
	S.D.
	0.17
	0.02
	0.02
	0.01
	0.02
	0.01
	0.01
	0.02
	0.01
	0.01
	0.02
	0.02
	0.21
	0.03
	0.04
	0.17
	0.02
	
	0.03



	R17
	Gr-2
	60.2
	2.2
	18.3
	0.72
	5.8
	0.60
	0.49
	0.17
	1.1
	0.18
	4.7
	0.50
	3.2
	1.0
	0.48
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.21
	0.12
	0.09
	0.04
	0.05
	0.05
	0.08
	0.03
	0.02
	0.06
	0.07
	0.04
	0.22
	0.05
	0.15
	
	
	
	



	R19
	Gr-2
	60.5
	2.1
	17.0
	0.73
	6.1
	0.58
	0.72
	0.13
	0.89
	0.09
	5.0
	0.38
	3.3
	1.1
	0.46
	0.68
	0.13
	<0.1
	<0.1



	
	S.D.
	0.27
	0.05
	0.06
	0.02
	0.09
	0.04
	0.05
	0.06
	0.02
	0.03
	0.08
	0.07
	0.27
	0.07
	0.09
	0.09
	0.07
	
	



	R-1 *
	Gr-3
	64.6
	2.8
	15.5
	0.74
	8.0
	0.80
	0.17
	0.16
	0.72
	0.12
	4.5
	0.60
	0.27
	0.45
	0.04
	0.40
	0.05
	0.05
	<0.02



	
	S.D.
	0.32
	0.03
	0.02
	0.06
	0.05
	0.03
	0.04
	0.02
	0.12
	0.02
	0.34
	0.15
	0.02
	0.03
	0.02
	0.05
	0.03
	0.01
	



	R1 red
	Gr-3
	63.8
	2.9
	16.3
	0.70
	8.0
	0.70
	0.37
	0.08
	0.41
	0.12
	5.4
	0.55
	0.10
	0.14
	0.39
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.02
	0.02
	0.02
	0.07
	0.04
	0.03
	0.06
	0.01
	0.05
	0.01
	0.03
	0.09
	0.00
	0.03
	0.001
	
	
	
	



	R1 black
	Gr-3
	64.4
	2.8
	16.4
	0.70
	8.0
	0.70
	0.30
	0.03
	0.61
	0.12
	4.6
	0.58
	0.11
	0.15
	0.35
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.07
	0.01
	0.02
	0.05
	0.04
	0.00
	0.02
	0.02
	0.01
	0.02
	0.15
	0.05
	0.02
	0.02
	0.02
	
	
	
	



	R22
	Gr-3
	64.9
	2.5
	16.2
	0.68
	7.9
	0.60
	0.51
	0.19
	0.91
	0.08
	3.9
	0.68
	0.31
	0.20
	0.22
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.71
	0.07
	0.09
	0.06
	0.05
	0.04
	0.05
	0.04
	0.03
	0.07
	0.64
	0.15
	0.16
	0.09
	0.16
	
	
	
	



	R22 red
	Gr-3
	64.3
	2.5
	16.3
	0.67
	7.8
	0.61
	0.52
	0.17
	0.88
	0.08
	4.5
	0.55
	0.38
	0.26
	0.24
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.21
	0.07
	0.08
	0.07
	0.04
	0.04
	0.03
	0.03
	0.02
	0.09
	0.16
	0.09
	0.12
	0.04
	0.16
	
	
	
	



	R22 black
	Gr-3
	65.6
	2.5
	16.1
	0.69
	7.9
	0.59
	0.50
	0.2
	0.94
	0.08
	3.3
	0.81
	0.24
	0.14
	0.19
	<0.1
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.19
	0.07
	0.02
	0.05
	0.04
	0.04
	0.06
	0.04
	0.02
	0.06
	0.07
	0.05
	0.17
	0.08
	0.15
	
	
	
	



	R-9 *
	Gr-4
	43.5
	1.6
	9.5
	0.52
	5.0
	0.40
	0.40
	0.09
	0.45
	0.10
	0.45
	0.13
	7.7
	28.5
	0.25
	1.3
	<0.02
	<0.02
	<0.02



	
	S.D.
	0.49
	0.02
	0.05
	0.02
	0.15
	0.03
	0.04
	0.00
	0.02
	0.00
	0.02
	0.02
	1.39
	0.79
	0.05
	0.12
	
	
	



	R11
	Gr-4
	41.1
	1.2
	9.2
	0.23
	2.9
	0.39
	<0.1
	0.10
	0.67
	0.17
	0.69
	0.05
	11.7
	30.4
	0.14
	0.84
	<0.1
	<0.1
	<0.1



	
	S.D.
	1.20
	0.09
	0.13
	0.05
	0.17
	0.03
	
	0.05
	0.05
	0.08
	0.10
	0.06
	2.73
	1.37
	0.12
	0.16
	
	
	



	R12
	Gr-4
	42.8
	1.5
	10.7
	0.37
	3.9
	0.35
	<0.1
	0.06
	0.57
	0.02
	0.63
	0.17
	9.6
	28
	0.24
	0.87
	
	
	



	
	S.D.
	0.82
	0.06
	0.12
	0.04
	0.11
	0.05
	
	0.05
	0.05
	0.02
	0.08
	0.10
	1.70
	0.64
	0.09
	0.04
	
	
	



	AR-1 *
	Gr-5
	44.8
	2.8
	10.9
	0.71
	6.8
	0.80
	0.28
	0.19
	0.50
	0.20
	1.5
	0.20
	8.5
	20.0
	0.80
	<0.02
	<0.02
	<0.02
	<0.02



	
	S.D.
	1.27
	0.04
	0.21
	0.01
	0.06
	0.02
	0.03
	0.05
	0.12
	0.03
	0.05
	0.04
	2.02
	0.31
	0.04
	
	
	
	



	AR-2 *
	Gr-5
	46.0
	1.8
	9.5
	0.74
	4.2
	0.70
	0.42
	0.21
	0.50
	0.09
	0.70
	0.35
	9.8
	22.4
	1.1
	1.3
	0.05
	0.04
	<0.02



	
	S.D.
	1.37
	0.09
	0.20
	0.06
	0.31
	0.05
	0.04
	0.03
	0.01
	0.02
	3.77
	0.05
	2.13
	1.41
	0.08
	0.14
	0.01
	0.19
	



	AR-4 *
	Gr-5
	50.8
	1.9
	13.0
	1.2
	6.7
	1.3
	0.57
	0.40
	0.60
	0.18
	1.5
	0.27
	11.0
	8.0
	1.2
	1.2
	0.05
	0.07
	<0.02



	
	S.D.
	1.66
	0.12
	0.34
	0.07
	0.68
	0.05
	0.11
	0.04
	0.10
	0.04
	0.10
	0.08
	2.49
	0.39
	0.07
	0.14
	0.05
	0.16
	



	AR8 red
	Gr-5
	45.6
	2.3
	10.8
	0.80
	7.3
	0.61
	<0.1
	0.23
	0.99
	0.21
	1.7
	0.25
	7.8
	19.4
	1.2
	0.33
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.20
	0.09
	0.13
	0.06
	0.13
	0.06
	
	0.06
	0.06
	0.05
	0.08
	0.13
	0.08
	0.10
	0.15
	0.09
	
	
	



	AR8 yellow
	Gr-5
	45.8
	2.6
	10.6
	0.80
	7.3
	0.59
	<0.1
	0.21
	0.93
	0.21
	1.7
	0.25
	8.1
	19.4
	1.1
	0.26
	<0.1
	<0.1
	<0.1



	
	S.D.
	0.16
	0.11
	0.11
	0.08
	0.07
	0.04
	
	0.09
	0.09
	0.13
	0.05
	0.14
	0.14
	0.26
	0.18
	0.17
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Table 4. Average chemical composition of copper (CuO), lead (PbO), iron (Fe2O3), tin (SnO2) and antimony (Sb2O5) oxides for each hue group, with the respective standard deviation values. S.D.—standard deviation.
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	Group
	CuO
	S.D.
	PbO
	S.D.
	Fe2O3
	S.D.
	SnO2
	S.D.
	Sb2O5
	S.D.





	Gr-1
	2.3
	0.39
	1.5
	2.0
	1.4
	0.56
	0.7
	0.36
	0.2
	0.15



	Gr-2
	3.1
	0.36
	1.1
	0.06
	4.8
	0.14
	0.4
	0.08
	0.5
	0.17



	Gr-3
	0.3
	0.02
	0.3
	0.13
	4.2
	0.29
	0.1
	0.09
	0.4
	0.00



	Gr-4
	9.7
	1.6
	29.0
	1.0
	0.6
	0.10
	0.2
	0.05
	1.0
	0.23



	Gr-5
	9.3
	1.2
	17.5
	5.6
	1.4
	0.38
	1.1
	0.15
	0.9
	0.42
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Table 5. Average (crystals + glassy phase) and punctual (glassy phase). EDS analyses performed in the five groups. Two samples coloured by Cu° particles and two samples coloured by Cu2O particles. S.D.—standard deviation; five measurements were performed (at least) for the investigated area.
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Oxide

	
Average

	
Glassy Phase

	
Average

	
Glassy Phase

	
Average

	
Glassy Phase

	
Average

	
Glassy Phase




	
Group

	
R16 (Gr-1)

	
R19 (Gr-2)

	
R12 (Gr-4)

	
AR4 (Gr-5)






	
Al2O3

	
1.4

	
1.4

	
2.1

	
2.1

	
1.5

	
1.6

	
1.9

	
1.7




	
S.D.

	
0.09

	
0.06

	
0.05

	
0.05

	
0.06

	
0.03

	
0.12

	
0.07




	
Na2O

	
13.6

	
13.6

	
17.0

	
17.0

	
10.7

	
10.8

	
13.0

	
14.3




	
S.D

	
0.24

	
0.12

	
0.06

	
0.07

	
0.12

	
0.05

	
0.34

	
0.49




	
K2O

	
3.4

	
3.4

	
0.73

	
0.72

	
0.37

	
0.33

	
1.2

	
1.1




	
S.D

	
0.09

	
0.03

	
0.02

	
0.02

	
0.04

	
0.03

	
0.07

	
0.02




	
P2O5

	
1.0

	
1.1

	
0.13

	
0.20

	
0.06

	
0.10

	
0.40

	
0.32




	
S.D

	
0.08

	
0.07

	
0.06

	
0.05

	
0.05

	
0.05

	
0.04

	
0.02




	
Fe2O3

	
1.2

	
1.2

	
5.0

	
4.9

	
0.63

	
0.67

	
1.5

	
1.7




	
S.D

	
0.09

	
0.11

	
0.08

	
0.09

	
0.08

	
0.10

	
0.10

	
0.01




	
MnO

	
0.30

	
0.33

	
0.40

	
0.40

	
0.17

	
0.30

	
0.27

	
0.35




	
S.D

	
0.08

	
0.12

	
0.07

	
0.07

	
0.10

	
0.09

	
0.08

	
0.07




	
CuO

	
2.8

	
2.6

	
3.3

	
2.8

	
9.6

	
6.2

	
11.0

	
6.7




	
S.D

	
0.32

	
0.10

	
0.27

	
0.13

	
0.64

	
0.19

	
0.39

	
0.35




	
PbO

	
0.67

	
0.82

	
1.1

	
1.2

	
28.0

	
29.2

	
7.8

	
8.5




	
S.D

	
0.09

	
0.07

	
0.07

	
0.06

	
0.64

	
0.23

	
0.39

	
0.12




	
SnO2

	
0.51

	
0.47

	
0.46

	
0.46

	
0.24

	
0.14

	
1.2

	
1.2




	
S.D

	
0.13

	
0.17

	
0.09

	
0.11

	
0.09

	
0.09

	
0.07

	
0.08
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Table 6. Colouring, metallic and devitrification particles investigated by FEG–SEM, Raman spectroscopy and X-ray diffraction. Cu°: metallic copper; Cu2O: cuprite; W: wollastonite (CaSiO2); Dt: Devitrite (Na2O·3CaO·6SiO2), Dp: diopside (CaO·MgO·2SiO2). Pol.: polyphase (Al-Si-Na-Fe-Ca); C: Chalcocite (Cu2S); CP: calcium phosphate; CA: calcium antimonate (Ca2Sb2O7); Mgn: magnetite (Fe3O4); Hem. Hematite (Fe2O3); Inc.A: inclusions composed by Cu-Ag-Sb; Inc.B: PbS-Cu2S; and Inc.C: inclusions rich in Fe2O3, SiO2, Al2O3 and TiO2.






Table 6. Colouring, metallic and devitrification particles investigated by FEG–SEM, Raman spectroscopy and X-ray diffraction. Cu°: metallic copper; Cu2O: cuprite; W: wollastonite (CaSiO2); Dt: Devitrite (Na2O·3CaO·6SiO2), Dp: diopside (CaO·MgO·2SiO2). Pol.: polyphase (Al-Si-Na-Fe-Ca); C: Chalcocite (Cu2S); CP: calcium phosphate; CA: calcium antimonate (Ca2Sb2O7); Mgn: magnetite (Fe3O4); Hem. Hematite (Fe2O3); Inc.A: inclusions composed by Cu-Ag-Sb; Inc.B: PbS-Cu2S; and Inc.C: inclusions rich in Fe2O3, SiO2, Al2O3 and TiO2.





	
Group

	
Sub-Group

	
Colour-Hues

	
FEG-SEM (Particles)

	
Raman (Particles)

	
XRD




	
Colouring (μm)

	
Devitrification

	
Others

	
Metallic (μm)

	
Colouring

	
Others






	
Gr-1

	
-

	
Brick red

	
Cu° 0.04-0.7

	
W; Dt; Dp.

	
Pol. (R3-R14); CP (R6-R26);

	
Mgm (R6-R8);C (R26); Inc.A (R16); Inc.B (R8)

	
-

	
Inc.C (R26)

	
Cu°




	
Gr-2

	
-

	
Reddish brown

	
Cu° > 1

	
-

	
Inc.C (R10); Pol. (R17)

	
C (R17)

	
-

	
-

	
Cu°




	
Gr-3

	
Average

	
Dark red

	

	

	

	

	
-

	

	
-




	
Gr-3cBK

	
Black layer

	

	
W; Dt.

	
-

	
C (0.1); hem.

	
-

	

	
-




	
Gr-3cR

	
Red layer

	
Cu° 0.02-0.1

	
W; Dt.

	
-

	
C (0.1)

	
-

	

	
-




	
Gr-4

	
-

	
Sealing wax

	

	

	

	
Cu° (R9-R11)

	
Cu2O

	

	




	
Gr-5

	
Gr-5dOr

	
Yellowish orange

	
Cu2O (0.1-0.3);

	
W; Dt (AR1)

	
CA

	

	
Cu2O

	
CA (AR2)

	
Cu2O




	
Gr-5dR

	
Reddish orange

	
AR4: Cu2O 0.3-1

	
W; Dt (AR4)

	

	

	
Cu2O

	

	
Cu2O
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