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Abstract

:

This paper provides a detailed technological characterization of the Roman opus sectile glasses (second century AD) coming from the renowned Gorga collection. Nine glass samples corresponding to imitations of the porfido verde antico, cipollino rosso, rosso antico, giallo antico, diaspro nero e giallo, semesanto and agate/alabaster stones were studied. The aim of this study was twofold: (i) archaeometric, i.e., to provide valuable data on the production, raw materials and techniques of these refined Roman glasses that mimic precious stones and (ii) methodological, i.e., to highlight the good performance of combining polished thin sections and local probe measurements for the study of glassy microstructures. Based on the nature of the flux used, the glasses from the samples were classified as either natron-type or mixed-type (natron/plant ash). The latter stem from remelted glasses and contain relict grains of wollastonite that were not found in the pure natron samples. Relict wollastonite crystals appear to be a proficient petrographic marker to spot recycled glasses along with the commonly used chemical fingerprints. Different production and colouring techniques were identified, even for a given type of imitated stone. Metallic Cu, Ca antimonates and Pb-Fe antimonates were the three opacifiers used for the opaque glasses. Based on the crystal morphologies, metallic Cu and Ca antimoniates were possibly synthesized in situ simultaneously with the glass, whilst the Pb-Fe antimonates were prepared ex situ. The working temperatures for these glasses were estimated within the 900–1100 °C range based on the presence and known thermal stability of some identified crystal phases.
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1. Introduction


The Roman glasses from the Gorga collection are excellent examples to illustrate intermaterial deception–illusion phenomena. Intermaterial phenomena include a great variety of relations and dependencies [1,2,3,4]. In a nutshell, there are three main ways in which materials can interact: the material interaction, the material transfer and the material interference [5]. In the first case, different materials enter into dialogue but remain separate from one another in their different materialities (e.g., a combination of different materials in sculpture). A second way of interaction can be named the mode of deception–illusion because it is based on the function transfer from one material to another. Finally, in the third type of interaction, materials overlap, intermingle and change into something completely new with a different aesthetic [5]. Intermaterial phenomena are persistent throughout history, and they become prevalent between the Late Republic and the Early Empire Period when they end by involving all the genres of material culture. The Roman expansion into the East resulted in a significant interest in Greek culture and architectural, sculptural and exotic objects became goods of cultural exchange. Starting from the Augustan Era onwards, a new triumph of arts and handicrafts occurred and, at the same time, a consumer revolution that fostered the emergence of new genres whilst existing genres were re-innovated. In this context, glass is an excellent material for the analysis of intermaterial phenomena. During the reign of August, glass became a widespread component of tableware and decorations on furniture and walls, in competition with other materials [6]. The important role played by glass is quite understandable, as it was easier to work compared with stone due to its pliability; it was readily available from glass workshops, avoiding the complications of high extraction and transportation costs of exotic materials; and it achieved a broader range of commercialization. The use of glass allowed for the production of a wide range of coloured materials, also taking advantage of its intrinsic qualities, among them the potentiality to create the illusion of depth or to produce a surface finish with a greater shininess compared with polished rocks. Non-porous, odourless, and apt to store liquids and food, glass quickly overtook pottery, becoming the most popular material for drinking vessels [7,8].



Glasses that mimic stones are widely documented by classical authors (Pliny, NH XXXVI, 197–198) as revetments in the shape of panels or crustae producing visual geometric or figurative compositions. The material evidence supports the writing sources. Glass fragments imitating an Egyptian dark purple-red porphyry (porfido rosso antico) are hosted at the Corning Museum of Glass [9] and they were also found in the archaeological site of Kechries (Greece) [10]. Other glass fragments, hosted at The Toledo Museum of Art (Toledo, OH, USA), are imitations of a Greek dark green serpentine (porfido verde antico) [11], while those from the Roman Colonia Celsa (Spain) imitate a Greek impure marble (cipollino verde) [8]. Masterpieces in glass imitating different precious stones are held in the Gorga collection [12] at the Museo Nazionale Romano—Palazzo Altemps (Rome, Italy). The main purpose of the present study was to characterize, from a technological point of view, monochrome and polychrome opus sectile glass pieces from the Gorga collection [13] that replicate expensive and rare stones. The Gorga collection constitutes a unique heritage ensemble in the world (more than 150.000 glass pieces) collected by the famous Italian tenor Evan Gorga (1865–1957) between the end of the 19th century and the first decades of the 20th century. This massive collection activity soon went beyond the boundaries of a normal passion, and it accompanied the famous tenor throughout his life, extending to all kinds of finds, ancient and modern (Figure 1). Many objects collected by E. Gorga were derived from leading Roman antiquarians. However, most of the collection arose from the contemporary excavations in Rome and outside the capital in central and southern Italy [14]. In 1949, because of financial problems, Gorga was forced to sell his collection to the Italian Government, which committed to pay him a modest annuity, establish and maintain ten scholarships associated with his name, and organize the most important finds of the collection and exhibit them to the public [15,16].



The most substantial nucleus of the Gorga collection is represented by the glasses of the first and middle Roman imperial age, which provide an extremely varied picture of the techniques, shapes, colours and multiplicity of uses that Romans allocated to this material.



Some previous archaeometric studies on the Gorga glasses were undertaken [17,18,19,20], including one on monochrome and polychrome glass tesserae replicating precious marbles and rare stones [20]. However, this previous work on similar glassy imitations was solely based on non-invasive chemical analytical methods.



In this article, we took a step forward in the study of such imitations: for the first time, the Museo Nazionale Romano has granted permission to slice small bits of some samples of these Roman glasses that mimic precious stones from the Gorga Collection. The destructive sample preparation was carried out with the goal to provide valuable insights into the composition, mineral inclusions, structure, temperatures and production techniques of these fascinating glass sectilia. To achieve the archaeometric and technological characterization of these glasses with an unprecedented level of detail, we opted for a singular methodological approach based on the use of polished thin sections (~30 µm thickness) as the support for both petrographic inspection and analyses using different local probe techniques. With very few exceptions [21], glass fragments are usually prepared and analyzed as polished blocks (thick sections). As we already pointed out for ceramic glazes [22], in the domain of glass studies, the petrographic approach based on polished thin sections also remains essentially unexplored. Nonetheless, there are several advantages of a combined petrographic and analytical study of thin-section samples. Optical images using thin sections are better than SEM images, as glass is opaque to electrons and different glassy layers that appear almost identical in SEM images can be easily distinguished in optical images. Furthermore, images in plane-polarized light (PPL) taken in transmission light (TL) are also more useful than those taken in reflected light (RL), where the latter is the only option for polished blocks. In fact, crystals that are under the polished surface of the sample remain unnoticed when using reflected light and their morphologies can be misunderstood based on the appearance of their sections. Apart from the mentioned advantages, the use of the polished thin section in the study of glassy microstructures enables a straightforward correlation between the analysis produced by the different techniques. This is because the measurements can be done on the very same crystals viewed under the petrographic microscope and the different visualization systems of the employed analytical techniques. In recent years, the advantages of combining analyses of thin section samples have been illustrated and discussed in different papers, including materials like mummies, bones, hairs, ceramic glazes and wood [23,24,25,26,27,28]. We are conscious that the complexity of preparing a good polished thin section compared with a polished block can hinder its introduction as a standard approach in glass studies. However, the combination of petrographic and analytical studies of thin-section samples offers an exhaustive picture of the glassy microstructures, unveiling details that may remain unperceived using other approaches. Hence, even if such an approach is more difficult to implement, it still deserves to be considered.




2. Materials and Methods


2.1. Sampled Materials


A selection of nine opus sectile glass pieces (Figure 2 and Table 1) from the Gorga collection and assigned to the villa of Emperor Lucius Verus (161–169 AD) [29] was analyzed. The villa, located at the fifth milestone on the Via Clodia/Cassia in Rome, comprised a large number of rooms decorated with monochrome and polychrome glass pieces (sectilia) that would have amazed guests with a whirlwind of colours and images [30,31]. The nine glasses replicate precious and rare stones (see pictures in Figure S1, most of them from [32]), seven are mainly two-coloured and two are basically monochrome:



	
Samples PV1 (Figure 2a) and PV2 (Figure 2b) reproduce two varieties of the porfido verde antico (lapis lacedaemonius), which is a porphyritic volcanic rock (Figure S1a) quarried in Laconia (Greece). The original stone shows prismatic, square, acicular or irregular light green, whitish, yellowish or violet phenocrystals of plagioclase embedded in a dark green crypto-crystalline groundmass [33]. Macroscopically, sample PV1 (Figure 2a) exhibits a translucent dark green background embedding multiple opaque light green deformed canes, and these lighter areas appear chipped (perhaps intentionally), leaving whitish cavities. On the other hand, sample PV2 (Figure 2b) shows a translucent green matrix with turquoise hues embedding opaque greenish-yellow strips.



	
Sample CR (Figure 2c) imitates the cipollino rosso (marmor iassense or marmor carium), which is a Turkish red hematitic marble (Figure S1b) quarried near the ancient Iasos (Caria, now Kiyikişlacik). Three varieties of this marble are known: uniformly red, veined (white/white-grey and greenish veins) and brecciated (whitish clasts in a red matrix) [34]. Sample CR faithfully mimics the brecciated variety with an opaque red matrix embedding opaque white deformed canes.



	
Sample R (Figure 2d) resembles the rosso antico (marmor taenarium), which is an impure, very fine red marble (Figure S1d) coloured by the presence of hematite. It is a foliated marble but macroscopically often shows a rather homogeneous red colouration. It was quarried in Cape Mapatan and many other localities of the Mani peninsula (Greece) [33]. The corresponding glass imitation is basically monochrome, exhibiting a veined opaque red matrix, including various red hues. However, relatively thin dark veins are also present.



	
Sample G (Figure 2e) looks like the giallo antico (marmor numidicum), which is a compact yellow or light-yellow microcrystalline limestone (Figure S1c), sometimes with red or brown veins. The brecciated variety was also very common. The corresponding quarries were situated in the hills near the ancient town of Simitthus (now Chemtou, in Tunisia), and from 27 BCE, they turned into an imperial estate. It was one of the most expensive stones (200 denarii per cubic foot) in Diocletian’s Edict of maximum prices [35]. Macroscopically, the glass imitation is markedly monochrome, consisting of an opaque yellow matrix with only brown speckles that appear to be superficial.



	
Sample D (Figure 2f) resembles the diaspro nero e giallo, which is a rare stone of unknown provenance. Characteristically it has greenish, greyish and black decorative patterns on a yellow background [35]. The imitation in glass displays fused intermixed translucent brown/opaque yellow canes.



	
Sample S (Figure 2g) reproduces the appearance of the Semesanto (Figure S1e), which is a variety of a deformed breccia marble (marmor scyreticum) quarried on the island of Skyros (Greece), typically with a smaller (millimetric) clast size compared with the most common variety. In this particular variety, the clasts exhibit sharp edges and appear elongated, collectively defining a foliation. They often consist of white/milky-white calcitic marble fragments, but occasionally other light-coloured clasts appear. The colour of the clasts contrast with the hematitic dark red/purple cement [33]. To the naked eye, the corresponding glass imitation shows a reticular pattern made by fusing cylindrical units of eight bichrome canes (a central cane contoured by seven canes). Every bichrome cane consists of an opaque white centre and a dark surface. The deformation by flattening the fused murrines accurately reproduces the texture of the original semesanto stone.



	
Samples A1 (Figure 2h) and A2 (Figure 2i) could be imitations of relatively common agate (Figure S1g) or alabaster (Figure S1f) stones [36]. Agate is a banded variety of chalcedony, which is a cryptocrystalline form of quartz, whilst alabaster is a banded stalagmitic limestone. The imitations in glass of these stones allowed for creating many different chromatic arrangements, such as repeating lines, shapes and colours. Sample A1 exhibits a translucent brown background with decorative opaque white, amber and deep brown motives, whilst sample A2 shows opaque white veins in a translucent amber matrix.







2.2. Characterization Methods


Samples were cut and prepared in the form of polished thin sections (~30 µm thickness) at the Geology Department of the University of Padua (Italy) and studied according to the methodology established by Di Febo et al. [22]. As a first step, thin-section petrography (TSP) was used to examine the samples to spot the presence of different translucent/transparent and opaque areas to be characterized chemically, and in a second step, a more detailed inspection was performed to select crystalline inclusions for subsequent microanalyses. A Nikon Eclipse Me600 microscope (Nikon Corporation, Tokyo, Japan) at the Universitat Autònoma de Barcelona (UAB) was used to carry out observations in both transmitted plane-polarized light (TL-PPL) and reflected plane-polarized light (RL-PPL). Scanner images of the polished thin sections were used to help locate the general position of the crystals within the thin section during microanalyses. Chemical compositions of the glassy matrices and the crystalline phases were tested using a scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectrometer (EDS) at the Servei de Microscòpia (UAB) using a Merlin Field Emission Scanning Electron Microscope (FE-SEM) (Zeiss, Oberkochen, Germany) with an accelerating voltage of 15 kV, 1 nA beam current and an overall counting time of 60–100 s. Quantifications of the element concentrations were obtained using mineral and synthetic standards. SEM images were taken using backscattered electron and InLens detectors. Electron microprobe (EMP) analyses of both the glassy matrix and inclusions were conducted at the Centres Científics i Tecnològics at the Universitat de Barcelona (CCiTUB, UB) by employing a JXA-8230 (Jeol Ltd., Tokyo, Japan). The experimental conditions were 1 µm spot size, 15 kV, 6 nA probe current and an overall counting time of 100 s. The reliability of the chemical results was checked against the international reference standard Corning Glass B [37,38] (Table S1). The composition of the glassy matrix was, in general, obtained using a minimum of seven point microanalyses on it, avoiding inclusions, and average and standard deviations were calculated. Multivariate analysis of the compositional data was performed using available scripts from RStudio (the integrated development environment for R software), R version 4.3.0 was used.



Chemical mappings using energy-dispersive X-ray fluorescence (EDXRF) were performed using a benchtop small-spot spectrometer (XDV-SD model, Helmut Fischer GmbH, Sindelfingen, Germany) for some samples (PV1, PV2, CR, D and S) to complement the SEM and EMP data on chromophores and opacifiers. The analyses were carried out by operating the X-ray generator at a voltage of 50 kV and a current of 1 mA. All the analyses were performed in open-air conditions, which made it impossible to quantify elements lighter than calcium (Z = 20). Compositional mappings were built from a grid of individual-point 100 s analyses. Spectral data were evaluated using the WinFTM™ software (Helmut Fischer GmbH, Germany) using a fundamental parameters approach [39].



Synchrotron through-the-substrate μ-X-ray diffraction (tts-μXRD) measurements directly performed on the microcrystals of polished thin sections were undertaken at the ALBA Synchrotron (Cerdanyola del Vallès, Spain) for all the samples. A total of 80 to 120 point analyses were done for each sample. The areas of interest from the polished thin sections were selected using an on-axis visualization system and were measured using a transmission geometry with a focused beam of 15 × 15 μm2 (full width at half-maximum). The energy used was 29 keV (λ = 0.4246 Å) and the diffraction patterns were recorded with a Rayonix SX165 CCD detector (active area of 165 mm diameter, frame size 2048 × 2048 pixels, 79 μm pixel size and dynamic range 16 bit). The calibration of the sample–detector distance and beam centre (from a LaB6 sample measured in the same conditions) and the radial integration of the images were performed with the d2Dplot software [40]. Phase identification was performed using Panalytical HighscorePlus software using an integrated PDF-2 database (ICDD).



Confocal Raman microscopy (μ-Raman) measurements were performed only on opacifying crystals using an Alpha 300 RA microscope (WITec, Ulm, Germany) equipped with a Nd:YAG laser light source (532 nm) operating at 5 mW laser power at the Instituto de Cerámica y Vidrio (Madrid, Spain). Raman spectra were recorded in the spectral range of 0–1175 cm−1 by using a grating of 1800 lines per millimetre with a spectral resolution of ca. 0.02 cm−1. The microscopy setup was mounted in a piezo-driven scan platform with a 4 nm lateral and 0.5 nm vertical positioning accuracy. Raman images of different sizes were recorded in a backscattering configuration using a 100× objective with a numerical aperture of 0.95, an integration time of 1 s per pixel, and an optical resolution of approximately 300 nm in the longitudinal direction and 500 nm in the transversal direction. The microscope base was also equipped with an active vibration isolation system, which was active for 0.7–1000 Hz. The acquired spectra were analyzed by using WITec Project Plus, 2.08 Software.



To characterize the microcrystals found in a particular sample (CR) using transmission electron microscopy (TEM), a thin lamella was prepared using a focused ion beam (FIB)–scanning electron microscope (SEM) Helios 5 UX dual system (Thermo Fisher, Waltham, MA, USA) installed at the Institut Català de Nanociència i Nanotecnologia (Bellaterra, Spain). This equipment allows carrying out a controlled thinning and polishing of the sample by gradually decreasing the accelerating voltage and ionic intensity current. The initial conditions were a 30 kV accelerating voltage and a decreasing intensity from 0.26 nA to 90 pA for the thinning down steps. Settings of 5 kV and 21 pA were employed for the subsequent polishing and 1 kV and 12 pA for the final cleaning. After this process, the cross-sectional TEM specimen had an approximate thickness of 50 nm. Electron diffraction patterns were later obtained from the specimen using a JEOL 1210 TEM (Jeol Ltd., Tokyo, Japan) operating at 120 kV and equipped with a side-entry 60°/30° double-tilt GATAN 646 specimen holder available at the Institut de Ciència de Materials (Bellaterra, Spain).





3. Results


All the analyses were performed on polished thin sections; full scan images of the nine thin sections corresponding to the analyzed stone imitations can be found in Figure S2, where the different types of identified glasses are indicated. For a full chemical characterization of the nine opus sectile pieces, each glass type identified was analyzed separately, for a total of 18 analytical samples.



3.1. Bulk Composition (Glassy Phase)


The bulk chemical compositions of the analytical samples obtained via EMP analysis are shown in Table 2. At least two different bulk compositions were obtained for all the samples (with the exception of the strictly monochromatic sample G) on areas with different colours and transparency. All the measurements indicated Si, Na and Ca oxides as the main components, with SiO2 ranging from ~57 to ~67 wt%, CaO from ~6 to ~12 wt% and Na2O from ~11 to ~18 wt%. The Al2O3 concentration is just about constant in all the glasses (1.95–2.74 wt%). The Cl values are also relatively high and constant in all the samples (all glasses but four have values >1 wt%).



Pb is present in significant concentrations (1.33–13.33 wt% as PbO) in most of the samples. Its presence is consonant with most of the opacified glasses but it is also oddly high (PbO 7.6 wt%) within the transparent (macroscopically dark) thin veins in sample R-tr. Other elements commonly associated with opacification, like Sb and Sn, also appear but in lower concentrations. The presence of Sb appears connected to some of the opacified glasses; in contrast, Sn is not so markedly linked to opaque glasses. When present, Sn correlates with Cu-bearing glasses. Detailed data on colouring elements are presented in Section 3.1.2.



3.1.1. Composition of the Base Glass


The compositions of the glassy matrices was obtained by subtracting the content of the elements related to colouring and opacifying from the bulk composition and normalizing the rest to 100 wt% (Table S2). All the samples can be classified as soda-lime-silica glasses with SiO2 ranging from approximately 62 to 72 wt%, CaO between 7 and 12 wt% and Na2O from 12 to 18 wt%.



Regarding the MgO and K2O contents, as seen in Figure 3a, a group of samples lie within the known area of natron glasses. These are both the translucent (tr) and opaque (op) glasses from semesanto (S), agate/alabaster (A1, A2), diaspro nero e giallo (D), opaque giallo antico (G) and the translucent turquoise-green glass in one of the porfido verde imitations (PV2-tr). These samples, besides having low MgO and K2O concentrations (<1.5 wt%), also have relatively high Cl (0.86–1.77 wt%) and SO3 (0.30–0.93 wt%) values and a low P2O5 (0.06–0.22 wt%) concentration, which are consistent with the use of a mineral soda (natron) as a flux [41]. The remaining glass samples, i.e., the other porfido verde imitation (PV1), cipollino rosso (CR) and rosso antico (R), along with the opaque glass of the previously mentioned porfido verde imitation (PV2-op), appear scattered exhibiting intermediate compositions between the known compositional areas for natron-based and plant-ash-based glasses. However, sample R (both R-tr and R-op) could be considered almost a plant ash glass (both MgO and K2O > 2wt%). Additionally, the position of the white CR-op(w) sample deserves a mention as it lies in the bottom-right corner of the plot with an anomalously high MgO (3.33 wt%) concentration for a natron glass. This sample also exhibits high SO3 (0.45 wt%) and very low K2O and P2O5 values, as is typical in natron glasses.



A similar picture of the above graph is found for the K2O vs. P2O5 ratios (Figure 3b), where the glasses of hybrid composition also appear scattered. Their high K and P values are considered symptomatic of contamination through fuel ash and vapour that occur when different cycles of remelting take place. In contrast, the natron-based glasses lie grouped in the bottom-left corner of the plot again and, therefore, without hints of contamination. In this new biplot, the white opaque glass CR-op(w) in the cipollino rosso imitation joins the clustered natron-based glasses.



Lime and alumina are another couple of components frequently used in the first step to distinguish glass groups, as they can reflect the impurities present in the sand [42]. In Figure 4a, the reduced CaO versus Al2O3 contents for the analyzed glasses are plotted, along with the results obtained by Tesser et al. [20] for other glass imitations from the Gorga collection. Despite the use of different techniques to determine the composition, all the samples distribute approximately within the same area, with a homogeneous alumina content and a larger variability in the lime amounts. The values also match the known contents for Roman second c. AD glass productions [43,44,45,46], although the lime concentrations for most of the samples studied here are statistically higher and distribute without defining different clusters. Lime is sometimes indicative of contamination from fuel ash during the glassmaking process [43]. However, considering the use of different analytical techniques and the fact that some opacifiers can also contain Ca, the considerations on the purity of the used sand derived from lime values should be relativized.



In Figure 4b, the reduced Al2O3/SiO2 versus TiO2/Al2O3 weight ratios of the studied glasses are plotted. Al, Fe and Ti oxides are considered useful elements to track the mineralogy of the original sand used to produce the glass [43]. In particular, the TiO2/Al2O3 ratio seems convenient here to distinguish two types of glasses among the studied samples. The different glasses from samples A1, A2 and S form a cluster with a low TiO2/Al2O3 ratio; according to [43], these are compatible with Levantine primary glass productions. It is worth mentioning that the glasses of these three samples also appear clustered in Figure 3. This would indicate that these were made from a pure sand to produce natron glasses that possibly were not subjected to different cycles of recycling. The rest of the glasses from other samples appear more scattered and within the area attributed to Egyptian primary glass [43]. All these exhibit notably higher TiO2/Al2O3 ratios, except Cr-op(w), which shows a lower Al2O3/SiO2 value.



Multivariate data analyses produce additional evidence of the geochemical division between natron and hybrid glasses. Furthermore, opacified A1-op, A2-op and S-op form a third distinct group (Figure S3).




3.1.2. Colouring Elements and Opacifiers


Colours are relevant for all the studied sectilia and they involve both translucent and opaque glasses. The chemical elements responsible for the obtained colours can be inferred from surface XRF measurements, along with the previously presented EMP analyses (Table 2) and point SEM-EDS measurements. In the porfido verde antico imitations (samples PV1 and PV2), the green colour would mainly relate to Cu. Both opacified and translucent glasses of these samples contain this element, but it is particularly concentrated in the translucent (and greener) glasses (Figure 5a,b). Fe, Sn and Pb are also present in these glasses. Pb is clearly related to opacifiers (as its presence increases in the opacified glasses). The presence of Pb (1.33 wt% PV1-tr, 0.78 wt% PV2-tr) and Sn (0.20 wt% PV1-tr, 0.18 wt% PV2-tr) in the transparent glasses could indicate the use of metal scraps (bronze and pewter) as the source of colourant (Cu).



Apart from the green PV glasses, Cu is also found in the rosso antico (R-op and R-tr) and cipollino rosso (CR-op(r)) imitations. Its presence could be related to colouring for the red opacified glasses R-op and CR-op(r), possibly in connection with the presence of metallic Cu. Both samples can be classified as “low-Pb and low-Cu glass”, as they show low lead (PbO < 15 wt%), copper (CuO 1–5 wt%) and iron (FeO 1–4 wt%) amounts compared with other red glasses [47]. According to the literature, relatively low Pb concentrations—in particular in red glass CR-op(r) (6.06 PbO wt%)—could be unrelated to an intentional addition in order to achieve specific technical advantages [48]. In contrast, levels >10 wt%, as in those measured in the glass R-op (11.17 PbO wt%), suggest a purposely addition of Pb [48].



Mn appears to be the colouring agent for the purple/brownish translucent glasses of semesanto (S-tr) and diaspro nero e giallo (D-tr) imitations, respectively (Figure 5c,d). Trivalent Mn3+ in oxidizing conditions may produce a purple colour, whilst the brownish tone might be related to lower concentrations of Mn3+ or Mn4+ [49]. The D-tr glass has the highest Mn (3.31 wt%) and Fe contents (1.07 wt%), where the latter could have also been intentionally added to obtain a stronger colour. Mn seems to also be relevant for agate/alabaster imitations, at least in the case of the A1 sample. In this imitation, Mn is not concentrated within the brown translucent glass but in a different (colourless) transparent glass that appears fused to the opacified white glass. The bands of opacified glass (A1-op) form sets of white sheets intercalated in colourless transparent glass (A1-tr(c)) (see A1 in Figure S2). This colourless glass contains 1.23 wt% of Mn, possibly allowing for the known decolouration role of Mn2+, which promotes the oxidation of Fe to prevent the bluish shade from Fe2+ [50]. In the case of sample A2, the Mn values are rather low (<0.5 wt%), suggesting that Mn could have only come from the glass batch as a contaminant of sand and not intentionally added. In any event, the origin of the brown/amber colour of A1-tr and A2-tr remains difficult to grasp but could be related to the ferric-sulphide chromophore in a reducing atmosphere [51].



Concerning opacified glasses, Pb is relevant for some of them. However, this is not the case for the white glasses CR-op, A1-op and A2-op, which have almost no Pb. Moreover, in samples PV1 and PV2, the amount of Pb is rather low (PbO ~2 wt%) in the opacified glasses but significantly higher than that of the corresponding transparent (and coloured) glasses of the same samples. The presence of Sb is remarkable (~2–6 Sb2O3 wt%) in all the white opacified glasses, in particular in the low-Pb A1-op and A2-op glasses, pointing to calcium antimonates as white opacifiers in these two samples. The relatively high values of both Pb and Sb for D-op and especially S-op glasses seem to indicate the use of yellowish lead antimonate as the opacifier, although S-op is actually a white glass. The identification of Sb-based opacifiers is consistent with the known chronology of the studied sectilia. It is worth noting the correlation between Sb and S that could indicate the direct use of stibnite (Sb2S3) [52] as the source of Sb (Figure S4). Another element commonly associated with opacification is Sn. Its presence is in the range 0.1–0.2 (expressed as SnO2 wt%) for some glasses (those in PV1, PV2 and R samples), but with no difference between opacified and transparent glasses. The white S-op glass also has a similar Sn concentration but, in this case, the corresponding S-tr glass has almost no Sn.





3.2. Glassy Microstructures and Crystalline Phases (Studied Using Thin Sections)


A detailed petrographic inspection of the studied thin sections (using TSP) resulted in petrographic descriptions, including morphological observations of microcrystalline inclusions and their textural arrangements within the different glasses. Local probe analytical measurements performed on the inclusions using tts-μXRD, μ-Raman and SEM-BSE/EDS enabled their mineralogical characterization. In the following subsections, the results from the TSP are detailed for every type of imitated stone and at the end, a table (Table 3) summarizes the results regarding the identified microcrystalline inclusions.



3.2.1. Porfido Verde Antico Imitations (Samples PV1 and PV2)


From a microscopic point of view, both samples (PV1 and PV2) are made of a translucent greenish matrix and opaque bands (Figure 6a and Figure 7a). However, the two samples have different textural and petrographic features. Sample PV1 is rich in relict and newly formed crystals scattered all over the glassy matrix. Relict phases are represented by rounded/sub-rounded grains, sometimes embayed (partially dissolved by the melt) and ranging in size from approximately 50 to 400 μm. They are colourless in TL and light grey in RL, with a moderate-to-high relief (Figure 6b,c). They are found alone or in association with devitrification phases, mostly in the translucent area (PV1-tr) and sometimes in the opaque strips (Figure 6d). Based on the SEM-EDS analyses, they are calcium silicates (CaSiO3) that were identified using tts-μXRD as wollastonite polytype 2M (Figure 8a). Other relict phases that are unevenly present in the glass are clusters of particles containing Si, Al, Na, Ca, Fe and Ti (clay clods, Figure 6e). Unmelted quartz and feldspar grains were seldom observed in translucent and opaque strips of the sample. Regarding devitrification products, which are particularly abundant in the opaque strips (PV1-op), two phases were identified. First, transparent (in TL) and light grey (in RL) whisker crystals that form fans of needles that are again found to be wollastonite (2M) (Figure 6f). The second phase consists of transparent (in TL) and grey (in RL) tabular crystals with skeletal morphologies, which were identified as devitrite (Na2Ca3Si6O16) (Figure 6d,g). These devitrification products can be found together, alone, or in association with either the abovementioned relict wollastonite or opacifier crystals. Micrometric particles of opacifiers containing Pb, Sb and Fe appear finely dispersed in the opaque PV1-op strips or clustered in lumps (Figure 6h). Their tts-μXRD patterns correspond to lead iron antimonate (Pb2Fe0.5Sb1.5O6.5) with a pyrochlore crystallographic structure of cubic space group   F d   3  ¯  m  . Some of these opacifier particles exhibit anhedral morphologies, whereas others present sub-euhedral/euhedral shapes (Figure S5). Furthermore, Pb-Fe antimonates were analyzed using µ-Raman and a representative spectrum collected on them is shown in Figure 9, with the main Raman bands at 81, 147, 306, 346, 459, 515, 655 and 748 cm−1.



In contrast, in sample PV2, the translucent area (PV2-tr) displays a particularly pure glassy matrix practically deprived of microcrystals. The opaque strips contain abundant hematite (Figure 7b) and quartz grains (Figure 7c). Based on their rounded morphologies and their role as nucleation sites, both the hematite and quartz grains can be considered relict inclusions, along with some clay clusters (Figure 7d). Regarding newly formed crystals, there is abundant devitrite (Na2Ca3Si6O16) (Figure 7e). No wollastonite devitrification crystals were found in this sample, and only a single relict crystal of wollastonite (2M) was spotted (Figure 7f). Its size is about 180 μm and it shows a grainy crystalloid morphology. Similarly to the PV1 sample, the phase associated with the opacifier consists of Pb-Fe antimonate particles (Figure 7g), which were also identified using tts-μXRD (Figure 8c).




3.2.2. Cipollino Rosso Imitation (Sample CR)


From a microscopic point of view, the macroscopic red matrix (CR-op(r)) of the sample appears greyish-maroon in TL and with a red-orange tone in RL (Figure 10). A close look in RL revealed the presence of intensively interspersed sub-micrometric grains that were identified using SEM-EDS as copper-bearing particles (Figure 11a) and as metallic copper using tts-μXRD (Figure 11b). The coloured matrix shows high opacity, but the white bands are also highly opacified. In TL, the maroon matrix reveals tone changes towards purple-blue hues in some layers and around fibrous microcrystals (Figure 10b,c,f). Three types of crystals can be observed in the maroon matrix, where all of them share approximately the same calcsilicate composition compatible with wollastonite: (i) rounded/sub-rounded relict grains, transparent in PPL (Figure 10b); (ii) newly formed idiomorphic crystals with prismatic and tabular morphologies, most of them twinned (Figure 10c–e); and (iii) lamellar/layered crystals forming fibrous aggregates that appear purple-blue in TL due to the strong absorption colours of the matrix where they are embedded (Figure 10c,f). In some cases, these fibrous aggregates appear to form coronitic structures that encircled the ii-type crystals (Figure 10c). Analyses of these fibrous inclusions are complex since the crystals are very thin; this could explain their more impure composition (Figure 10g). The wollastonitic nature of the three types of crystals was confirmed using tts-μXRD. However, in the case of the fibrous aggregates (iii-type crystals), the correspondence with XRD reference patterns is not so clear. Electron diffraction patterns recorded on an FIB-prepared lamella indicate that the fibrous crystals contain multiple layered stacking faults (Figure 12), mainly with a statistical half-faulting parameter that turned the diffraction spots on odd levels into diffraction streaks [53]. A detailed structural study of these crystals will be the subject of a separate paper, but stacking faults are a relatively common feature in wollastonite [54]. In this case, the planar defects could have originated from the transition from the monoclinic phase to a low-temperature triclinic polymorph. Besides wollastonite, some quartz and hematite grains, as well as clay clods, are also observed in the maroon matrix.



Regarding the opacifiers in the white bands (CR-op(w)), these are represented by relatively homogeneous clusters of about 100–250 μm. In most of them, euhedral crystals, along with anhedral sub-micrometric particles, can be observed (Figure 10h). They were identified as Ca-antimonates using tts-μXRD. Some clusters consist of both the hexagonal (CaSb2O6) and orthorhombic (Ca2Sb2O7) forms whilst others contain only the orthorhombic form (Figure 8d). Additionally, other Sb oxides, such as Sb2O3 (senarmontite) (Figure 8e) and Sb6O13, were recognized using tts-μXRD.




3.2.3. Rosso Antico Imitation (Sample R)


Under the microscope, the macroscopically red R sample appears differently coloured depending on the observation mode. This effect was already observed for sample CR but here it is even more apparent. In TL, the glass exhibits wavy ribs of different tones of a greyish-blue matrix (Figure 13b,c) that appear copper red in RL (Figure 13f,h). This effect relates to the different behaviour of the light depending on the wavelength. Long (reddish) wavelengths tend to be reflected by the R glass while short (bluish) wavelengths travel through the glass. Copper particles (metallic copper) are, as in sample CR, responsible for this chromatic effect. In this case, the particles exhibit cubic shapes and sizes < 200 nm (Figure 11c) and they are found all over the opaque glass. Furthermore, the macroscopically observed thin dark veins (R-tr) appear to be completely transparent and colourless under the microscope and completely deprived of copper particles. These transparent veins (thickness from ~10 µm to ~150 µm) can easily pass unnoticed in SEM, camouflaging as a part of the red opaque glass (Figure 13b). Using the petrographic microscope, they not only appear optically distinct but also enriched with some mineral phases not found in the opaque glass. These veins, which are sometimes reduced to extremely thin lines within the coloured matrix, contribute to creating the foliated marbled appearance. The main relict inclusions, which are present in both the opaque matrix and the transparent veins, correspond to the omnipresent calcium silicate (monoclinic wollastonite) already described in samples PV1 and PV2 (porfido verde antico imitations) and CR (cipollino rosso imitation). They are unevenly scattered and, in some cases, their position in the glass matrix brings to mind the typical metamorphic textures with the bending of the foliation around porphyroblasts (Figure 13c–e). Other relict inclusions, although detected solely in the transparent glassy matrix, correspond to clay clusters, quartz and hematite grains (Figure 13f,g). Newly formed crystals, which are also only present within the transparent veins, were identified as nepheline (NaAlSiO4) and diopside (CaMgSi2O6) (Figure 13h) using tts-μXRD. Both phases are in form of tiny needle-like crystals.




3.2.4. Giallo Antico Imitation (Sample G)


Under the petrographic microscope, sample G presents a semi-opaque matrix as seen in TL, including profuse newly formed crystals (Figure 14a,b). These are widespread all over the matrix and, based on the tts-μXRD, they correspond to devitrite (Na2Ca3Si6O16) and nepheline (NaAlSiO4). They are transparent in TL and light grey in RL, showing skeletal and tabular morphologies (Figure 14c,d). Very few thin crystals of monoclinic wollastonite (CaSiO3) were also identified. The opacity and yellow colour of the glass is related to the presence of Pb-Fe antimonates in the form of clusters, as well as finely scattered particles in the matrix (Figure 14e,f). Using SEM, their morphologies appear to range from anhedral (or sub-euhedral) to euhedral. Comparatively, relict inclusions are not so common, they consist of quartz grains and clay clumps.




3.2.5. Diaspro Nero e Giallo Imitation (Sample D)


The thin section of sample D shows a mixture of colourless transparent glass and opacified glass under the microscope using TL (Figure 15a). The microcrystals are basically concentrated in the opaque areas (D-op). Relict grains are scarce and consist of quartz and clay clumps of different silicate grains (Figure 15b). Devitrification crystals are common and they are found in the opaque bands, as well as in the interface between the transparent and opaque areas. They chiefly consist of devitrite (Na2Ca3Si6O16) (Figure 15c) and, very seldom, wollastonite. Opacifier crystals are of course also concentrated within the opaque bands in the form of abundant clusters of Pb-Fe antimonates (they act as an opacifier and yellow pigment). Some idiomorphic/platy crystals of them can be observed, along with rosary-shaped aggregates (Figure 15d,e). The transparent areas are essentially deprived of microcrystals.




3.2.6. Semesanto Imitation (Sample S)


Similarly to sample D, sample S shows two different types of glass (Figure 16a). Under the petrographic microscope, the purple bands correspond to a transparent glass (S-tr) and appear colourless; in contrast, the macroscopic white bands appear heavily opacified (S-op). Despite the differences, the two types of glasses appear very closely linked in such a way that even in the 30 µm thin section, they sometimes appear overlapped, creating different hues (Figure 16b). It is interesting to note the arrangement and, in particular, the stretching of the opaque clumps (Figure 16c) that reflect the working technique of juxtaposing, pressing and distending the canes. Devitrification products, like devitrite (Na2Ca3Si6O16), are found as microcrystals, mainly in the opacified areas or in the interface with the transparent glass. Opacifiers are only found in the opaque bands forming abundant clusters of Ca-antimonate (Figure 16d) and also finely dispersed in the form of very small crystals. These were identified as the orthorhombic phase (Ca2Sb2O7) using tts-μXRD, and generally, they exhibit rounded anhedral morphologies and only occasionally sub-idiomorphic morphologies. Relict crystals are rarer, they appear in both types of glasses and correspond to quartz and feldspar grains.




3.2.7. Agate/Alabaster Imitations (Samples A1 and A2)


The studied thin section of sample A1 was cut by mainly crossing the macroscopically brown matrix and the opacified white bands were only superficially sliced (Figure 17a). Under the petrographic microscope, the three different glasses of this sample are clearly observed. The macroscopically brownish transparent glass A1-tr(b) appears yellow in the thin section. The opacified area contains opaque thin layers (A1-op) that are finely separated by equally narrow transparent and colourless bands (A1-tr(c)) (Figure 17b). Both coloured and colourless transparent glasses show very similar chemical compositions, and both contain occasional relict quartz grains and newly formed acicular crystals of devitrite (Na2Ca3Si6O16) (Figure 17c). The two transparent glasses appear identical in the SEM images (Figure S6), but in contrast, they are easily distinguishable in the optical images. The only significant differences, apart from the colour, are the Mn content (markedly present in the colourless glass) and the identification of monoclinic wollastonite in the thin colourless layers. Concerning the opaque strips (A1-op), they contain anhedral crystals that form clumps of stretched clusters of calcium antimonate (Ca2Sb2O7) (Figure 17d), as identified using tts-μXRD.



Regarding sample A2, the prepared thin section displays a transparent light honey matrix corresponding to the macroscopically amber areas (A2-tr) with three opaque strips (A2-op) under the microscope in TL (Figure 18a). These latter strips contain plenty of fine particles and small clusters formed by anhedral/sub-euhedral crystals that correspond again to opacifier calcium antimonate (Ca2Sb2O7) (Figure 18b,c). The transparent area corresponds to a pure glass lacking microcrystals. Very few acicular crystals identified as devitrite (Na2Ca3Si6O16) were found in the interface between the transparent and opaque strips (Figure 18d).
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Figure 18. (a) Microphotograph of the scanned polished thin section of sample A2 with indication of its two different glasses (A2-tr and A2-op). Three areas are highlighted in red, corresponding to optical microphotographs of (b) a small Ca-antimonate agglomerate (Ca2Sb2O7), (c) Ca-antimonate particles (Ca2Sb2O7) in one of the opaque bands of the sample, and (d) newly formed devitrite crystals as seen in RL (left) and LT mode (right). Image (b) was obtained in RL and (c) was obtained in TL mode. 






Figure 18. (a) Microphotograph of the scanned polished thin section of sample A2 with indication of its two different glasses (A2-tr and A2-op). Three areas are highlighted in red, corresponding to optical microphotographs of (b) a small Ca-antimonate agglomerate (Ca2Sb2O7), (c) Ca-antimonate particles (Ca2Sb2O7) in one of the opaque bands of the sample, and (d) newly formed devitrite crystals as seen in RL (left) and LT mode (right). Image (b) was obtained in RL and (c) was obtained in TL mode.
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Table 3. Summary of the microcrystalline inclusions identified within the analyzed glasses and classified as relict grains, newly formed crystals and opacifiers. A: antimonate, Di: diopside, Dv: devitrite, Qz: quartz, Fsp: feldspar, Hem: hematite, Nph: nepheline, Sen: senarmontite, Wo (2M): monoclinic wollastonite, Wo (1T): triclinic wollastonite, clays: clay clod, tr: translucent, op: opaque.






Table 3. Summary of the microcrystalline inclusions identified within the analyzed glasses and classified as relict grains, newly formed crystals and opacifiers. A: antimonate, Di: diopside, Dv: devitrite, Qz: quartz, Fsp: feldspar, Hem: hematite, Nph: nepheline, Sen: senarmontite, Wo (2M): monoclinic wollastonite, Wo (1T): triclinic wollastonite, clays: clay clod, tr: translucent, op: opaque.











	Glass
	Relict Grains
	Newly Formed Crystals
	Opacifier Crystals





	PV1-tr
	Wo (2M), clays, Qz, Fsp
	Wo (2M), Dv
	-



	PV1-op
	Wo (2M), clays, Qz, Fsp
	Wo (2M), Dv
	Pb-Fe A,



	PV2-tr
	-
	Dv
	-



	PV2-op
	Hem, Qz, Wo (2M)
	Dv
	Pb-Fe A



	CR-op(r)
	Wo (2M), Hem, Qz, clays
	Wo (2M), Wo (1T?)
	Cu



	CR-op(w)
	Sen
	-
	Ca A



	R-tr
	Wo (2M), Qz, Hem, clays
	Nph, Di
	-



	R-op
	Wo (2M)
	-
	Cu



	G-op
	Qz, clays
	Dv, Nph, Wo (2M)
	Pb-Fe A



	D-tr
	Qz
	-
	-



	D-op
	Qz, clays
	Dv, Wo (2M)
	Pb-Fe A



	S-tr
	Qz, Fsp
	-
	-



	S-op
	Qz, Fsp
	Dv
	Ca A



	A1-tr(b)
	Qz
	Dv
	-



	A1-tr(c)
	Qz
	Wo (2M)
	



	A1-op
	
	
	Ca A



	A2-tr
	-
	-
	-



	A2-op
	-
	Dv
	Ca A











4. Discussion


4.1. Glass Compositional Groups and Recycling Markers


Chemical analyses of the studied samples confirmed that they are soda-lime-silica glasses, as expected. However, based on different chemical ratios, including multivariate data analyses and different biplots, the glasses were classified into two categories: (i) pure natron glasses and (ii) glasses with intermediate compositions between natron- and plant-ash-type glasses.



Glasses from samples A1, A2, D, G and S, along with the translucent glass of sample PV2 and the white opaque glass of sample CR, were identified as being produced using natron glass batches. Besides the diagnostic MgO and K2O values, samples belonging to this group also have the characteristic Cl, SO3 and P2O5 concentrations of the natron glasses. Generally, the P2O5 contents in natron glasses are below 0.15 wt%, but this is not the case for sample A2-tr, with a P2O5 content around 0.22 wt%. Relatively high values of P2O5 were found for some dark brown/amber natron glasses by Silvestri et al. [21] and were related to the presence of calcium phosphates as opacifiers. Based on its colour, glass A2-tr can be classified as an amber glass too, and its chemical composition (except for the P2O5 value) matches with the data published by Paynter and Jackson on amber glasses [55]. Nonetheless, A2-tr is a translucent glass with no evidence of opacifiers. Presumably, the higher P values of this sample could be associated with contamination of fuel ash from the furnace.



The rest of the glasses (samples PV1, CR-op(r), R and PV2-op) exhibit intermediate compositions. However, taking into account the fact that R glasses have MgO and K2O values above 2 wt%, these can be considered as having been produced using plant ash as the fluxing agent [56]. In particular, for red glasses, it seems that remnants of carbonaceous matter from plant ashes help to maintain the reducing conditions required to produce them [57]. Previous archaeometric studies on the Gorga Collection already highlighted the presence of red glasses and glassy imitations of the porfido verde antico, gabbro eufotide and cipollino rosso stones based on plant ash as the fluxing agent [18,20]. On the other hand, the white CR-op(w) glass shows the typical very low K2O content (0.25 wt%) of natron glasses but its high MgO values set the sample apart from the natron glass cluster (Figure 3a). The P2O5/K2O ratios seem to confirm the high affinity of this white opaque glass to the natron group. Natron high-magnesium white opaque glasses were identified in Medieval mosaics in Rome [58]. The use of a source of Sb containing Mg or of sand with dolomite (CaMg(CO3)2) was suggested by some authors as a possible explanation for the high MgO values [59]. In addition, high MgO, low P2O5 and K2O concentrations were also found by Tesser et al. [20] in a natron opaque white glass of the giallo antico imitation from the Gorga collection. Regarding the possibility of distinguishing production groups, the natron translucent/transparent glasses (A1-tr(b), A1-tr(c), A2-tr, S-tr, D-tr, PV2-tr) were clearly produced with particularly pure sand based on the petrographic observations. This reinforces the idea that these glasses were not subjected to different recycling sequences. This evidence is also reflected in the plot of Figure 4b, whereby the glasses of three of them (A1, A2 and S) lie clustered together.



We are not able to set out the recipe used for the glasses with hybrid compositions and different possibilities could account for them, e.g., mixing two types of glassy bases or small amounts of potash plant ash added to the natron glass. However, tantalizing information was provided by the characterization of the microcrystals embedded in the glasses. The petrographic inspection highlighted the presence of relict crystals of 2M-wollastonite in all the glasses with mixed composition between the known compositional areas for natron-based and plant-ash-based glasses, including the rosso antico imitation (sample R), which, in practice, is a plant ash glass. All these glasses would have been produced from recycled glasses, as the K2O vs. P2O5 biplot also suggests. Conversely, in the pure natron glasses, relict wollastonite was not found and this would indicate that these were not produced from reused glass. Wollastonite is a calcium-inosilicate mineral that belongs to the pyroxenoid group with two common polytypes: 1T (triclinic) and 2M (monoclinic) wollastonite [60]. In nature, wollastonite is a typical product of the reaction between quartz and calcite in contact metamorphic aureoles developed in impure limestones, while in synthetic products, such as ceramics, glazes and glasses, it is a common phase among white inorganic materials. In particular, wollastonite was described as the predominant newly formed phase in glass batches with a sand:flux ratio of 1:0.2 [61]. The connection between wollastonite and recycled glass is known. For instance, in modern industry, waste glasses are purposely recycled as a precursor for synthesizing wollastonite, which is a mineral receiving increasing interest [62,63,64]. In archaeological studies, glass recycling identification is a pivotal part of understanding the tracks of production, trade, use and reworking. Thus far, their detection has been based on chemical markers, such as elevated levels of certain trace elements not intentionally added or by identifying heterogeneous isotopic compositions [65,66,67]. However, a much more compelling indicator of recycling is the presence of relict wollastonite grains that could be used as a petrographic marker for both colourless and coloured glasses. If this hypothesis is workable, primary glass should contain only newly formed wollastonite, but not in the form of relict grains. The systematic remelting of the glass through recycling would produce glass with both relict and newly formed wollastonite crystals.




4.2. Production Practices and Different Versions of a Given Imitated Stone


Glass differences concern not only distinct samples but, in some cases, also the glasses fused in a given sample. In particular, the glasses of two samples, namely, CR (cipollino rosso) and PV2 (porfido verde), were produced by fusing a natron glass (CR-op(w) and PV2-tr) and a mixed-composition glass (CR-op(r) and PV2-op). Moreover, a given imitated stone could be produced using various types of glasses. For instance, the translucent PV1-tr glass from the other studied porfido verde imitation is not a natron-type glass but a glass with an intermediate composition. Tesser et al. [20] also reported differences between the porfido verde glass imitations, and the comparison between other stone imitations studied by Tesser et al. and our samples indicate divergences for certain stones [20]. On the one hand, the cipollino rosso analyzed by Tesser et al. [20] resulted from the fusion of a natron white glass and a red plant ash glass conversely to our red CR-op(r) glass, which is a recycled, mixed composition-based glass. On the other hand, the two rosso antico imitations characterized by Tesser et al. [20] correspond to the so-called “sealing wax” type [48] and they are rich in copper (CuO 7.90%–8.30%) and lead oxide (PbO 32.0%–36.0%). In contrast, the R sample studied here contains low Cu and low Pb, is duller than the “sealing wax” type and contains small particles of metallic copper. In this R sample, besides the red matrix (R-op), macroscopically dark transparent veins (R-tr) also appear, contributing to the marbled effect. Similar veins were described in red glasses (not stone imitations) from the Gorga collection studied by Bandiera et al. [18]. No compositional differences between the veins and the red layers were found by the authors and, therefore, these were interpreted as the result of inadequate redox conditions in some areas of the melt in such a way that Cu dissolved in the glass in the form of Cu+ ions. In the thin section, the R-tr glass seems to have a distinct texture with newly formed microcrystal inclusions (nepheline and diopside) and relict grains (quartz, hematite and clay clusters) that were not found in the red matrix. Furthermore, the red matrix (Figure 13c,d) moulds around the relict wollastonite, indicating that these calcium silicate grains pre-existed in the veins. If this is so, then the transparent veins would correspond to a different recycled glass. These veins contained Cu and Pb in a lower concentration compared with the red matrix and their actual concentration could even be lower, as the measured values could have been affected by the nearness of the red matrix.



More discrepancies for a given imitated stone concern the use of opacifiers in the PV samples. In both opacified glasses (PV1-op and PV2-op), yellow Pb-Fe antimonate was identified. The corresponding colours are slightly different, with light green and greenish-yellowish, respectively, and the method to achieve coloured opacification appear to be peculiar. In glass PV1-op, Pb-Fe antimonate is associated with very abundant devitrite and wollastonite crystals. In this glass, the yellow colour provided by the Pb-Fe antimonates seems to have been counteracted by the nucleation of very small and abundant white wollastonite crystals. In this way, the final result mimicks very well the appearance of the porfido verde variety bearing light green phenocrystals embedded in a darker green crypto-crystalline groundmass. In contrast, in the greenish-yellow of glass PV2-op, the abundance of quartz and, in particular, hematite relict grains is striking, suggesting that their presence could be deliberate. As iron oxides readily dissolve in glass melt, their existence would imply a very short firing cycle confirmed by the abundance of quartz relicts. The addition of hematite grains directly to the glass melt might have promoted a stronger colour and quartz grains could also contribute to the opacification effect [44,68].



In reference to Pb-Fe antimonates, besides opacified PV glasses, they were also found in the yellow glasses G-op and D-op. It is worth mentioning that these are truly Fe-bearing Pb antimonates, as verified both by chemical and structural analyses (and not pure Pb antimonates). Their measured chemical average composition is ~61.93 wt% PbO, 32.14 wt% Sb2O5 and 5.92 wt% FeO, and the diffraction patterns fit very well with the reference pattern for Pb2Fe0.5Sb1.5O6.5 (see Figure 8c). The corresponding Raman vibrational spectrum (Figure 9) shows comparable modifications to other yellow lead antimonates doped with Sn and Zn [69]. In particular, the main modifications concern the wavenumber of the Pb-O lattice mode found at 110 cm−1 that shifts to a higher value (147 cm−1) and the characteristic peak at 510 cm−1 corresponding to the Sb-O lattice mode that moves to 515 cm−1. Some authors suggested that Fe could help to produce a stronger yellow pigment in this Pb-antimonate with cubic pyrochlore structure [70]. It is, however, difficult to assert whether this extra Fe was intentionally added or was simply the result of an Fe source contamination (for instance, pyrite mixed with the source of Sb). In fact, the only strictly yellow glasses are those corresponding to the giallo antico (G-op) and the diapro nero e giallo (D-op) imitations. This yellow pigment and opacifier is usually considered to be pre-formed (ex situ) and then added to the glass melt mixed with silica, similarly to the anime used in Venetian yellow glasses (18th–19th centuries) [71]. The presence of antimonate microcrystals with anhedral morphologies and forming rosary-shaped aggregates (see, e.g., Figure 14e,f and Figure 15d,e) support the pre-formation hypothesis [44]. However, sub-euhedral and euhedral antimonates are also present, although these could have dissolved and reprecipitated later. In contrast, a certain correlation of Sb with S points towards in situ production using stibnite (Sb2S3) as a source of Sb.



The correlation between Sb and S is even clearer for glasses opacified with white Ca-antimonates (A1-op, A2op, S-op and CR-op(w)), suggesting the simultaneous production of the glass and the opacifier using stibnite (Sb2S3). Whilst stibnite (Sb2S3) is the primary antimony ore, senarmontite (Sb2O3), which was found in CR-op(w) (Figure 9e), is the cubic low-temperature form of antimony trioxide. Nonetheless, we are not able to confirm whether the sulphide mineral had been roasted before being added to the glass or added in its raw form. Some authors suggested that low absolute concentrations of SO3 (<1 wt%), as in the glasses studied here, could be unrelated to the use of sulphides but instead due to natural impurities [72]. Even so, Foster and Jackson, in experimental white glass reproductions, ended up with glasses bearing only about 0.6 SO3 wt% using stibnite (Sb2S3) [73]. The presence of senarmontite does not really imply its use in the glass recipe; the heat and oxidizing conditions in the melt could have produced the oxidation of stibnite in the batch before reacting to form the antimonates and occasionally, unreacted Sb2O3 could remain trapped in the glass. Also, the absence of rosary-shaped aggregates for Ca-antimonates suggests in situ formation. Besides Sb and S, it is worth mentioning the variable Pb content in white glasses (CR-op(w), S-op, A1-op and A2-op) and the particularly high values in S-op (~13 wt%). This high level of Pb is difficult to explain but it could be related to the use of an ore rich in Pb and Sb [70]. Similarly, high Pb concentrations were reported for white glass pieces in mosaic vessels dated to the first century AD [70,74]. To finish, some differences concerning the production of glass imitations A1 and A2 are discussed. Both samples share the same type of opacifier for the white bands (Ca antimonate). However, sample A1 appears more elaborate, requiring the combination of three different glasses. The thin white opacified layers of the A1 imitation were actually prepared as sandwiched between transparent layers. Later, the corresponding murrines were mixed into the brown transparent glass, creating a rich variety of shades of brown. It is worth noting that the two transparent glasses appeared almost undistinguishable using SEM images, while they were easily discriminated using optical images. In contrast with the complex A1 sample, the A2 imitation would have been made as a simple mixture of opacified glass and amber glass. Additionally, divergencies are also related to the respective coloured glasses for these agate/alabaster imitations. A1-tr is darker (brownish) whilst A2-tr is lighter (amber). However, the compositions of both glasses fit with published data on amber glasses [55]. The amber colour was described as being produced by a combination of Fe and S, which form a ferric-sulphide chromophore Fe3+-S2− in a reducing atmosphere [51]. In spite of the low Fe and S concentrations in these glasses, the values are well within the known effective range for obtaining the amber colour, where too high of a Fe concentration can result in dark or olive tones [55]. Paradoxically, the Fe concentration is slightly higher for the glass with a lighter colour (A2-tr), but this could be explained by the certain amount of Mn (0.32 wt%), which is almost not present in the brown A1-tr glass, that could act as a decolouring agent in A2-tr.




4.3. Working Temperatures


Apart from relict crystals, wollastonite-2M was also found as newly formed crystals in some glasses and its presence can be used to speculate about the glass working temperatures. Along this line, Almasri et al. studied the physical, structural and optical properties of wollastonite in waste soda lime silica glasses [64]. They found that at 800 °C, the nucleation of the triclinic phase (1T) and small amounts of nepheline (NaAlSiO4) started. Increasing the temperature to 900 °C and above, the monoclinic phase (2M) is formed with nepheline. Please note that this mineral association was found in sample G. With sintering temperatures above 1000 °C, the only phase that remains is 2M. Mazzucato and Gualtieri also carried out experiments on the crystallization of wollastonite from a CaO-SiO2 glass [75]. They found that crystallisation of the 1T polytype at 900 °C is followed by a partial transition into a metastable disordered 1Td phase, and lastly, both 1T and 1Td phases transform into monoclinic wollastonite (2M) at 950 °C. At 1000–1100 °C, wollastonite-2M is clearly the prevailing polytype. Then, the presence of devitrification wollastonite crystals in glasses PV1-tr, PV1-op, R-op, G-op, D-op and A1-tr(c) suggests working temperatures within the range of 900–1100 °C. Such temperatures agree with data on Roman glass technology [61]. The production of glass from primary sources required higher temperatures compared with those for remelted glass. Experiments of high-temperature viscosity carried out on 1st–2nd century AD Roman blue-green bottle glass fragments from Coppergate (York) suggest temperatures of ∼1000–1150 °C to reshape glasses and provide suitable viscosities for forming articles [76].



Opacifiers can also provide information on the working temperatures. On the one hand, yellow Pb-Fe antimonates are stable up to a temperature of about 1100 °C [17], setting a similar maximum working temperature for the glasses with this kind of opacifier (PV1-op, PV2-op, G-op and D-op). On the other hand, the Ca-antimonates found in opacified white glasses (A1-op, A2op, S-op and CR-op(w)) are always in the form of the orthorhombic phase (Ca2Sb2O7), with the only exception being the CR-op(w) glass, where the hexagonal (CaSb2O6) also appeared. Assuming an in situ formation of these Ca-antimonates and according to experimental studies [52], the absence of hexagonal CaSb2O6 would indicate working temperatures below 927 °C. In contrast, the coexistence of both hexagonal and orthorhombic antimonates would constrain the temperature to within 927–1094 °C for glass CR-op. Even so, in the case of ex situ preparation using limestone and roasted stibnite, the temperatures could not follow this logic; see, for instance, [77,78].





5. Conclusions


Nine glass sectilia from the Gorga collection were intensely investigated, both chemically and mineralogically, providing an insight into the refined Roman (second century AD) glassmaking technology. The combination and fusion of preformed canes, along with chromatic variations, contributed to enhancing the closeness of these glass sectilia to similar lapidary pieces. In this way, the technology and technical skills of glassworkers were used to meet new market demands, either through a mere interpretation of the model in stone or through a certain creative and interpretive freedom. Two types of glasses were found: pure natron glasses (samples A1, A2, D, G, S) and glasses with intermediate composition between natron and plant ash glasses (samples PV1 and R, with the latter almost purely plant ash glass). The remaining two samples (PV2 and CR) appear to combine the natron-type (PV2-tr and CR-op(w)) with intermediate (PV2-op and CR-op(r)) glasses.



Mixed-glass compositions are known to be the result of recycling, i.e., remelting and mixing glasses, to make a new one. Relict wollastonite crystals were identified systematically in the glasses of hybrid composition and not in pure natron glasses. Hence, relict wollastonite can be used as a petrographic marker, in addition to the chemical signatures, to spot recycled glasses. Relict wollastonite should not be rare in glasses, as recycling was a very common practice in the Roman times, and not only. Nonetheless, in the literature, the relict nature of wollastonite is never mentioned. Only a deep textural study of the glass matrices (including a basic petrographic inspection) enables the morphological distinction between relict and newly formed wollastonite. Different production and colouring techniques were identified, including the combination of distinct base glass compositions. Even various colouring techniques were used for the production of a given imitation stone, as revealed by analyses of samples of agate/alabaster (A) and porfido verde antico (PV) imitations. This agrees with the results obtained by Tesser et al. [20], who also found divergences in the production technique of different porfido verde glasses. Additionally, the comparison between the rosso antico and cipollino rosso analyzed in [20] and our samples R and CR also revealed variety in the manufacturing technology. The identification of different methods to manufacture the same type of stone imitation would suggest the existence of various secondary workshops, where the primary glass was remelted and worked. However, a given secondary workshop could also be using different procedures. Regarding opacification processes, three main techniques were identified: metallic copper (for red glasses), Ca antimonate (for white glasses) and Pb-Fe antimonate (for yellow, light green and greenish-yellowish glasses). The in situ formation of the opacifier was obvious for the red glasses and seems reasonable for Ca-antimonate. In contrast, the ex situ preparation of Pb-Fe antimonate appears more probable. In a particular glass (PV1-op), the role of wollastonite as a white pigment also appears relevant.



Based on the presence/absence of the crystalline phases and their known stability ranges, it was possible to constrain the working temperatures for the glasses, which are always within the 900–1100 °C range. The lower working temperatures correspond to white glasses containing only orthorhombic Ca2Sb2O7 (A1-op, A2-op and S-op) whilst another white opacified glass (CR-op(w)) would have been worked at a slightly higher temperature (927–1094 °C). Newly formed wollastonite indicates working temperatures above 1000 °C for some other glasses (PV1-tr, PV1-op, CR-op(r), D-op and A1-tr(c)) and its coexistence with nepheline indicates a 900–1000 °C range for the G-op glass.



This study showed the advantages of a different approach to the study of glasses not solely based on chemical analyses but including an intensive petrographic and analytic characterization of microcrystalline glass inclusions using polished thin sections. It would have been unfeasible to achieve a similar amount of information on the raw materials, temperatures and technology of production without the use of thin section samples. The strengths of the presented approach include local structural identification, a distinction between relict and newly formed phases, and textural analyses of the glasses. By highlighting the importance of thin-section petrography to glass studies and showing how it can greatly enhance interpretations, this paper will hopefully serve to spur more archaeological chemists to either learn this technique or collaborate with trained and experienced scientists in thin-section petrography.
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Figure 1. Archaeological objects from the Gorga Collection hosted at the Palazzo Altemps. (a) Opus sectile glass pieces; (b) mosaic glass bowl; (c) alabaster vessels; (d) Roman painted plasters most probably coming from the Domus Aurea and the Palatine hill [12]. 






Figure 1. Archaeological objects from the Gorga Collection hosted at the Palazzo Altemps. (a) Opus sectile glass pieces; (b) mosaic glass bowl; (c) alabaster vessels; (d) Roman painted plasters most probably coming from the Domus Aurea and the Palatine hill [12].
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Figure 2. Macroscopic pictures of the glass samples selected for the study and, as inset, a zoom of the polished surface of the small, sectioned parts. They correspond to imitations of (a,b) Porfido verde antico, (c) Cipollino rosso brecciato, (d) Rosso antico, (e) Giallo antico, (f) Diaspro nero e giallo, (g) Semesanto, and (h,i) agate or alabaster. Pictures by Stefano Castelli (University of Padua, Italy). 
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Figure 3. Binary compositional diagrams using reduced compositions. (a) MgO (wt%) versus K2O (wt%). The compositional fields assigned to natron- and plant-ash-based glasses are highlighted in red. (b) K2O (wt%) versus P2O5 (wt%). tr: translucent/transparent, op: opaque. 






Figure 3. Binary compositional diagrams using reduced compositions. (a) MgO (wt%) versus K2O (wt%). The compositional fields assigned to natron- and plant-ash-based glasses are highlighted in red. (b) K2O (wt%) versus P2O5 (wt%). tr: translucent/transparent, op: opaque.



[image: Minerals 13 01421 g003]







[image: Minerals 13 01421 g004] 





Figure 4. Compositional plots to explore the presence of impurities in the sands used to produce the base glasses. (a) Reduced Al2O3 (wt%) versus CaO (wt%) diagram for the glasses analyzed (open dots), along with other previously published values for the Gorga glasses [20]. (b) Al2O3/SiO2 versus TiO2/Al2O3 ratios for the glasses analyzed, where the dashed line indicates the division between Levantine and Egyptian primary productions from [43]. tr: translucent/transparent, op: opaque. 
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Figure 5. Compositional maps obtained using XRF, reflecting the Cu% on the cut surfaces of (a) PV1 and (b) PV2 samples and the Mn% on the cut surfaces of (c) S and (d) D samples. 
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Figure 6. (a) Microphotograph of the scanned polished thin section of sample PV1 with indication of its two different glasses (PV1-tr and PV1-op). Yellow areas correspond to partially altered portions of glass. Seven areas are highlighted in red, corresponding to optical microphotographs of (b,c) relict crystals of monoclinic wollastonite surrounded by newly formed crystals, (d) rounded relict grain of wollastonite and newly formed skeletal devitrite crystals in an opaque strip, (e) clay clod containing different mineral particles, (f) newly formed transparent acicular crystals of wollastonite, (g) newly formed crystals of acicular wollastonite and platy skeletal devitrite, and (h) aggregate of Pb-Fe antimonate opacifier. Images (b,c,f,h) were obtained in TL, while images (d,e,g) were obtained in RL. 
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Figure 7. (a) Microphotograph of the scanned polished thin section of sample PV2 with indication of its two different glasses (PV2-tr and PV2-op). Six areas are highlighted in red, corresponding to optical microphotographs of (b) relict crystal of hematite in TL, (c) rounded relict crystal of quartz in TL, (d) clay clod in the opaque bands in TL, (e) newly formed transparent acicular devitrite crystals seen in TL (above) and RL (below), (f) relict crystal of wollastonite with grainy crystalloid morphology in RL, and (g) Pb-Fe antimonate opacifier particle seen in TL (left) and RL (right). 
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Figure 8. Indexed experimental tts-μXRD patterns of different identified microcrystals found in the studied samples (a) monoclinic wollastonite (CaSiO3) in PV1-tr glass (also found in PV1-op, PV2-op, red CR-op, R-tr, R-op and A1-tr(c)), (b) devitrite (Na2Ca3Si6O16) in PV1-op glass (also found in PV1-tr, PV2-tr, PV2-op, G-op, D-op, S-op, A1-tr(b) and A2-op) with minor content of wollastonite, (c) opacifier Pb2Fe0.5Sb1.5O6.5 in PV2-op glass (also found in PV1-op, G-op and D-op), (d) opacifiers Ca2Sb2O7 and CaSb2O6 in CR-op(w) glass (Ca2Sb2O7 also found in S-op, A1-op and A2-op), (e) senarmontite (Sb2O3) in CR-op(w) glass, and (f) nepheline (Na3K(Si,Al)8O16) and diopside (CaMgSi2O6) in R-tr glass (nepheline was also found in G-op). The codes of the PDF reference patterns are indicated in the pictures. Images taken from the camera of the sample visualization system at the MSPD beamline with indication of the irradiated area (red circles) are shown next to the diffractograms. 
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Figure 9. Representative micro-Raman spectrum obtained from the Pb-Fe antimonate crystalline phase. 
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Figure 10. (a) Microphotograph of the scanned polished thin section of the sample CR with indication of its two different glasses (red CR-op(r) and white CR-op(w)). Six areas are highlighted in red, corresponding to optical microphotographs of (b) relict crystal of monoclinic wollastonite embedded in the opaque greyish-maroon matrix, (c) devitrification crystals corresponding to euhedral wollastonite (with corona of a different phase) and a fibrous aggregate, perhaps triclinic wollastonite, (d) twinned section of idiomorphic newly formed wollastonite, (e) two elongated sections of newly formed wollastonite embedded into the opaque matrix, (f) newly formed fibrous aggregate in the greyish-maroon matrix (possibly wollastonite), (g) same area seen in (c) but at a higher magnification and (h) cluster of Ca-antimonate crystals in an opaque band. Images (b,c,f) were obtained in TL, image (d) was obtained in XPL-TL and images (e,g,h) were obtained in RL. 
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Figure 11. (a) One of the multiple sub-rounded copper particles in the CR-op(r) glass identified as metallic copper, as revealed by the presence of (b) the Cu (111) reflection in the tts-μXRD pattern (01-085-1326 JPD pattern); (c) similar euhedral cubic nanocrystals of copper in R-op glass. 
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Figure 12. (a) Petrographic image in TL of the aggregate of crystals investigated using FIB-TEM, the approximate position of the cut lamella has been indicated (in red); (b) scanning transmission electron microscopy (STEM) image of the FIB cross-section, the measured points have been indicated (in red); (c) electron diffraction patterns of the measured points exhibiting complete stacking disorder. 
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Figure 13. (a) Microphotograph of the scanned polished thin section of the sample R with indication of its two different glasses (R-tr and R-op). Seven areas are highlighted in red, corresponding to optical/SEM microphotographs of (b) the same glassy area viewed in a petrographic microscope in TL mode (left) and using backscattering SEM (right); (c–e) relict grains of monoclinic wollastonite, (f) a clay clod of different silica particles in the transparent glass; (g) relict quartz and hematite grains spotted in the transparent glass; and (h) a cluster of devitrification crystals of nepheline and diopside, along with relict hematite spotted in a transparent area of the sample. Images (c–e,g) were obtained in TL, while images (f,h) were obtained in RL. 
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Figure 14. (a) Microphotograph of the scanned polished thin section of the sample G consisting of yellow opaque glass G-op. (b) A general view of the thin section in PPL-TL showing the semi-opaque matrix. Four areas are highlighted in red within the scanned thin section, corresponding to optical/SEM microphotographs of (c) tabular crystals of nepheline surrounded by opacifier particles in RL, (d) light grey skeletal crystals of devitrite in RL, and (e) RL and (f) SEM backscattering images displaying Pb-Fe antimonates. 
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Figure 15. (a) Microphotograph of the scanned polished thin section of sample D with indication of its two different glasses (D-tr and D-op). Four areas are highlighted in red, corresponding to optical microphotographs of (b) a clay clod formed by different silicate particles spotted in the transparent area of the sample, (c) acicular newly formed crystals of devitrite nucleated at the interface between the opaque and transparent glass, and (d,e) two examples of rosary-shaped aggregates of Pb-Fe antimonate. Images (b,d,e) were obtained in RL, while image (c) was obtained in TL. 
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Figure 16. (a) Microphotograph of the scanned polished thin section of the sample S with indication of its two different glasses (S-tr and S-op). In (b), the red rectangular area is zoomed to show variations in the colour of the opaque bands. In (c) the yellow rectangular area is zoomed to show the stretching of the opaque clusters that contributed to creating the macroscopic appearance of a foliation. The red encircled area contains a Ca-antimonate aggregate (Ca2Sb2O7) that is shown in (d), as seen in RL. Images (b,c) were obtained in TL mode. 
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Figure 17. (a) Microphotograph of the scanned polished thin section of the sample A1 mainly formed by yellow A1-tr(b) glass, except for the top-right corner area that is zoomed in (b), revealing the presence of A1-op and colourless A1-tr(c) glasses. Moreover, two areas are highlighted (encircled in red), corresponding to (c) devitrification transparent acicular crystals of devitrite nucleated around a bubble and (d) stretched Ca-antimonate agglomerates (Ca2Sb2O7) in the opaque glass A1-op. 
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Table 1. Sampled Gorga glasses from the Villa of Emperor Lucius Verus (2nd c. AD) with the label used here, the corresponding museum reference code, the name of the original imitated stone and the macroscopic description of the samples (with the labels corresponding to the analytical samples).
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	Label
	Museum Ref.
	Stone Imitation
	Macroscopic Description (with Labels of Analytical Samples)





	PV1
	18.M328-2.13
	Porfido verde antico
	Translucent dark green matrix (PV1-tr) with opaque light green canes (PV1-op)



	PV2
	18.M328-2.14
	Porfido verde antico
	Translucent green-turquoise matrix (PV2-tr) with opaque greenish-yellow strips (PV2-op)



	CR
	18.M328-2.19
	Cipollino rosso brecciato
	Opaque red matrix (CR-op(r)) with opaque white canes (CR-op(w))



	R
	18.M328-2.16
	Rosso antico
	Veined red matrix (R-op) with thin dark veins (R-tr)



	G
	18.M328-2.3
	Giallo antico
	Opaque yellow matrix (G-op) with superficial brown speckles



	D
	18.M328-2.2
	Diaspro nero e giallo
	Fusion of a translucent brown (D-tr) and an opaque yellow glass

(D-op)



	S
	3956615
	Semesanto
	Combination of translucent purple (S-tr) and opaque white canes

(S-op)



	A1
	18.M328-2.5
	Agate/alabaster
	Translucent brown matrix (A1-tr(b)) with white (A1-op), amber and deep brown bands *



	A2
	18.M328-2.6
	Agate/alabaster
	Translucent amber matrix (A2-tr) and opaque white veins (A2-op)







* An additional colourless and transparent glass (A1-tr(c)) was analyzed but it was not macroscopically visible and, therefore, not reported here.













 





Table 2. Average compositions and standard deviations for each analytical sample as determined using EMP analyses. Colour and transparency (TR: translucent/transparent, OP: opaque) are also indicated. Cations are expressed in wt% of arbitrary oxides.
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Sample

	
PV1

	
PV2

	
CR

	
R

	
G

	
D

	
S

	
A1

	
A2






	
Imitated stone

	
Porfido verde

antico

	
Porfido verde antico

	
Cipollino rosso

	
Rosso antico

	
Giallo

antico

	
Diaspro giallo e nero

	
Semesanto

	
Agate/alabaster

	
Agate/

alabaster




	
Colour

	
Dark green

	
Light green

	
Green-turquoise

	
Greenish-yellow

	
Red

	
White

	
Colourless

	
Red

	
Yellow

	
Brown

	
Yellow

	
Purple

	
White

	
Brown

	
Colourless

	
White

	
Amber

	
White




	
Analytical sample

	
PV1-tr

	
PV1-op

	
PV2-tr

	
PV2-op

	
CR-op(r)

	
CR-op(w)

	
R-tr

	
R-op

	
G-op

	
D-tr

	
D-op

	
S-tr

	
S-op

	
A1-tr(b)

	
A1-tr(c)

	
A1-op

	
A2-tr

	
A2-op




	
SiO2

	
60.19

	
62.22

	
62.54

	
62.9

	
57.89

	
67.91

	
59.66

	
56.67

	
64.11

	
61.56

	
64.00

	
66.53

	
57.85

	
67.24

	
67.94

	
64.20

	
65.18

	
63.37




	
σ

	
0.55

	
0.89

	
0.49

	
0.61

	
0.66

	
0.46

	
0.11

	
0.26

	
0.83

	
0.34

	
0.38

	
1.64

	
0.65

	
0.26

	
0.97

	
0.46

	
0.68

	
0.55




	
Na2O

	
14.35

	
15.03

	
17.49

	
17.01

	
13.85

	
15.96

	
10.83

	
11.10

	
16.06

	
16.75

	
14.48

	
16.80

	
11.66

	
17.90

	
16.83

	
13.79

	
17.43

	
14.75




	
σ

	
0.09

	
0.23

	
0.38

	
0.31

	
0.44

	
0.24

	
0.21

	
0.09

	
0.44

	
0.28

	
0.61

	
0.44

	
0.38

	
0.34

	
0.25

	
0.15

	
0.24

	
0.29




	
CaO

	
11.51

	
10.04

	
8.26

	
7.15

	
9.86

	
6.54

	
9.46

	
8.82

	
8.45

	
10.23

	
6.32

	
8.33

	
5.46

	
8.94

	
9.26

	
8.46

	
9.97

	
9.23




	
σ

	
0.31

	
0.47

	
0.34

	
0.16

	
0.11

	
0.08

	
0.33

	
0.08

	
0.10

	
0.18

	
0.39

	
0.18

	
0.07

	
0.15

	
0.04

	
0.22

	
0.07

	
0.11




	
Al2O3

	
2.08

	
2.04

	
2.56

	
2.29

	
2.40

	
1.95

	
2.09

	
2.10

	
2.20

	
2.74

	
2.32

	
2.44

	
2.27

	
2.33

	
2.68

	
2.42

	
2.68

	
2.53




	
σ

	
0.04

	
0.07

	
0.07

	
0.08

	
0.03

	
0.06

	
0.05

	
0.06

	
0.10

	
0.05

	
0.16

	
0.10

	
0.42

	
0.09

	
0.03

	
0.06

	
0.02

	
0.06




	
K2O

	
1.75

	
1.20

	
0.34

	
1.25

	
1.47

	
0.25

	
2.24

	
1.98

	
0.35

	
0.57

	
0.32

	
0.57

	
0.49

	
0.42

	
0.54

	
0.56

	
0.46

	
0.49




	
σ

	
0.02

	
0.09

	
0.04

	
0.01

	
0.23

	
0.04

	
0.05

	
0.04

	
0.01

	
0.05

	
0.03

	
0.07

	
0.06

	
0.03

	
0.03

	
0.02

	
0.02

	
0.03




	
MgO

	
2.14

	
1.86

	
1.19

	
1.65

	
2.75

	
3.27

	
2.69

	
2.37

	
0.86

	
1.13

	
0.67

	
0.71

	
0.47

	
0.59

	
0.67

	
0.63

	
0.64

	
0.73




	
σ

	
0.04

	
0.15

	
0.08

	
0.12

	
0.04

	
0.27

	
0.10

	
0.04

	
0.02

	
0.04

	
0.02

	
0.09

	
0.02

	
0.01

	
0.02

	
0.03

	
0.02

	
0.02




	
FeO

	
1.09

	
0.97

	
0.99

	
1.11

	
1.90

	
0.38

	
1.46

	
1.71

	
0.80

	
1.07

	
0.92

	
0.55

	
0.44

	
0.28

	
0.35

	
0.39

	
0.39

	
0.61




	
σ

	
0.05

	
0.08

	
0.09

	
0.08

	
0.03

	
0.04

	
0.04

	
0.04

	
0.07

	
0.02

	
0.03

	
0.07

	
0.03

	
0.02

	
0.02

	
0.01

	
0.04

	
0.05




	
TiO2

	
0.14

	
0.14

	
0.17

	
0.15

	
0.21

	
0.07

	
0.16

	
0.16

	
0.12

	
0.19

	
0.17

	
0.06

	
0.05

	
0.05

	
0.06

	
0.06

	
0.06

	
0.07




	
σ

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.01

	
0.04

	
0.01

	
0.02

	
0.01

	
0.01

	

	
0.02

	
0.01

	
0.01

	
0.02

	
0.01

	
0.01




	
P2O5

	
0.79

	
0.55

	
0.14

	
0.20

	
0.86

	
0.01

	
0.72

	
0.64

	
0.06

	
0.11

	
<0.07

	
0.14

	
0.06

	
0.08

	
0.12

	
0.13

	
0.22

	
0.13




	
σ

	
0.07

	
0.21

	
0.03

	
0.08

	
0.01

	

	
0.06

	
0.05

	
0.04

	
0.04

	

	
0.02

	
0.04

	
0.07

	

	
0.05

	
0.04

	
0.04




	
SO3

	
0.38

	
0.37

	
0.41

	
0.38

	
0.27

	
0.44

	
0.22

	
0.20

	
0.39

	
0.40

	
0.42

	
0.34

	
0.75

	
0.31

	
0.38

	
0.72

	
0.29

	
0.77




	
σ

	
0.01

	
0.07

	
0.06

	
0.03

	
0.06

	
0.06

	
0.06

	
0.05

	
0.04

	
0.07

	
0.03

	
0.08

	
0.07

	
0.06

	
0.06

	
0.06

	
0.06

	
0.08




	
Cl

	
1.33

	
1.39

	
1.76

	
1.71

	
1.30

	
1.46

	
0.86

	
1.19

	
1.45

	
1.35

	
1.48

	
1.28

	
0.72

	
1.77

	
1.17

	
0.59

	
1.37

	
0.64




	
σ

	
0.03

	
0.05

	
0.09

	
0.06

	
0.07

	
0.14

	
0.00

	
0.06

	
0.06

	
0.04

	
0.06

	
0.19

	
0.03

	
0.05

	
0.08

	
0.04

	
0.07

	
0.06




	
Cr2O3

	
0.05

	
0.04

	
0.05

	
0.05

	
0.05

	
0.05

	
0.07

	
0.07

	
0.05

	
0.04

	
0.06

	
0.05

	
0.07

	
0.06

	
0.05

	
0.04

	
0.04

	
0.05




	
σ

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.03

	
0.02

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
MnO

	
0.43

	
0.33

	
0.13

	
0.22

	
0.37

	
0.02

	
0.27

	
0.24

	
<0.03

	
3.31

	
0.04

	
2.49

	
1.06

	
0.03

	
1.23

	
1.11

	
0.32

	
0.54




	
σ

	
0.04

	
0.03

	
0.06

	
0.04

	
0.03

	
0.01

	
0.06

	
0.04

	

	
0.09

	
0.03

	
0.41

	
0.04

	
0.01

	
0.06

	
0.03

	
0.02

	
0.03




	
CoO

	
0.01

	
0.02

	
<0.02

	
<0.02

	

	
<0.02

	
<0.03

	

	
<0.03

	
0.02

	
0.02

	
<0.02

	
<0.02

	
<0.05

	
<0.02

	
<0.02

	
<0.02

	
<0.04




	
σ

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
NiO

	
<0.03

	
<0.03

	
<0.02

	
<0.06

	
<0.04

	

	

	
<0.02

	
<0.03

	
<0.05

	

	
<0.03

	
<0.03

	
<0.04

	
0.01

	
0.01

	
<0.02

	




	
σ

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
CuO

	
1.92

	
1.54

	
2.58

	
1.85

	
1.15

	

	
1.10

	
1.38

	
<0.04

	
0.05

	
<0.09

	

	

	
0.03

	
<0.02

	
<0.02

	

	
<0.04




	
σ

	
0.06

	
0.07

	
0.29

	
0.05

	
0.22

	

	
0.13

	
0.14

	

	
0.04

	

	

	

	
0.02

	

	

	

	




	
ZnO

	
0.06

	
0.06

	
0.06

	
0.09

	
0.07

	
<0.07

	
0.07

	
0.13

	
<0.05

	
<0.06

	
0.04

	
0.03

	
<0.09

	
0.07

	
0.05

	
0.06

	
0.03

	
<0.06




	
σ

	
0.04

	
0.03

	
0.04

	
0.06

	
0.04

	

	
0.04

	
0.04

	

	

	
0.03

	
0.02

	

	
0.04

	
0.02

	
0.03

	
0.02

	




	
SnO2

	
0.20

	
0.17

	
0.18

	
0.15

	
0.12

	
<0.02

	
0.18

	
0.25

	
<0.04

	
0.02

	
<0.03

	
<0.02

	
0.16

	

	
<0.03

	
0.03

	
<0.02

	
<0.04




	
σ

	
0.03

	
0.06

	
0.07

	
0.02

	
0.02

	

	
0.02

	
0.03

	

	
0.01

	

	

	
0.02

	

	

	
0.02

	

	




	
Sb2O3

	
0.44

	
0.46

	
0.37

	
0.53

	
0.20

	
1.69

	
0.10

	
0.10

	
0.55

	
0.73

	
1.15

	

	
4.31

	

	
<0.02

	
6.38

	
<0.03

	
5.18




	
σ

	
0.05

	
0.04

	
0.10

	
0.10

	
0.03

	
0.17

	
0.02

	
0.03

	
0.05

	
0.02

	
0.15

	

	
0.20

	

	

	
0.75

	

	
0.41




	
BaO

	
0.06

	
0.06

	
0.06

	
<0.04

	
0.04

	
<0.05

	
0.08

	
<0.07

	
0.05

	
0.16

	
<0.03

	
0.03

	
<0.10

	
0.05

	
<0.06

	
<0.06

	
0.05

	
0.05




	
σ

	
0.01

	
0.06

	
0.03

	

	
0.03

	

	
0.11

	

	
0.04

	
0.01

	

	
0.02

	

	
0.06

	

	

	
0.01

	
0.03




	
PbO

	
1.33

	
2.17

	
0.78

	
1.89

	
6.06

	
0.07

	
7.61

	
11.17

	
4.48

	
<0.04

	
6.78

	
0.05

	
13.33

	
0.04

	
0.09

	
<0.07

	
<0.07

	
0.26




	
σ

	
0.20

	
0.12

	
0.32

	
0.24

	
0.43

	
0.09

	
0.11

	
0.25

	
0.29

	

	
0.22

	
0.04

	
0.54

	
0.01

	
0.06

	

	

	
0.13




	
Total

	
100.2

	
100.6

	
100.1

	
100.6

	
100.8

	
100.1

	
99.8

	
100.3

	
100.0

	
100.5

	
99.2

	
100.4

	
99.2

	
100.2

	
101.4

	
99.6

	
99.1

	
99.4
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