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Abstract

:

During the last thirty years, microstructural and technological studies on ceramic glazes have been essentially carried out through the use of Scanning Electron Microscopy (SEM) combined with energy dispersive X-ray analysis (EDX). On the contrary, optical microscopy (OM) has been considered of limited use in solving the very complex and fine-scale microstructures associated with ceramic glazes. As the crystallites formed inside glazes are sub- and micrometric, a common misconception is that it is not possible to study them by OM. This is probably one of the reasons why there are no available articles and textbooks and even no visual resources for describing and characterizing the micro-crystallites formed in glaze matrices. A thin section petrography (TSP) for ceramic glaze microstructures does not exist yet, neither as a field of study nor conceptually. In the present contribution, we intend to show new developments in the field of ceramic glaze petrography, highlighting the potential of OM in the microstructural studies of ceramic glazes using petrographic thin sections. The outcomes not only stress the pivotal role of thin section petrography for the study of glaze microstructures but also show that this step should not be bypassed to achieve reliable readings of the glaze microstructures and sound interpretations of the technological procedures. We suggest the adoption by the scientific community of an alternative vision on glaze microstructures to turn thin section petrography for glaze microstructures into a new specialized petrographic discipline. Such an approach, if intensively developed, has the potential to reduce the time and costs of scientific investigations in this specific domain. In fact, it can provide key reference data for the identification of the crystallites in ceramic glazes, avoiding the repetition of exhaustive protocols of expensive integrated analyses.
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1. Introduction


The production of glass represented one of the major achievements of humanity in science and technology. It allowed the development of a large variety of materials resulting from different processes involving the melting and the subsequent solidification of vitreous compounds. Among them, coloured or uncoloured transparent or opaque glazes were applied over ceramic bodies to decorate, waterproof, or protect the surfaces of the archaeological artefacts. Although some glazes are sometimes completely amorphous, others often contain sub- and micro-crystallites that can form during the firing process or the subsequent cooling stage due to partial or total insolubility of some compounds used in the glaze recipe. At times, the glazes can contain relics of the original crystalline compounds or crystallites formed from the deterioration processes during the burial of the pottery in archaeological sites. The crystallites resulting from the chemical composition of the glazes (including the minor components of the raw materials used) and fabrication conditions (furnace technology and melting conditions) can be characteristic for a recipe and thus a region and/or a period or production. They provide unique information on the output techniques, uses, and trades at the time of production. In other words, the crystallites are among the most important relics of the ceramic technology. During the last thirty years, microstructural and technological studies on glazes and their decorations have been traditionally carried out through the use of Scanning Electron Microscopy (SEM) that has been considered a powerful technique for investigating glaze microstructures [1,2]. In such a way, thin section petrography (TSP) has played a strongly subordinated role in the study of ceramic glaze microstructures, and its use has been limited to address marginal questions of the technological production. Because of the small sizes (often below 15 µm) of the crystallites found into glazes, optical microscopy (OM) is perceived to have limited potential for resolving the very complex and fine-scale microstructures associated with ceramic glazes. However, relevant enhancements of the level of detail at which a glaze matrix of interest can be imaged have been achieved by using OM in recent years. The use of high magnification lenses (i.e., ×100 objectives) enables users to investigate microcrystals and sub-microaggregates at a more and more deep level of detail. The vitreous matrix of glazes is transparent to the visible light; therefore, the observation of thin sections in a petrographic microscope allows to acquire 3-D information on ceramic glaze content and on any kind of crystallite regardless of its orientation and position within the glaze matrix. The aim of the present research is that of launching a critical and profitable discussion about the potential of TSP in the study of ceramic glaze microstructures. The applications here presented, ranging from methodological questions to mineralogical and technological topics, show that the use of OM can make a difference. Then, in ceramic glaze studies, the TSP step should not be bypassed to avoid missing useful information. Besides commenting on the advantages of using OM, we set up a specific methodology based on the feasibility of applying various analytical procedures directly to the thin section. The petrographic identification of the crystallites embedded in glazes by using thin sections promises benefits in reducing time and costs of the scientific investigation within this field. TSP can provide reference data for the glaze mineralogy avoiding the repetition of identification protocols involving the use of expensive characterization techniques. Similar cost savings are furnished by petrography applied to other kinds of samples, both in the geological and archaeological domains.




2. The State of the Art


Conventional optical microscopy has been one of the main tools in examining ceramic pastes of archaeological artefacts [3,4]. TSP has been used for studying pottery—typically coarse-grained ceramic fabrics—by the compositional characterization of the non-plastic inclusions in the ceramic bodies of the artefacts [5,6,7,8,9,10]. In contrast, it is less suitable for the characterization of grains in fine-grained ceramics due to the absence of distinctive coarse inclusions. However, properties such as optical activity, colour, or grain size distribution of fined-grained ceramic pastes can be used to infer technological information such as firing conditions and levigation procedures [11,12,13,14]. Beside ceramic pastes, other research questions were addressed to the methods of the fabrication of slips, decorative treatments, and methods of glazing [15,16,17,18,19]. The studies of coatings by TSP proved that their optical observation represents an easy and approachable tool to distinguish among different productions and to associate samples of different kinds to a same production or provenance area [20,21,22,23,24,25]. However, we must admit that thin section analysis has played a subordinated role in the study of glaze coatings. In fact, it has been used to identify the sequences in which finishing layers were applied [16] and to observe features such as air bubbles, cracks, or silica relicts [26] up to the characterization of the interaction layer between glaze and body [17]. With a few exceptions [17,27], OM has rarely been used to identify newly formed minerals in glazes. As a consequence, today, there is neither a specialized petrography on crystals in glazes nor research on this field or training courses specifically devoted to this speciality. Detailed information on finishing methods, glaze raw materials, composition, identity, shape, and distribution of the different crystalline phases as well as colorants are normally investigated by SEM with an energy-dispersive spectrometer (SEM-EDS), [28,29,30,31,32,33]. However, due to the fact that glass is opaque to electrons, SEM might not be the most suitable technique to investigate crystals embedded in glazes. Our pioneering studies focusing on the use of thin section samples have showed this limitation in contrast with OM that produced images much more useful to identify and interpret the processes that formed the crystallites [34,35,36,37,38]. Indeed, a very common situation in glaze microstructures is that the crystallites (either relics or neo-formed) can be found under the polished glaze surfaces. If so, they cannot be detected and analysed by SEM. In the rest of the present section, we will comment about some examples to illustrate such circumstance.



Example No. 1. Blue decorations. These decorations applied on Renaissance and Modern glazed ceramics, often contain Pb–Ca arsenates crystallites that are formed by the reaction between the arsenic and the other glaze components [33,39,40,41,42,43,44,45,46,47]. The use of thin sections in transmitted plane polarized light (TL-PPL) allows us, on the one hand, to achieve a fast overview on the application procedure of the blue decoration and, on the other, to immediately spot the crystallites (Figure 1a–c). In the transmitted light (TL) mode, we can clearly observe the distribution of the crystallites in the glaze matrix as well as their actual morphologies. As shown by Figure 1b,c, in TL, they appear as needle-like acicular crystallites. On the opposite, using reflected plane polarized light (RL-PPL), similarly to what would happen using SEM, it is not possible to observe the crystallites since they are embedded into the glaze matrix and they do not appear on the polished surface (Figure 1d). In this instance, the difficulty to observe both the crystallites and their real morphologies is also encountered by using SEM. Even in the case that these crystallites reach the polished surface, their morphology can be easily mistaken. In fact, they are normally described in literature as euhedral, rounded, angular, or tabular crystallites with hexagonal sections [40,41,47]. In some cases, acicular morphologies have been observed using SEM, when the crystallites are trapped into degassing bubbles [42,46,47]. In other words, for such thin acicular crystals, the probability to have a longitudinal section on the polished surface is extremely low and only basal or subbasal sections will be visible. Figure 2a,b show how the acicular crystallites look like on the polished surface by using SEM in back scattering mode (BSE): light rounded/tabular particles with some visible basal hexagonal sections [34,48].



Example No. 2. Brown decorations. This is a kind of decoration relevant in archaeology and interesting from a scientific point-of-view. In Post-Medieval glazed tablewares, braunite crystallites (Mn7SiO12) have been identified by using X-ray microdiffraction (µXRD) [35]. When observed in thin section by using transmitted PPL (Figure 3a,b), they show two different morphologies: dark-brown bipyramidal crystallites (br1) and thin brown needle-like ones (br2). In some cases, OM shows br2 crystallites growing from br1 crystals and forming dendritic aggregates (Figure 3a,b). What is intriguing is that OM is able to freeze in time a specific moment of the firing process showing that the crystal growth took place in two different conditions. The first type of braunite (br1) displaying euhedral crystals suggests that the crystallites had time and space to grow during the firing process. By contrast, the second type of braunite (br2)—that with dendritic textures – suggests a condition of fast crystallization. Therefore, the euhedral braunite crystals formed early during the heating. Then, some disequilibrium (e.g., a drop in the temperature) must have occurred during the firing process. Braunite continued to grow under these new conditions but with a different crystalline habit. Thanks to TSP, we can document the incipient formation of the dendritic braunite from the euhedral one (Figure 3a,b). In this example, it is also clear that the inspection of the polished surface alone (either by RL or by SEM) would have failed to unveil these details about the growing conditions. The first type of braunite (br1) appears as a light spot on the polished surface (Figure 3c), while the second kind (br2) is hardly visible (Figure 3c,d) and the process of nucleation from the euhedral braunite (br1) cannot be appreciated (Figure 3c).



Example No. 3. Hematite glazes. The difficulty to get an idea of the 3-D morphologies of the crystallites by only using the 2-D sections observed by SEM entails the risk of generating misleading results and unreliable interpretations of the technological procedures. In the following example [37], OM has proved once more priceless for the study of glaze microstructures that were not visible on the polished surface. What was discovered was extremely explanatory: a Fe oversaturation that led to the precipitation of hematite crystallites despite the relative low iron content detected by SEM inside the glaze (4.6 wt % Fe2O3). Brown and/or deep orange hexagonal neo-formed crystallites (Figure 4a) precipitated in the body-glaze interface were found in many Medieval and Post-Medieval glazed potteries (13th to 18th centuries) coming from different sites (North Africa, Spain, France, and Italy). The hexagonal crystallites were perfectly visible in TL and widespread all over the glazes, sometimes creating a dense mesh in the glaze microstructure. In this case, the problem is laid on the impossibility to see the hexagonal crystallites on the polished surfaces, to analyse them by SEM and to understand the reasons for their presence (Figure 4b).



In fact, the crystallites were found at a depth of about 20 μm compared to the glaze preparation and had never been observed in the BSE images as hexagons. Again, the work of thin section has been crucial in order to understand that the hexagonal crystallites observed in TL corresponded to the very thin laminar sections (250 nm in thickness) observed on the polished surface (Figure 4b). Omitting the step of thin section observations (TL mode), SEM measurements would not have been able to detect the presence of the hexagonal crystallites; therefore, valuable microstructural information would have gone lost. From a technological point of view, hematite crystallites are a typical feature of the aventurine glazes [49,50]. In such glazes, the Fe2O3 contents range from 10% to 30% forming hexagonal crystallites of hematite giving birth to a sparkling decorative effect. In the case of these archaeological glazes, the low iron content (4.6 wt % Fe2O3) measured by SEM would hardly have led to imagine a situation of oversaturation. And that is the great potential of TSP: by showing the real glaze microstructure in TL, TSP is able to provide the key data to understand what happened. The widespread presence of these hematite crystallites can only be explained trough a mechanism of oversaturation. Indeed, during the cooling, the capacity of the melt to retain the Fe in solution is reduced and the excess is precipitates as thin plate crystals of hematite [51].



From the abovementioned examples, it is clear that a full identification of the glaze microstructures, nucleation processes, and composition of the glazes cannot be fully achieved using SEM alone. Besides the fact that glazes are transparent to visible light, another great strength in using specimens in the form of petrographic thin sections is that this kind of sample is extremely versatile and can be successfully integrated with other analytical procedures. Techniques, such as microRaman spectrometry (µRaman) or μXRD using synchrotron radiation, can be easily adapted to thin section specimens and, just like in OM, the observed microcrystals can be analysed regardless of their orientation and position within the glaze matrix.




3. Moving Towards More Informative Studies: Innovative Aspects and Usefulness


If we are to achieve a global comprehension of the ceramic glaze microstructures, then we need to move away from traditional studies largely based on SEM towards methodologies not yet standardized. We suggest a new methodological and ideological approach that places TSP at the centre of the scientific investigation on ceramic glazes. Starting from its present role as an accessory identification technique, TSP should turn into a pivotal pillar of the characterization of microcrystals embedded in ceramic glazes. This idea, which at first sight might seem simple and not so revolutionary, breaks with the traditional approaches and represents a new methodological paradigm within the material science community that has specialized in ceramic glazes. At the same time, our approach marries strategically two historically different approaches (ceramic and glass studies) and specialists in a single new method, potentially allowing to use the same specimen—that is to say the petrographic thin section—for studying both. The development of TSP applied to ceramic glaze microstructures should allow a single analyst to undertake analysis both on the ceramic body and the glaze, and the petrographic contributions on glazes should progressively widen and integrate the already extensive and comprehensive studies of ceramic bodies.



We are not merely suggesting to replace SEM with OM. First of all, the crystallites in glazes should be located, described, and characterised using thin section petrographic methods. Special attention should be paid to a description of the morphologies and optical features of the crystallites. Detailed data about the morphology is crucial to identify the symmetry of the crystals and to understand nucleation processes and conditions of formation. Then, the OM data obtained from the thin section analyses have to be linked to the compositional and structural ones obtained by applying other analytical tools, such as SEM, EMPA (electron probe micro-analyser), µRaman (micro Raman), and SR-μXRD (synchrotron-radiation X-ray microdiffraction), etc., always to the same thin section specimen to provide a solid base for a mineralogical identification.



The originality of our approach lies in weaving a robust link between petrography and the analytical characterization of the crystallites in glaze matrixes. Once this correlation is well-established, it should allow everybody to perform quick and easy identifications of the crystallites as viewed in a thin section under an optical microscope, avoiding the need to repeat all the integrated analyses necessary for an unambiguous characterization. To prove that such a correlation is possible, we can consider again the case of the brown and blue glaze decorations. In these decorations there are crystallites constantly recurring in Medieval and Post-Medieval potteries and tiles. Kentrolite, Pb2Mn2Si2O9, melanotekite Pb2Fe2Si2O9, braunite, MnMn6SiO12, bustamite, (Ca,Mn)2Si2O6 and hematite, Fe2O3, are phases often found in brown decorations as well as lead-calcium arsenates in blue ones [35,37,38,40,41,42,45,47,52,53,54,55,56,57]. We have recently characterized these minerals in glazes using the described approach [34,35,37,38,48], and from now on they could be identified in other glazes using almost exclusively the affordable OM.



Reference works for the identification of minerals and rock fragments in ceramic bodies for the technological and provenance studies are very common in literature [58,59]. The idea behind our research is the development of a similar approach to those used for ceramic bodies but focusing on crystals in glazes and including relevant data from other analytical techniques which will support the identification through OM analysis. By promoting this approach, the specialized scientific community could be able to collectively establish TSP for ceramic glaze microstructures as a different petrographic speciality applicable to a large variety of glazes found in the field of craft history and archaeology.



The importance of the petrographic identification of the crystallites is also based on the fact that they can work as ceramic markers of technology and/or provenance and that they can be associated to a specific ceramic class or workshop. In a broader perspective, ceramic markers can be used to study the chaîne opératoire and the cross-craft interaction [60,61,62,63,64,65]. The latter entails, in particular, the nodes of connection—both technical and social—through human interaction, where two or more technologies or crafts meet, exchange recipes, knowledge, approaches, materials, or simply ideas. The presence, distribution, growth, and nucleation process of the microcrystallites in the glaze microstructures provide direct information about the raw materials exploited and the methods of glazing and of production. The pigments and glaze mixtures, methods of application, and firing patterns used are characteristic of each ceramic production, and they relate directly to the influences, links, and trades between regions. The study of the technological processes is fundamental to understand behavioural attributes related to particular social groups that perform the handicraft. The interpretation of the manufacturing technology can be used to address a range of very different archaeological questions. These include the knowledge and technical skills of artisans and their awareness of the physical behaviour of raw materials, the transmission of technology across space and time, the standardization and specialization, the craft tradition up to the style and the expression of the identity trough ceramic practice. Interpreting the reasoning behind the potters’ actions can be difficult, and it has mostly been achieved by the petrographic study of ceramic bodies. The integration of the study of pastes and glazes will further enhance our understanding of the actions involved in the production of a ceramic object that can be strongly influenced by beliefs, traditions, and identities. As pottery is an integral part to most societies from prehistory onwards, the technological choice is a key feature of any archaeological inquiry.




4. Background to the Analysis of Ceramic Glaze Thin Sections


4.1. Sample Preparation and Optical Microscopy


In the study of archaeological glazed ceramics, the procedure most commonly employed consists of using two different sample preparations: covered thin sections (30 µm thickness) for the study of ceramic pastes and crossed polished sections of few millimetres thick, i.e., polished blocks, for the investigation of glazes (Figure 5a,b). It is generally supposed that two sections prepared from the same ceramic sample are likely to be identical to one another. However, things are not always so “straightforward” and the use of twin sections does not guarantee obtaining identical samples (Figure 5c).



The approach presented here allows the use of thin sections for both pastes and glazes and not only for OM characterisation. Ideally, specimens should be prepared in the form of polished thin sections in order to allow the simultaneous observation of every mineral in both TL and RL and therefore to maximize the range of observed mineral properties. Although a thin section is a physically destructive method that could lead to information losses, it can play a key role in the study of glaze matrices. As the glaze coatings are very delicate materials, the sectioning and subsequent grinding and polishing processes should be carried out with extreme caution to avoid generating artificial cracks that would make observations through OM difficult. The use of the same specimen during all the steps of the study, from the optical observation to other analytical techniques, is crucial. It enables continuity during the analysis and the chance to check, at each step of the investigation, the crystals on which the analysis was first performed. The observation of crystallites using OM requires thin sections with a good finish and a petrographic microscope with enough magnification power.



The advantages of using the common transmitted light mode (TL) have already been remarked in Section 2. In TL, the light passes through the ceramic glaze and the crystallites can be seen even if they are below the surface. Therefore, through different focus positions, it is possible to get an overall idea of the 3-D morphology and the distribution of the crystallites (both single crystals and aggregates) embedded in the glaze. Another important aspect concerns the use of the RL mode. Although it is scarcely used for the ceramic pastes, RL is essential in the study of the glaze microstructures to such an extent that the integrated TL-RL observations are the core of our approach. In fact, observations in RL are necessary to obtain optical images comparable to those from SEM or similar techniques. This step allows to understand which crystallites will be visible on the polished surface and how, making it possible to choose the best analytical strategy and to save time. Furthermore, some properties that can be observed in RL mode, such as polishing relief and reflectance, can be very useful to identify the glaze phases of similar compositions often indistinguishable from one another using SEM. Figure 6 shows how RL works in a specific case study [36]. Lanarkite, Pb2O(SO4) and mattheddleite, (Ca,Pb)10(SiO4)3.5(SO4)2Cl2 were identified in a historical misfired lead glaze. In SEM-BSE images, the presence of these two different mineralogical phases could go unnoticed since they show similar Z-average contrast (Figure 6a). Their morphology could prompt to classify the visible sections in two families: elongated and equidimensional—the latter seemingly with hexagonal symmetry. However, this would be wrong since both lanarkite and mattheddleite show elongated and equidimensional sections as revealed by TSP (this time using RL). Lanarkite (a very soft mineral) showed a pronounced negative relief and a lower reflectivity compared to mattheddleite (Figure 6b). One could argue that in using SEM, at least the idiomorphic hexagonal sections could be assigned to hexagonal mattheddleite and this would be also wrong. In fact, the “small hexagonal section” labelled with II in Figure 6 is actually monoclinic lanarkite. This apparent symmetry contradiction can be solved looking at the optical XPL image (see inset in Figure 6b) where the small “hexagonal section” is actually a pair of twinned crystals. Furthermore, compositional analyses using an EDS detector, in this case, is also problematic because of the large overlapping of S-Kα, Pb-Mα, and Cl-Kα characteristic X-ray peaks. On the contrary, TSP clearly revealed the presence of two different minerals (Figure 6b). After the detection of the minerals, the analyses were much faster and immediate.




4.2. Other Techniques


Besides OM, the choice of analytical techniques that could best complement the studies on ceramic glazes should be based on two main criteria: the information that they can give and the capacity to perform the measurement directly on the petrographic thin section. Within these analytical techniques, SEM (or electron microprobe)—along with associated spectroscopies EDX or WDX—can for sure have a place of its own, although with the drawbacks above illustrated. As far as we are concerned, µRaman and μXRD are two powerful techniques that have been successfully tested on ceramic glaze thin sections. However, the list of techniques that can be directly applied to thin sections is larger, including for instance cathodoluminescence (CL), infrared (µFTIR), and secondary ion mass (µSIMS) spectrometries, etc.



4.2.1. µRaman Applied to Petrographic Thin Sections


The use of Raman spectroscopy to identify and study archaeological materials has flourished in recent years in addition to other standard analytical techniques [66,67,68,69,70]. Some advantages of the Raman spectroscopy include the molecular specificity of the signal (which relates directly to the corresponding vibrational density of states), the no destructiveness, the high spatial and spectral resolution, and the possibility to perform in situ analysis. It can be considered as a fingerprint technique since the materials are identified by comparing their characteristic vibrational spectra with those in a database. In the case of ceramics, the Raman analysis is mainly aimed at investigating raw materials and production procedures in order to study the technological choices and the cultural models within the same context, as well as contaminations and circulations among different cultural groups [71,72,73,74,75,76,77,78]. The huge development of the Raman spectrometry in the study of glass, glazes, and enamels relies on the possibility to use the SiO4 tetrahedron bands as fingerprint of the glass composition, structure, and processing temperature. In this way, each specific glass has a given Raman signature, and different procedures have been developed for the identification of soda, soda lime, alumina, or lead-containing compositions [79,80,81,82,83]. However, it should be pointed out that composition alone does not really correlate with a given Raman signal since different atomic arrangements (crystalline or not) will also produce different spectra.



As far the studies on ceramic glazes and their decorations are concerned, one of the best ways to perform deep investigations on glaze microstructures is certainly Raman microscopy. The coupling of a Raman spectrometer to a high-magnification optical microscope (×100 objective) allows to select specific areas where the Raman signature of isolated minerals can be obtained, to analyse selectively components of heterogeneous samples, to avoid and/or limit fluorescence, and to reduce the amount of sample required [69,84]. However, the more and more widespread Raman applications on glazed ceramics and tiles are normally carried out on archaeological samples in the form of shards or intact items. These procedures have both the advantage to preserve the samples from the sectioning and to cut on time and costs. Sometimes, the samples are prepared in the form of crosscut pieces of several millimetres for the Raman study [85,86,87,88,89,90,91,92,93]. The use of thin sections for the Raman investigations within the frame of Cultural Heritage studies is quite rare, despite what happens in other research areas such as mineralogy and petrology [94,95,96,97]. Notwithstanding that, we must take into account that the optical examination of the glaze microstructures by thin sections should never be neglected in the Raman studies, particularly in case integrated studies on glaze microstructures are not provided (e.g., by using SEM). µRaman systems can be easily used in combination with thin sections, and with an appropriate coupled microscope, the samples can be visualized using both TL and RL modes. An important remark is that by using TL, it is possible to focus on crystals that lie under the polished glaze surface getting the corresponding Raman spectra. The use of TL allows an accurate inspection of the glaze matrix, localizing the crystallites below and above the polished surface and avoiding the overlapping signals corresponding to other mineral phases.



The possibility to gain further knowledge on the glaze microstructures from the combined use of Raman microscopy and thin section preparations is illustrated in Figure 7. Hematite and cristobalite have been identified in ceramic glazes by μRaman and μXRD [35]. Obviously, the identification of these mineral phases could also be easily performed through Raman measurements directly on the ceramic glazes without sectioning them. In such an instance, what makes the difference is really the use of the thin section. Without that step, the microstructural information would be lost. In fact, the thin section not only shows the presence of two crystalline phases in the glaze matrix but also uncovers the kind of relationship existing between them. As Figure 7a shows, cristobalite crystallites have been nucleated around hematite which acted as a nucleation agent. The discovery of such a relationship is a novelty compared to the existing literature on silica polymorphs. Different authors have investigated the formation and stability conditions of trydimite and cristobalite, suggesting hypotheses about temperature and composition of the melt [98,99,100,101,102,103,104]. Alkali environments; PbO; and atoms such as calcium, sodium, and potassium have been considered suitable for their nucleation. In this case, hematite is responsible for the nucleation of cristobalite, and the presence of the latter itself is not related to alkali ions, usually responsible for its formation far from equilibrium conditions.



In case of coloured glass, glazes, and enamels, the Raman identification of the pigments also represents a very efficient approach [105,106,107,108,109,110]. Some pigments have been used for millennia, and existing databases can provide useful reference spectra [111,112]. However, sometimes the composition of minerals can be complex. It is the case of solid solutions for which EMPA or EDX can be used to determine the exact composition of the mineral, while µRaman provides an experimental spectrum that often shows features deriving from the vibration signature of both end-members (Figure 8). Reference Raman spectra of end-member minerals could be used to complement the study of the members of the solid-solution series [55,56].



Apart from the use of a confocal lens, the development of solid-state lasers and Charge Coupled Device (CCD) detectors, another exciting development in Raman spectroscopy in the last decade, concerns the use of 3-D mapping to study geological materials [113,114]. Rock microstructures can exhibit complexity, involving many minerals (which may be present in various polymorphs), or can present overgrowths or intergrowths of different mineral phases. To analyse all these elements in detail, it is essential that the Raman system can achieve high spectral and spatial resolution. In the specific case of ceramic glazes, 3-D images of the microcrystallites can be obtained from a number of images acquired at different stage positions using confocal Raman spectroscopy. An example of this approach is illustrated below using the in Via Qontor (Renishaw) confocal Raman microscope (Renishaw, Pianezza, Italy) of an unexpected crystal morphology encountered in a glaze ceramic that resulted to be common quartz. The crystal morphology observed in the thin section (Figure 9a,b) suggested a mineral of high symmetry with an equidimensional habit and hexagonal faces compatible with the morphology of a tetradecahedron or a truncated octahedron. The μXRD measurements carried out in the crystal region were not conclusive suggesting the presence mainly of quartz and secondarily of cristobalite. From that, one hypothesized that the observed morphology was a “false form”, that is to say that a high symmetry mineral (perhaps beta-cristobalite) was almost completely pseudomorphised in quartz. Following this, a 3-D Raman mapping study disproved the hypothesis. Results showed that the detected signal of cristobalite came from a nearby crystal and that the crystal with the peculiar shape is 100% quartz (Figure 9c–e). A close inspection of the images revealed that the observed hexagonal face was artificially created by cutting the original crystal (which had a common hexagonal bipyramidal morphology) during the process of polishing.




4.2.2. tts-µXRD Applied to Petrographic Thin Sections


Besides μRaman spectroscopy, another very useful technique that can be applied to thin sections is tts-μXRD. The name μXRD is quite generic and can specify a variety of microdiffraction measurement modes, e.g., not only transmission (as is the case in this work) but also reflection ones. Reflection μXRD can be used for the identification of crystallites in glazes [115], but the transmission mode is definitely better. To specify that the measurement in the transmission mode is performed through a substrate supporting the specimen (e.g., a thin section on a glass-substrate), the prefix tts (through-the-substrate) was introduced [116]. Synchrotron tts-μXRD has been successfully tested on thin glaze sections. The advantage of using synchrotron radiation is its high brilliance, ideal to get diffraction intensity even in samples with very low amount of crystalline material, as it is the case of crystallites embedded in glazes.



Previous approaches to the study of glazed ceramics by μXRD were undertaken using two different sample preparations: cross sections of about 50 μm for the μXRD and polished resin blocks for the SEM study [45,52,53,117]. Although this approach provides useful information, it presents a great drawback since in a section of about ~50 μm, the crystallites are not visible (see for instance Figure 3 in Reference [52], Figure 1b in Reference [53], or Figures 1 and 5 in Reference [45]). As the crystallites in ceramic glazes are very small and often found close to one another, it is very difficult to correlate the obtained diffraction patterns from μXRD with the corresponding images, either SEM images or camera images from the synchrotron visualization system. In short, without using a petrographic thin section, it is impossible to see what is exactly being analysed. Blind systematic scans going from the paste-glaze interface up to the glaze surface can be undertaken to capture crystalline phases. However, that generates huge amounts of useless data and does not provide good images that can be of use, if not for a few measured spots.



Pioneering developments of the application of tts-μXRD on petrographic thin sections were done at the microdiffraction-high-pressure station of the MSPD beamline at the ALBA Synchrotron Facility in Barcelona, Spain [35,36,37,38,118,119]. These have represented a healthy change for microdiffraction studies on glazed ceramics, leading to improvements in terms of the accuracy of the analysis, data gathering, and time for data elaboration. The correlation between images from synchrotron camera and OM are easier to perform as the visualized sample is actually the same and some features such as occasional cracks or bubbles can be used to overlap both images (Figure 10).



It is worth to mention that irradiated crystals located under the polished surface will produce diffraction intensities. As we have already commented, these crystals can be seen by a petrographic microscope using TL, but they will be not visible in a 50 µm cross section. One of the few advantages in this latter case is that it is not mounted on a glass slide which is a source of noise in the diffraction data obtained from petrographic sections. However, the signal from the glass can be removed acquiring a blank pattern from the glass slide or subtracting it by modelling the background with specialized software (Figure 10). For a radiation of λ = 0.4246 Å, glass substrates up to 1 mm thickness produce good results. An alternative is represented by the use of thin sections mounted on very thin glass substrates (0.1 mm) allowing the crystallites to be spotted and analysed [120].






5. Technological and Provenance Markers


It is worth pointing out that the detailed characterization of microcrystals embedded in ceramic glazes is not undertaken for the mere benefit of knowledge. As we have explained in Section 3, crystallites found in ceramic glaze microstructures are precious ceramic markers and they can be used to study the chaîne opératoire and the cross-craft interaction. This is illustrated here with a case study directly related to the long and well-appreciated ceramic tradition of Albisola (Liguria, NW Italy). At the beginning of the 18th century, a new high-quality low-cost production called Taches Noires ware was developed [121]. It became a global pottery in a few years, spreading all over the Mediterranean (Italy, France, Spain, Tunisia, and Greece) and also in the New World (Canada, the Caribbean Islands, and Mexico). The success of the Taches Noires ware was so massive that it was soon copied by different Spanish and French workshops [35,38,121,122,123].



A collection of Spanish and French imitations was analysed and compared to the existing data derived from reference samples of Albisola [124]. The study of ceramic pastes made it possible to distinguish the original Ligurian productions from the foreign imitations produced with different local clays. The novelty consisted in the analysis of the glazes by using the approach described in the present paper. In terms of raw materials and technological procedures, the glazes of some French and Spanish imitations were very similar to the original Ligurian ones. In other words, some local imitators used the same glaze recipes as the Abisola potters. We can then infer that either the technological information was transferred or potters from Abisola settled in those countries where they might have set up workshops to produce this ware using local materials. On the other hand, the neo-formed crystallites related to the black-brownish decorations of these wares were valuable markers of technology and provenance, and they allowed us to associate them to a specific workshop.



Mineralogical and chemical details of the analysed crystallites and their significance can be briefly summarised as follows:

	
Melanotekite (Pb2Fe2Si2O9) and kentrolite (Pb2Mn2Si2O9) associated with some other microcrystallites were two of the most important ceramic markers related to the black-brownish decorations of this type of pottery.



	
Melanotekite (Pb2Fe2Si2O9) can be used to identify imitations from the Jouques workshop (Provence, France) and to recognize them in the other French consumption sites. The presence of this mineral indicates the use of a Fe-rich pigment instead of Mn-rich ones as the original glaze recipe would suggest. Besides that, the acicular morphology of the crystallites indicates quick cooling conditions, and their presence suggests a firing temperature of about 900 °C and below 925 °C [35].



	
Kentrolite (Pb2Mn2Si2O9) is the ceramic marker of the decorations of two specific workshops in Manises and Barcelona (Eastern Spain). This mineral also indicates a firing temperature below 925 °C, while the Mn content is consistent with the original glaze recipe. Kentrolite was found near the glaze-body interface, suggesting an application of the pigment directly on the ceramic body in agreement with the original recipe [38].



	
The original Albisola wares do not contain Mn/Fe precipitated in their decorations. The lack of these crystalline compounds can be explained by a higher firing temperature (>925 °C) compared to the foreign imitations [38].









6. The Next Steps: The Future of the Thin Section Petrography on Ceramic Glaze Microstructures


In conclusion, we are at the crossroads in the traditional studies of ceramic glaze microstructures. Hopefully, we proved the considerable power of TSP applied to ceramic glazes and how the petrography can be used to extract useful information contributing to minimize research time/cost. Although additional data from OM is often encouraged to complement the information obtained from SEM, as a matter of fact, in literature, there are no petrographic data about glaze microstructures. For such a reason, we are convinced that an important development for the future will be the adoption of TSP as the first step of any archaeometric investigation on ceramic glaze microstructures. This will probably be possible only by recognizing TSP for ceramic glaze microstructures as a new discipline. The standardization of the petrographic procedure for the glaze microstructures will allow cross-comparisons and data storage that will turn this approach into an economically sustainable method for an efficient and fast identification of the crystallites. We hope that readers will appreciate the present contribution and, at the same time, that our research will help to promote the use of thin section petrography of glaze microstructures among the archaeological and scientific communities.
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Figure 1. (a) An optical image of the glaze decoration taken with a digital microscope: A white and a blue glaze layer can be observed. (b) A photomicrograph of the glaze and its decoration (TL): The decoration is made up by a transparent blue glaze over a less transparent (white) glaze. In the interface between both glazes, some acicular neo-formed crystallites can be seen (indicated with a red rectangle). (c) A photomicrograph of the decoration (TL): Detail of the acicular crystallites is arranged as radial aggregates. (d) The same area as in Figure 1b (RL): The radial aggregates of the crystallites are not visible on the polished surface. 
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Figure 2. (a) A photomicrograph of the blue glaze decoration under TL: Acicular crystallites of Pb–Ca arsenates are visible in the thin section. (b) A back scattering mode (BSE) image of the same area as Figure 2a: On the polished surface, the acicular crystallites appear as rounded/tabular crystals; some hexagonal sections could be seen with higher magnification. 
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Figure 3. (a) A photomicrograph of the brown decoration area (TL): Dark brown bipyramidal crystallites (br1) and brown thin needle-like crystals of braunite (br2) can be observed. The picture in TL clearly shows how the br2 crystallites have grown from br1 and made up aggregates which form a dendritic texture. (b) The detail (red rectangle) of the crystallites in Figure 3a at higher magnification. (c) The same area as Figure 3a in RL: br1 appears as a light spot, while br2 is scarcely visible on the polished surface. In such a way, the process of growth of br2 from br1 cannot be inferred. (d) The detail of br2 crystallites in BSE images (red rectangle from Figure 3c). The images are adapted from Di Febo et. al., 2017 [35] and Di Febo, 2016 [48]. 
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Figure 4. (a) A photomicrograph of the ceramic glaze (TL): Hexagonal crystallites are visible and widespread all over the glaze along with acicular melanotekite crystallites. (b) A BSE image of the same area as in Figure 4a. As we can see, the microstructural information has gone completely lost: only scarce and very thin grey laminar sections of the hexagonal crystallites are visible (e.g., as indicated by the arrow) along with sections of melanotekite crystals (head arrow shaped crystals in lighter tones). The images are adapted from Di Febo et al., 2018 [37]. 
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Figure 5. (a) A polished block, which includes three samples of glazed ceramics embedded in an epoxy-resin, is visible. (b) A covered thin section obtained from the same block of Figure 5a. (c) A schematic representation of a sectioned sample exhibiting three different kinds of mineral associations (X1, X2, and X3). The type X3 shape is not exactly the same on both polished surfaces, and it could even be absent in one of them; this could actually occur for any kind of mineral. 
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Figure 6. (a) A SEM backscattering image of the ceramic glaze: In the BSE image, the brightest grains (I) correspond to galena, while lanarkite (II) and mattheddleite (III) are darker and cannot be differentiated. (b) The same area as in Figure 6a in reflected light (RL): Galena (I) appears very reflective while lanarkite (II) shows a pronounced negative polishing relief and a lower reflectivity compared to mattheddleite (III); the inset is the hexagonal section of lanarkite under cross-polarized light (XPL). The images are adapted from Di Febo et al. (2017) [32] and Di Febo, 2016 [48]. 
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Figure 7. The Raman spectra of cristobalite and hematite: Minerals from the “Systematic Collection of Minerals” of the University of Barcelona (UB, Spain) were used as reference patterns for the Raman study. (a) A photomicrograph of cristobalite (lower reflectance) and hematite (higher reflectance) crystallites in a ceramic glaze (RL); the image has been acquired by using a camera coupled to the Raman spectrometer. (b) The Raman spectra acquired on a crystallite of cristobalite. (c) The Raman spectra acquired on a crystallite of hematite. 
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Figure 8. The Raman spectra of the crystals from the melanotekite–kentrolite series acquired using polished thin sections (data not published): Minerals from the “Systematic Collection of Minerals” of the University of Barcelona (UB, Spain) were used as reference patterns for the Raman study. (a) A photomicrograph of a melanotekite-type (Pb2Fe1.6Mn0.4Si2O9) crystallite in a ceramic glaze acquired from a Raman camera (RL). (b) The Raman spectra acquired on the crystallite from Figure 8a compared with a reference spectrum of melanotekite. (c) A photomicrograph of a kentrolite-type (Pb2Fe0.6Mn1.4Si2O9) crystallite in a ceramic glaze acquired from a Raman camera (RL). (d) The Raman spectra acquired on a crystallite from Figure 8c compared with a reference spectrum of kentrolite. 
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Figure 9. (a) A photomicrograph of crystallite exhibiting a distinguishable hexagonal face (TL). (b) The same image as Figure 9a taken from the microscope coupled to the inVia Qontor Raman system. (c) A focused optical image of one of the layers within the inspected volume. (d) The compositional mapping of the presence of quartz (blue) on the layer seen in Figure 9c. (e) A 3-D mapping of quartz (blue) and cristobalite (red) within the inspected volume along with two Raman spectra from the volume showing the agreement between the measured spectra and the reference spectra for quartz and cristobalite. The measurements were performed using a ×100 objective with a numerical aperture of 0.85 and a laser wavelength of 532 nm that provides a vertical resolution of around 1 μm. 
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Figure 10. (a) A photomicrograph of a brown decoration from a ceramic glaze (TL). (b) The same image as Figure 10a taken from the camera coupled to the micro-diffraction apparatus at ALBA Synchrotron Facility: the red dot represents the beam spot size (approx. 15 µm); the inset shows the camera and sample holder showing a mounted thin section. (c) The sum of several 2-D diffraction frames obtained at the point defined by the red dot in Figure 10b. (d) The diffraction pattern obtained from the 2-D diffraction frames after the removal of the background: the diffraction peaks have been indexed according to the quartz and hematite structures; the inset is the raw diffraction pattern without the removal of the background. 
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