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Abstract

:

The recent upgrading of synchrotron radiation (SR) sources has favored, in the last few years, the construction and design of beamlines optimized for the study of cultural heritage materials, which may require ad hoc setups, specific spatial resolutions, and detection limits. In the field of cultural heritage, integrated approaches combining different techniques are often required, even at large facilities, where some beamlines offer the possibility of performing different types of measurements at the same point of analysis, complementing preliminary information usually obtained by conventional laboratory and/or portable in situ methods. An overview of the last ten years of synchrotron applications for the study of pigments is given, with discussion of upstream and downstream challenges to methods and techniques. The possibilities offered by the synchrotron techniques are illustrated by a case study of a particular class of painted ceramics, as an example of different research questions that are solved by a combination of SR-based methods.






Keywords:


SR-µXRF; SR-µXANES; SR-XRD; pigments; ceramics












1. Synchrotron for Cultural Heritages and Pigments Studies: Overview


1.1. Synchrotron Beamlines for Cultural Heritages in Europe


More and more, synchrotron beamlines are used for cultural heritage (CH) material characterization, enjoying nondestructiveness and high sensitivity at the microscale.



Over the last fifteen years, increasing attention has been paid to improving the performance of beamlines dedicated to cultural heritage, also taking advantage of the opening of new facilities (e.g., MAX IV laboratory, Lund, Sweden) or the upgrading of European facilities (e.g., from what has already been achieved at the European Synchrotron Radiation Facility (ESRF, France) to what is planned and announced for the future at Elettra (Italy) and SOLEIL (France)) (Table 1).



In addition to accelerator and instrument upgrades, the main challenges and improvements for scientific applications are focused on (i) the use of combinations of complementary techniques at a single site; (ii) the joint use of several beamlines at the same facility; (iii) the creation of a thematic network for accessing several facilities with a single proposal, also driven by new EU projects providing simultaneous access to multiple facilities (e.g., CERIC-ERIC, ReMAde@Ari, IPERION-CH/HS); (iv) the creation of new opportunities for improved experience in data analysis and data sharing (e.g., EXPANDS, PANOSC EU-funded projects) [1,2,3]. In terms of measurements and data acquisition, for example, at ID21 beamline [4] of ESRF (which is regularly used for CH applications) in addition to the standard XRF mapping, the upgrade has enabled multi-edge analysis through XANES measurements; moreover, for micro-XRD mapping at ID21, the availability of fast pixel array detectors combined with fly-scan capability enables very rapid scans contrary to the past [1].



Table 1 displays an overview of the possibilities and capabilities for CH applications offered by European SR X-ray beamlines, shown in terms of available techniques, beam size, sample environment, and available energy range.




1.2. X-ray Synchrotron Techniques for Pigments Studies


The characterization of pigments and painting techniques is of great importance in the CH field, from authentication to provenance issues, from conservation to restoration. Studying unique artefacts can impose constraints on how samples are taken and handled, sometimes limiting the information that traditional laboratory analysis can provide. Preserving the integrity of precious specimens and obtaining clear compositional information from decorated surfaces can be challenging, even when using well-established techniques for characterizing and analyzing ancient materials. X-ray spectroscopy methods at synchrotron radiation facilities are increasingly being used to analyze cultural heritage materials such as pigments and decorated artefacts. These materials are often characterized by complex stratigraphy and/or heterogeneous material compositions [5,6,7,8,9]; the possibility of using a combination of techniques to study different aspects, namely, characterization, degradation, and material changes, is highly recommended.



X-ray fluorescence spectroscopy (XRF) is one of the most widely used techniques, allowing mapping of the distribution of chemical elements and their colocalization at the micro- and sub-microscale, with micro- or nanofocused beams [10,11]. In addition, under specific conditions, it allows quantitative determination [12,13,14].



As mentioned above, when dealing with complex systems, combining different analytical techniques is essential and can provide complementary information. In this context, synchrotron radiation X-ray diffraction (SR-XRD) is commonly used for phase identification and crystal structure determination [15,16]. This method is frequently used to reveal the stratigraphy of painted objects and allow profile studies in specific configurations, such as the grazing incidence mode [17], or to identify degradation products on the painting surface.



SR-XRD and SR-XRF are also used in combination with SR-micro-X-ray absorption near-edge structure (SR-μXANES), which is fundamental for the investigation of alteration mechanisms involving redox processes [18,19,20]. Using focused beams, this method can reveal the oxidation state and local ordering of selected elements on the micro- and nanoscales.



Over the last decade, various examples of the use of synchrotron-radiation-based methods for the analysis of pigments have been increasingly reported in the scientific literature. This has enriched the discussion regarding the upstream and downstream challenges for analyzing CH materials at synchrotron facilities.




1.3. Pigments in Archaeological Artifacts: From Rock Art to Potteries


SR-based methods have been proven to be particularly suitable for characterizing pigments in wall paintings and rock art [21], sometimes in combination with in situ investigations [22] and traditional laboratory-based analyses on microsamples [23,24]. In detail, chemical and mineralogical SR-based techniques (e.g., SR-µXRF, synchrotron radiation macro X-ray fluorescence (SR-MA-XRF), SR-µXANES; SR-µXRD) have been successfully employed in identifying minor phases and obtaining important crystallographic data separating anthropogenic markers and post-depositional processes [21] and to reveal the relationship between the physicochemical properties (e.g., crystallinity, morphology, surface density) and the color in iron-oxide-based decorations in caves [22,23,24,25] as well as to determine iron-oxide-based compounds present in small quantities that are quite difficult to detect with classical methods on intonaco [26]. The SR-µXRD technique has also been used to distinguish original from repainted rock art [21] and to identify the nature of pigments on prehistoric ceramic decorations [27], where the characterization of Fe- and Mn-based compounds is not straightforward and the use of advanced methods becomes fundamental [28].




1.4. Pigments in Glazes


The characterization of pigments in glazed and painted ceramics by X-ray techniques, especially using conventional laboratory equipment, is crucial when investigating technological aspects [29].



SR-µXRD has been largely used to characterize crystalline compounds of tin and lead glazed ceramics, majolica, and porcelain and to reveal relevant technological information. Pradell et al., 2018 [30], employed SR-µXRD combined with synchrotron extended X-ray absorption fine structure (SR-EXAFS) and SR-XANES to identify technological aspects such as firing conditions in luster ceramics, observing the correlation with the obtained microstructure and optical effects of the surfaces. Molera et al., 2022 [31], used in situ SR-XRD to identify the sequence of manganese compounds developed during firing in high-lead glass; time/temperature-resolved SR-XRD was used to understand manufacturing issues in glazed colored ceramics; in particular, the historical processing of cobalt arsenide ore used for blue decorated glazes was investigated [32].



Numerous experiments have been focused on identifying the mineralogical nature of microcrystallites phases within glazed layer on thin sections of lead glazed ceramics and glazed tiles (for example on the colored Portuguese azulejos) by using synchrotron through-the-substrate X-ray microdiffraction (tts-XRD) [33,34,35,36].



SR-XANES at the Fe K-edge [37], Cu K-edge [30,38], Cr K-edge [39], Co K-edge [29,40], Mn K-Edge [37], and As K-edge [41] has been demonstrated to be a powerful method in studying the elemental precursors of the glaze’s color (thus identifying the speciation of colorant ions), for obtaining information both on technology and provenance in various glazed ceramic manufactures (e.g., porcelains).



The production process of brown glazed porcelain has been studied by SR-EXAFS in order to clarify the coloring mechanism [42]; both SR-XANES and SR-EXAFS enabled investigating the glass nanostructure of blue glaze in stonewares, explaining their particular colorful aspect [43].



Where the determination of the distribution and colocalization of chemical elements is critical, the use of scanning SR-µXRF is of great importance, for example, in the study of glaze layers to map the distribution of dyes and/or specific elements in Chinese porcelain [29,40,44], Attic, and western-Greek black-glazed vessels [45] and ancient black-glazed wares [46].




1.5. Ink, Dyes and Organic Colorants


Inks used for papyri and ancient manuscripts have been studied using SR-based techniques to improve knowledge of their recipes and raw material provenance. This has also been combined with laboratory-based techniques [47]. Christiansen et al., 2017, 2020 [48,49], explored the composition of red and black inks in papyri by SR-MA-XRF and SR-XANES, while Autran et al., 2021 [50], studied carbon black inks on papyri by means of SR-XRD and SR-XRF, and investigated the production process of the inks by means of integrated synchrotron X-ray diffraction and X-ray fluorescence computed tomography (SR-XRD-CT and SR-XRF-CT).



The application of the multianalytical approach has been demonstrated to be fundamental in disclosing raw materials used for inks on papyri [48,49,50], pigments on ancient manuscripts [51], hidden text on papyri [52], and on degraded manuscripts [53]. Information on the origin of the pigments can also be obtained [51].



In addition to the studies on written supports, the application of SR-based X-ray studies on colored textiles seems to be of particular interest; for example, Späth et al., 2021 [54], used SR-µXRF imaging to detect the distribution of metal organic pigments within individual fibers of an ancient Siberian pile carpet.




1.6. Paintings: Pigments Characterization and Degradation Products


SR-based techniques are commonly used to identify the main components of paint, namely, pigments and coating, and to study degradation processes [55,56,57]. Fading, darkening, and bleaching are just a few examples of color changes due to photodegradation of pigments. Apart from the nature of the pigment, these changes depend on a series of complex interactions between pigment–binder–support, as well as exposure and/or conservation conditions [58]. In fact, synchrotron-based X-ray methods have been widely and successfully used to better understand the chemical transformations involved in the natural degradation of artists’ pigments in paintings (mainly oil paints) [5,59,60,61,62,63,64,65,66].



Specifically, SR-µXRD, SR-µXRF mapping, and SR-XANES on Cr/S/Cl K-edge and Cd L3-edge have been used for investigating the degradation of chrome yellow and cadmium sulfide in oil paints, in some cases together with complementary techniques such as SR-µRaman and SR-µFTIR [18,59,65]. The unclear degradation process of As-based pigments in tempera paintings has been explored by using SR-µXRD, SR-µXRF and SR-XANES on S K-edge, As K-edge, and Ag L3 K-edge [18]. SR-µXANES on Cr K-edge mapping has been used to study alterations on potassium chromate paints [67], and, together with SR-µXRF, to study lead-chromate-based pigments in oil paints [60]. SR-XANES on S K-edge has been proven to be useful in the investigation of technological issues related to blue pigments and their shades, e.g., in ultramarine blue [68].



To study the discoloration mechanisms of synthetic ultramarine blue, SR-XANES focused on Al K-edge has been used [69], suggesting an increase in the S3− radicals with prolonged exposure. Blue pigments, both in tempera and in oil paints, have been furthermore investigated by means of SR-XRD, together with SR-µFTIR, to identify their composition and the related alteration compounds [66], e.g., the correlation between the size of the pigment particles and the darkening of the surface due to the easier encapsulation of environmental dust on the porosity of the pigment layer. Moreover, SR-XRD has also been utilized to obtain specific information on the preparation of raw materials and the post-treatment of lead white pigments in easel paintings. This information has provided clues to pigment quality (e.g., by studying the hydrocerussite: cerussite ratio or crystallite dimensions) [57,70].



In addition to the studies carried out on historical paintings, a number of studies have been carried out on laboratory replicas in order to better understand the parameters responsible for the degradation mechanisms, such as the influence of the binding medium on arsenic sulfide pigments studied by Vermeulen et al., 2018 [71] with SR-µXANES on S K-edge.



SR-XRD is commonly used for the pigments characterization on oil paintings [56], but it was also involved in a large multianalytical approach, for example, to define a specific protocol identifying glauconite and celadonite within green earth pigments [72].



SR-based X-rays techniques, such as SR-XRF mapping, have been demonstrated to be fundamental during conservation treatments, helping in the control of the interventions as well as in the revealing of features that were not visible on the degraded surface of the paint [73].



Lastly, SR-based X-rays techniques (e.g., SR-µXRD, SR-µXRF, SR-µXANES, SR-µFTIR and SR-MA-XRF, and SR-MA-XRD) have also been utilized to test new protocols of embedding painting microsamples [74], as well as for authentication studies [75,76]. They appear to be useful, furthermore, in the identification of pigments’ mixtures and in complex stratigraphic artworks [77]. A comprehensive review on SR-MA-XRF’s applications, and its use in comparison with other techniques, is offered by Alfed et al. [78].




1.7. Pigments and Radiation Damage


In the cultural heritage field, technological advances tend to optimize portable equipment to minimize the information to (risk of) damage ratio, i.e., to obtain the maximum information with the minimum manipulation or risk to the objects [79]. Overall, it is essential that the sample is not destroyed, to allow further analysis. Therefore, when using intense radiation sources such as synchrotron light, the potential damage to samples should be taken into account seriously. Depending on the irradiation parameters, the properties of the studied materials and the environmental factors, so-called nondestructive, high-brilliance techniques, can cause undesirable physical or chemical changes in the objects, sometimes even visible to the naked eye [65,80,81]. Recent studies have focused on developing analytical strategies and instruments to detect or mitigate the effects of irradiation on cultural heritage samples [81]. Some authors, instead, proposed suggestions related to the sequence of analytical techniques to apply on a sample, in order to avoid loss of information. For instance, Ghirardello et al., 2022 [65], recommend the use of micro-PL before SR-µXRD, which can determine darkening of the sample surface, that may obscure the subsequent PL response.



Godet et al., 2022 [82], illustrated the X-rays effect on blue and green Egyptian pigments, highlighting the different sensitivity of the two pigments to increasing doses of irradiation by using EPR spectroscopy; Monico et al., 2020 [62], examined the damages induced by synchrotron radiation-based X-ray microanalysis on chrome yellow paints; Gervais et al., 2015 [83], investigated those induced in Prussian blue and zinc white pigments on historical paints. Ion and X-rays-induced effects were studied by Carrasco et al., 2018 [84], on azurite, malachite, and alizarin pictorial replicas; Ganio et al., 2018 [68], exposed a first assessment on the acceptable amount of radiation exposure with XANES investigation to define the optimal acquisition parameters to allow safe analyses of lapislazuli and ultramarine pigments.





2. Painted Architectural Terracottas: A Meaningful Example of Integrated Approach


Among painted ancient objects, decorated ceramics may present problems of authentication or interpretation (e.g., objects recovered by requisition, evidence of cultural change, identification of painting workshops, etc.). In such cases, where sampling is limited and questions are multiple, routine laboratory or portable in situ techniques may leave unresolved questions (such as identifying crystalline phases or oxide speciation), and further progress in knowledge can be ensured by applying advanced noninvasive methods.



In the present study, two sets of materials, namely, architectural slabs from Cerveteri involved in a case of antiquities requisition [85] and decorated architectural terracottas from the Palatine Hill in Rome [86], were studied using SR-based X-ray methods to solve characterization problems that were not readily achievable using traditional nondestructive and noninvasive analytical techniques, such as portable Raman spectroscopy and X-ray fluorescence spectroscopy (Figure 1). Microsamples of pictorial layers were sampled by using a scalpel and analyzed by integrating and exploiting the possibilities offered by two different beamlines particularly suitable for CH materials at two different facilities, namely, the French Synchrotron SOLEIL and the Italian facility ELETTRA. In particular, the samples were analyzed at the cultural heritage dedicated PUMA beamline [45] (SOLEIL Synchrotron, Saint-Aubin, France) by means of XRF elemental mapping and XANES spectroscopy for speciation of Fe- and Mn-based layers, and at MCX beamline [87] (Elettra Sincrotrone Trieste, Trieste, Italy) with the XRD technique.



2.1. Materials and Methods


The first group of analyzed specimens consists of fragments of painted architectural terracotta samples from Cerveteri, recovered from a requisition carried out by the Italian authorities in 2016 during one of the most important investigations into the illicit trafficking of antiquities in recent decades [85,88]. The second group consists of fragments of polychrome painted architectural terracotta found in the Palatine and Roman Foro in Rome, now preserved in the Colosseo Archaeological Park. They are unique pieces dating to the Late Archaic period (5th century BC), the production of which may be linked to both Etruscan and Roman workshops [86], characterized by polychrome decorated surfaces with tones and motifs similar to the Etruscan terracottas from Cerveteri [85,89,90]. Samples were taken from selected areas of the slab fragments. The slabs were in a good state of preservation; some had been restored to remove secondary precipitation phases [85]. In total, twelve microsamples from Cerveteri slabs (four black, three violet, three green/grey) and seventeen from Palatine Hill slabs (three black, one blue, two violet, seven red) were examined, selected to be representative of the color range observed on the architectural terracottas. Exploratory laboratory and in situ XRF and Raman analyses provided the basis for advanced investigations at synchrotron sources [85,86].



Samples were examined at the cultural heritage dedicated PUMA beamline [45] SOLEIL Synchrotron (Saint Aubin, France), where a KB mirror focuses the monochromatized X-ray photons into a spot of 5 µm × 7 µm on the sample plane. The measurements are performed in ambient air and room temperature. The XRF signal is acquired by an SGX Sirius SD silicon drift detector installed at 90° from the incident beam. A visible light microscope located perpendicularly to the sample surface allows micrometric visualization and navigation of the sample. During our XRF mapping, the samples were scanned at 18 keV with a step size of 10 µm using 0.5 s acquisition time per pixel. A flat area on the samples’ surface was selected and scanned in order to obtain reliable results and avoid spectral “artifacts” due to surface microroughness or morphological issues.



After XRF mapping, XANES spectra were collected on black and violet Mn-based layers in fluorescence mode, in specific microspots with 1 s/point acquisition time. For Fe K-edge, an energy resolution of 2 eV was chosen in the pre-edge range from 7.05 to 7.11 keV and in the post-edge zone from 7.16 to 7.4 keV. The area around the edge from 7.11 to 7.16 keV was scanned with higher energy resolution, in steps of 0.5 eV. For Mn K-edge, an energy resolution of 2 eV was used in the pre-edge range from 6.5 to 6.53 keV and in the post-edge range from 6.65 to 6.8 keV, while close to the edge from 6.53 to 6.65 KeV with an energy resolution of 0.5 eV/step.



XRD diffraction patterns were acquired at MCX beamline [87] of the ELETTRA-Synchrotron facility (Trieste, Italy). The powder patterns were collected in reflection mode, with an incident angle of about 5°. The samples were aligned to the incoming beam using a laser interferometer. Data were collected at room temperature using a monochromatic wavelength of 0.8266 Å (15 keV), on a 4-circle Huber goniometer equipped with a scintillation detector in the 5–50° 2θ angular range with a 0.01 step size and 0.5 s counting time. The experimental diffraction patterns were confronted with patterns present in the PDF-4 database using the program Sieve [91].



For both the PUMA and MCX beamlines, no sample preparation is required: measurements are made on the samples’ surface, selecting areas that are as flat as possible according to the incident beam.




2.2. Results and Discussion


2.2.1. The Case of the Manganese-Black Technique


The available literature on black decorations on Etruscan architectural terracottas carried out using routine laboratory or portable methods [86,88,89,90] indicate the use of Fe- and Mn-based pigments; different interpretations are proposed, namely, the use of manganese-black technique [92] or the use of natural pigments based on manganese and iron oxides [93]. The advantage of the manganese black technique lies in the possibility of obtaining the red and black color in a single oxidizing firing cycle, starting from a mixture of Fe-Mn oxides (probably hematite and pyrolusite) that forms a stable spinel-like phase, namely, jacobsite (MnFe2O4). In the past, different Mn oxides and hydroxides have been used to decorate artefacts; in these phases, manganese can have different oxidation states, which in turn depend on technical issues, especially firing conditions. Correctly characterizing or identifying manganese oxides by Raman spectroscopy can be complex [94,95]. Recent systematic studies on Mn oxides, incorporating a variety of methods, have additionally proposed valid approaches to solve identification problems by Raman spectroscopy [96]. However, it is necessary to consider the possible degradation of the sample due to the laser power and the difficulties of analyzing highly inhomogeneous samples in the absence of accurate mapping systems, which are sometimes difficult to obtain directly in situ or on microsamples.



In the study of chemical element speciation in mineral compounds, SR-µXRF mapping is a necessary step in the process to locate the distribution of chemical elements of interest and, thus, the areas over which absorption spectra can be collected.



In Figure 2a–c, SR-µXRF mapping of black pigments from Cerveteri and Palatine Hill shows the distribution of iron and manganese on the decorated pictorial layers; in the majority of the samples, manganese, present in the pigment layer, seems to be localized on the colored surface together with iron, which mainly comes from the background; on some spots pertaining to the pigment layers, Fe-Mn colocalization can be observed. SR-µXANES spectra at the Fe K-edge and Mn K-edge can, thus, be collected on the detected Fe and Mn spots. Looking at the SR-µXANES spectra (see Figure 2d,e), the pre-edge, post-edge, and edge features are slightly shifted with respect to the selected reference phases, namely, Mn-oxides (pyrolusite (MnO2), bixbyite (Mn2O3), and Fe-Mn spinel phases (jacobsite, MnFe2O4). In some cases, the pre-edge structure appears to correspond to hausmannite or jacobsite (e.g., Pal1 and L16), while the edge position and post-edge features are more closely related to pyrolusite. The not-perfect correspondence with reference Mn-based mineral phases selected as standards among those commonly found in archaeological materials [94] might be clarified by means of complementary SR-µXRD studies. In fact, in the case under consideration, SR-µXRD showed the presence of Mn-Fe spinel in all the black layers studied (Table 2, Figure 3); in some cases, iron and manganese oxides are still present as hematite and bixbyite, suggesting an incomplete transformation of the Fe and Mn oxide mixture, which depends on the firing temperature and the ratio of the two oxides in the raw material [92].




2.2.2. Looking at Pigment Grains: Stratigraphies or Mixtures of Hues?


An important example of mixing vs. superimposing layers is the case of purple layers in Etruscan painted terracotta; in fact, in the literature, the superimposition of layers has been suggested as a way of producing purple layers, namely, using azurite on red-hematite-based layers, as in the famous Etruscan slab from Guerriero di Ceri [88]. However, studies of wall paintings in Etruscan tombs in Tarquinia have shown a great variability in the production of violet layers, including the use of cinnabar, Tyrian purple, or red ochre [89].



In the examined case study, preliminary investigation of the violet pigments ruled out the presence of microstratigraphy. Instead, it revealed the presence of both red and black grains, for which the identity of the darker spots requires further investigation [89]. SR-µXANES spectra at the Mn K-edge (Figure 4d) collected on black grains show a pre-edge and an edge energy consistent with pyrolusite, while µXANES at the Fe-edge (Figure 4e) on red grains clearly show a pre-edge at energies of hematite, when compared to Fe2+, Fe3+, and Fe-mixed references. SR-µXRF maps show, furthermore, that the two elements are localized in different areas of the pictorial layer (Figure 4a,b). The SR-µXRD analysis reveals the presence of both hematite and pyrolusite, while in some cases also identifying Fe-Mn spinel (Table 3, Figure 5). Looking at the relationship between the violet areas and the decorative motif, it is plausible that violet had been deliberately obtained with specific mixtures that give back a violet shade, where hematite is associated with both pyrolusite and Fe-Mn spinel.




2.2.3. SR-µXRD for Solving Ambiguities: The Case of Blue and Green Pigments


Traditional noninvasive and nondestructive Raman and XRF methods are not always straightforward for the investigation and characterization of green and blue pigments [97,98,99]. The combination of SR-XRD and SR-µXRF data may provide insight. Spectrochemical and diffraction data maps collected on green and blue pictorial layers from Cerveteri slabs (Figure 6 and Figure 7) demonstrate the need to integrate different methods to obtain unambiguous results; in the case of green surfaces, chemical maps would suggest the use of green earth (mixture of hydrosilicate of Fe, Mg, Al, K) mixed with pyrolusite to darken the color, as confirmed by the presence of Mn-oxides from XRD data (Figure 8a), while Egyptian blue is clearly detected by XRD patterns and by colocalization of Ca and Cu in chemical maps (Figure 8b).






3. Conclusions


A review of the last decade of synchrotron X-ray applications to cultural heritage summarizes the wide range of applications and methods, highlighting the different types of painted artefacts that can be studied and the challenges of the different techniques, particularly with the benefit of optimized beamlines for cultural heritage materials across Europe. The preparation and handling of the sample, the sample environment, the sample dimensions, the type of study, and the use of different techniques, even at the same point of analysis, all depend on the resolution required for the research goals.



X-ray-based techniques are only a part of the possibilities offered by synchrotron sources for the study of CH materials and, in particular, for the study of pigments and painted surfaces. In fact, other synchrotron-radiation-based techniques such as Fourier-transform infrared (FTIR) and Raman spectroscopies provide complementary information with respect to X-ray-based methods; for example, FTIR and micro-FTIR spectroscopies (SR-FTIR and SR-µFTIR) have been used to identify pigments and dyes and study their degradation processes and compounds in easel paints, rock art, and wall paintings [59,66,100,101,102,103], as well as to study the coatings of artworks [104]. Additionally, synchrotron radiation Raman spectroscopy (SR-Raman), visible multispectral luminescence microimaging (SR-Deep-UV Excited μPL), and synchrotron ultraviolet Raman spectroscopy (SR-UV-Raman spectroscopy) have been successfully used for identifying a variety of pigments on different paintings [59,65,105].



The already achieved and the future upgrades of the European synchrotron radiation sources promise improved beamlines and techniques that will certainly help to resolve still complex or unsolved materials science questions.



The presented case studies on Etruscan and Early Roman painted layers from architectural terracottas provided an opportunity to explore the undoubted benefits of integrating techniques and methods to investigate different scientific questions that cannot be answered by traditional approaches. The combination of SR-XRF, SR-XRD, and SR-XANES techniques enabled exploring questions ranging from pigment grains to entire painted layers. Some questions have been resolved while others have opened up new research perspectives. In particular, the possibility of obtaining data at the microscopic level, taking advantage of the high brilliance of synchrotron sources, has provided a more detailed overview of the painting techniques used to obtain different shades, thus enriching the reference studies on the question of the black-manganese technique. It is noteworthy that only a combined approach, including chemical and structural analysis, has been able to trace the ability of Etruscan artisans to manipulate raw materials to obtain specific color effects, claiming the variety of technical solutions developed by the artisans. The research also invites the development of future studies focusing on the black-manganese technique, which could be fundamental for a better understanding of the Etruscan recipes for obtaining, in a single oxidation phase, the different shades of black and red, masterfully combined to create their typical vivid decorative motifs. Overall, the results obtained on the Etruscan and early Roman specimens showed similarities in materiality and pictorial techniques between the two sets of materials, confirming the proposed link between the workshops, namely, a relationship between the Roman slabs and the Etruscan Veii.
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Figure 1. (a) Example of painted terracotta from Cerveteri—slab L11 and details of painted areas showing the colors investigated: violet, black, white, red, and yellow; (b) example of painted terracotta from Palatine Hill—slab Pal13 and detail of the black tint investigated; (c) example of painted terracotta from Palatine Hill—slab Pal12 and detail of the violet tint investigated. 
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Figure 2. (a–c) Example of black layers (L11, L16, and Pal1) at microscope investigation and corresponding Fe and Mn maps (scale bars are 50 µm) collected over an area of 300 × 300 µm2 with 1 s acquisition time per pixel; (d,e) μXANES spectra collected on Fe K-edge and Mn K-edge on black spots. The black boxes on the visible images indicate the areas mapped by XRF. 
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Figure 3. SR-µXRD pattern collected at the MCX-Elettra Synchrotron Facility on sample Pal3, as an example of black pigments. 
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Figure 4. (a,b) Example of violet layers (L8 and Pal15) at microscope investigation with corresponding Fe and Mn maps (scale bars are 50 µm) collected on an area of 300 × 300 µm2 with 1 s acquisition time per pixel; (c,d) μXANES spectra collected at Fe K-edge and Mn K-edge on red and black spots, respectively, on different violet samples. The black boxes on the visible images indicate the areas mapped by XRF. 






Figure 4. (a,b) Example of violet layers (L8 and Pal15) at microscope investigation with corresponding Fe and Mn maps (scale bars are 50 µm) collected on an area of 300 × 300 µm2 with 1 s acquisition time per pixel; (c,d) μXANES spectra collected at Fe K-edge and Mn K-edge on red and black spots, respectively, on different violet samples. The black boxes on the visible images indicate the areas mapped by XRF.



[image: Heritage 07 00100 g004]







[image: Heritage 07 00100 g005] 





Figure 5. SR-XRD pattern collected at the MCX-Elettra Synchrotron Facility on sample Pal15, as an example of violet pigments. Diffraction pattern on the red grains. 
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Figure 6. Example of green layer (L12) at optical microscope investigation and corresponding XRF maps of Ca, K, Mn, Sr, Ni, Zn, and Fe collected at 18 keV over an area of 200 × 150 µm2 with 1 s acquisition time per pixel. Scale bars are 50 µm. The black box on the visible image indicates the area mapped by XRF. 
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Figure 7. Example of blue layer (SYM219) at optical microscope investigation and corresponding XRF maps of Mn, Ni, Ca, Rb, Sr, Cu, Fe, and Zn collected at 18 keV over an area of 200 × 200 µm2 with 1 s acquisition time per pixel. Scale bars are 50 µm. The black box on the visible image indicates the area mapped by XRF. 
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Figure 8. SR-X-ray diffraction pattern collected at the MCX-Elettra Synchrotron Facility on samples (a) L12 and (b) SYM219, as examples of green and blue pigments, respectively. 
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Table 1. List of European synchrotron X-ray beamlines suitable for cultural heritage (CH) applications, with the indication of available techniques and some practical and useful setup information.
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	Beamline
	Facility
	Country
	Energy Range [keV]
	Available Techniques
	Beam Size [µm]
	Sample Environment
	Applications





	PUMA
	SOLEIL
	France
	7–22
	µXRF, µXANES, µXRD
	5 × 7
	Air
	CH (70%), other (30%)



	LUCIA
	SOLEIL
	France
	0.8–8
	µXRF, µXANES
	2 × 3
	Vacuum
	Life sciences, materials sciences, CH



	Nanoscopium
	SOLEIL
	France
	5–20
	µXRF, µXANES
	0.03–1
	Air
	Life sciences, materials sciences, environmental science, geobiology, CH



	Psiche
	SOLEIL
	France
	15–100
	µCT
	1 × 1 *
	Air
	Geosciences, physics, chemistry, biology. CH



	ID21
	ESRF
	France
	2–11
	µXRF, µXANES, µXRD
	0.03 × 0.07
	Vacuum
	Life sciences, materials sciences, CH



	ID16B
	ESRF
	France
	6–65
	µXRF, µXANES, µXRD
	0.05 × 0.05
	Air
	Life sciences, materials sciences, CH



	ID22
	ESRF
	France
	6–80
	XRD, µXRD
	50 × 50–2000 × 1000
	Air
	Chemistry, physics, engineering, CH



	ID13
	ESRF
	France
	7–30
	µXRF, µXRD, SAXS
	0.1 × 0.1–20 × 20
	Air
	Materials sciences, physics, engineering, CH



	TwinMic
	Elettra
	Italy
	0.2–2.2
	µXRF, µXANES, STXM
	circular, diameter from 0.1 to 2.5
	Vacuum
	Life sciences, materials sciences, CH



	X-ray Fluorescence
	Elettra
	Italy
	2–15
	µXRF, µXANES,
	100–200
	Vacuum
	Life sciences, materials sciences, CH



	MCX
	Elettra
	Italy
	6–20
	µXRD
	300–2000
	Air
	Life sciences, materials sciences, CH



	Esca Microscopy
	Elettra
	Italy
	90–1200
	SPEM, XPS
	0.1–0.2
	Vacuum
	Life sciences, materials sciences, CH



	XAFS
	Elettra
	Italy
	2.4–25
	XAS, XANES
	2000
	Air
	Life sciences, materials sciences, CH



	SYRMEP
	Elettra
	Italy
	9–40
	µCT
	0.9 *
	Air
	Life sciences, materials sciences, CH



	I08
	Diamond
	UK
	0.2–4.2
	µXRF, µXANES, STXM
	circular, diameter from 0.1 to 2
	Vacuum, cryostat
	Life sciences, materials sciences, CH



	I13
	Diamond
	UK
	8–30
	µCT
	0.05
	Air
	Life sciences, materials sciences, CH



	I14
	Diamond
	UK
	5–23
	XRF, XRD, XANES mapping, ptychography
	0.05
	Air
	Life sciences, materials sciences, CH



	I18
	Diamond
	UK
	2–20.7
	XAS-CT, XRD-CT, XAS/XRF, XRD/XRF
	2 × 2
	Air or helium enclosure, He/N2 cryostat, sample heating
	Life sciences, materials sciences, CH



	B18
	Diamond
	UK
	2–35
	XAS/XRD, XAS/DRIFTSXAS/Raman, XAS/UV-Vis
	200 × 250
	Air
	Life sciences, materials sciences, CH



	NanoMAX
	MAXIV
	Sweden
	6–28
	µXRF, µXANES, ptychography
	0.05 to 0.2
	Air
	Life sciences, materials sciences, CH



	SoftiMAX
	MAXIV
	Sweden
	0.275–2.5
	µXRF, µXANES, STXM
	0.01 to 0.1
	Vacuum
	Life sciences, materials sciences, CH



	P06
	DESY
	Germany
	8–30
	nanoXRF, XAS, XRD, ptychography
	0.05–0.1
	Air
	Life sciences, materials sciences, CH



	P05
	DESY
	Germany
	5–50
	µCT
	≤0.1 *
	Air
	Life sciences, materials sciences, CH







* Achievable spatial resolution.













 





Table 2. Mineralogical phases detected by SR-µXRD at the MCX-Elettra Synchrotron Facility previously analyzed at the PUMA-Soleil Synchrotron Facility. In bold are mineral phases attributable to black pigments; the other mineral phases can be related to the painted architectural slabs, including clays, inclusions, and new-forming minerals.
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	Sample ID
	Mineralogical Phases (in Order of Relative Abundance)





	L1c
	Quartz, anorthite (Na-bearing, disordered),

melilite, Mn-Fe spinel (jacobsite; [MnFe]2O4)), clay minerals (illite, ?).



	L9
	Quartz, anorthite (Na-bearing), hematite,

Mn-Fe spinel (jacobsite; [MnFe]2O4), bixbyite (Mn2O3).



	Pal1
	Quartz, Mn-Fe spinel (jacobsite; [MnFe]2O4).



	Pal3
	Mn-Fe spinel (jacobsite; [MnFe]2O4)), quartz.



	Pal13
	Quartz, calcite, Fe-Mn spinel (jacobsite; [MnFe]2O4), gehlenite.










 





Table 3. Mineralogical phases detected by SR-XRD at the MCX-Elettra Synchrotron Facility previously analyzed at the PUMA-Soleil Synchrotron Facility. In bold are mineral phases attributable to violet pigments; the other mineral phases can be related to the terracottas, including clays, inclusions and new-forming minerals.
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	Sample ID
	Mineralogical Phases (in Order of Relative Abundance)





	L14
	Quartz, gypsum, illite, hematite, pyrolusite.



	L16
	Albite (Ca-bearing), quartz, gehlenite, Fe-Mn spinel.



	Pal12
	Calcite, Fe-Mn spinel, melilite.



	Pal15
	Hematite, MnOx (pyrolusite, MnO2, ?).
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