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Abstract

:

The paper illustrates the results of a non-invasive characterisation of pigments and their mixtures in the pictorial surfaces of the wall paintings (10th century) found in the Byzantine church of Palazzo Simi in Bari (Italy). The investigation techniques included portable digital polarised microscopy, fibre optic reflectance spectroscopy (FORS) and X-ray fluorescence spectroscopy (XRF). Data comparison supported the recognition of red and yellow ochres, green earth, vine black, minium and Egyptian blue. The presence of some pigment mixtures demonstrated the recurrence of specific technical expedient used by local medieval artists in order to simulate more expensive pigments, which enabled contribution to the understanding of the valuable artistic tradition of the Apulian Middle Age. Both for purposes of conservation and fruition of the site, which is not always accessible, and due to the complexity in taking suitable photographs for the representation of results, the latter was performed on orthophotos extracted from a digital photogrammetric 3D model of the whole archaeological site. By means of chromatic overlapped layers, an interactive compositional map of the pictorial surfaces was produced.
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1. Introduction


In the last 20 years, Apulian medieval and Renaissance wall paintings, studied widely and in-depth, both from an historical and artistic point of view, have been the subject of a thorough campaign of archaeometric and diagnostic investigation. This has produced interesting results on pictorial techniques, the modus operandi of local artists and raw materials, in terms of mortars, plasters, binders and pigments.



Research findings have revealed a chromatic palette composed mainly of natural mineral pigments, including ochres and earths, and organic blacks [1,2], in addition to less common pigments, among which are malachite, azurite, verdigris, massicot, minium, and even cinnabar and lapis lazuli [3,4,5,6,7,8,9].



In addition to what is generally observed in the wall painting tradition, the skilful ability of the local artists to blend two or more common and inexpensive pigments to create several hues and shades, especially to replace more expensive and rarer pigments, was highlighted. Examples of this creative expediency are extremely widespread in the region. Noteworthy is the use of carbon black mixed with small amounts of yellow and red ochre to replace more expensive blue pigments for the mantle of the Virgin Mary, the foremost figure in medieval painting [8].



Similarly interesting is a rather complex mixture mainly made up of red ochre, to which minium, cinnabar and realgar were added [4]. Another recipe found was based on the addition of verdigris and malachite to the green earth [4].



The colour rendering of pigments and mixtures was certainly influenced by other factors, including the quality and purity of the raw materials, the binder used as a dispersion medium and the grain size. However, no noticeable differences were observed in the regional wall paintings created via the use of frescos or lime painting techniques. The latter generally differ in the manner of depiction and in the thickness of the pictorial layer. In the frescos, the pigment is dissolved in water and applied to the still-wet plaster, creating a thin layer; instead, in the lime painting, the pigment is mixed with lime milk and painted on the dry plaster surface, creating a thicker layer than the previous case [10].



The need for and effectiveness of non-invasive approaches for the study of wall paintings and their constituting materials is widely reported in the literature and the choice of sustainable and low-impact strategies for the conservation of cultural heritage is now established. In addition, traditional, non-invasive investigation techniques, such as XRF [11,12,13,14,15,16,17], are becoming increasingly portable and effective, thanks to ever-growing databases. At the same time, other less consolidated techniques, such as FORS [4,18,19,20,21,22,23,24], are advancing in the characterisation of pigment.



Furthermore, recent studies have also highlighted the usefulness of portable digital microscopy both for a preliminary observation of pictorial surfaces and for morphological and dimensional characterisation of pigment particles for identification purposes [24,25,26,27].



A further challenge to improve the quality of the research and results from the investigations on pictorial surfaces is the introduction of digital technologies for their representation, visualisation and even sharing.



New digital technologies are currently involved in the field of cultural heritage, both for conservation and research purposes [28,29,30], and are proving to be efficient and appropriate to produce satisfactory results.



Among them, digital photogrammetry is a cheap and versatile reconstruction technique, and has had positive implications in the study and digital representation of any type of cultural heritage, i.e., archaeological [31,32] and inaccessible sites [33,34,35,36,37,38], underwater ruins [35] and small artefacts [39,40]. Moreover, in the field of scientific research, the digital products obtained can be useful not only for the virtual representation of an artwork but also in documentation [41], monitoring [42], in the analysis of states of degradation [43,44] and for material mapping [45,46,47,48,49].



This paper combines the results of the investigation carried out on the surface pictorial layers of the wall painting in the archaeological site of Palazzo Simi (Bari, Italy), based on a fully non-invasive, multi-analytic approach. The comparison of the observations under the portable polarised optical microscope, reflectance features obtained by FORS (fiber optic reflectance spectroscopy) and the chemical composition inferred by XRF analysis, has enabled the identification of the pictorial surface pigments.



Furthermore, the use of digital photogrammetry for the creation of a high-resolution 3D model was fundamental to depict the analytical data on specific orthophotos, free of aberrations or optical defects deriving from traditional photography used in very small spaces, and graphical errors due to the curved morphology of the painted surface.



Among the research aims, the most important is definitely the achievement of a cognitive framework on the materials used in the wall painting, in order to contribute to the reconstruction of its history and events, including previous retouching and restoration actions. These objectives also help in augmenting current knowledge on the pictorial materials used in the Apulian painting. On the other hand, thanks to the use of digital technologies, the paper aims to produce a digital survey for conservation and research purposes, as it can be remotely consulted, and to represent the data on a map, thereby introducing a more interactive and immediate approach to depicting the results.



Archaeological and Artistic Context


The studied wall painting is located in the church under the Palazzo Simi, currently the headquarters of the Authority for Archaeology, Fine Arts and Landscape for the metropolitan city of Bari, Italian Ministry of Culture. It is one of about 10 Byzantine churches discovered during the archaeological excavations carried out over time, and is bonded with the masonry built in later periods [50,51].



Not much information is known about the archaeological site, and even the saint to whom it was dedicated is unknown, although some archival sources have suggested a connection with St. Gregorio. The discovery of two coins—issued during the reigns of emperors Constantine II and (his wife) Zoe, and emperor Giovanni Zimisce, respectively [52]—proved that the church and the paintings can be dated to the 10th century.



The lowest part of the three apses of this small church with a Greek cross plan (about 10–11 m × 6 m), exhibiting the studied wall painting fragments, has been preserved. The wall painting depicts the lower part of four Byzantine bishops [53], wearing red and orange (first bishop, from the left to the right), pink and red (second bishop), blue (third bishop) and brown (fourth bishop), long tunics (sakkos) and long white stoles (omophorion), all decorated with red, pink, yellow, blue and green embroidery and fringes. The background of the painting is blue at the bottom and yellow at the top [50].





2. Materials


The two portions of the wall painting considered in this study are placed in the central apse, one on the left most part (painting A) and one on the right side (painting B). In the painting A, 21 measurement points were taken into account (called “sample” for convenience), specifically, 8 red areas on the side frame that defines the scene and on the clothes of the first and second bishops; 3 light and dark pink areas on their tunics; 2 yellows and 5 blues in the background of the depicted image; and 1 green and 2 whites on the stoles. In painting B, 16 measuring points were considered, namely 5 reds on the side frame and on the shoes of the third bishop; 2 brown areas on the bottom of the tunic of the fourth bishop; 2 greens and 1 white from the stole, 4 blues in the background and 2 greys from the tunic of the third bishop. A map of the measuring points is shown in Figure 1 and a detailed overview of the measuring points and techniques applied for each sample is reported in Table 1.




3. Methods


3.1. Optical Microscopy


For the microscopic observation of pigments included in the surface pictorial layers, the approach used by Fioretti et al. [27] was considered, thanks to which specific markers, such as chromatic, morphological, optical parameters (texture, size, colour, shape, rounding, gloss, edge, general appearance, relationship with the background), were evaluated.



For the microscopic observation of the painting, a Dino-Lite Edge Digital Microscope AM7915MZT was used. This is 10 cm long and is equipped with an automatic magnification ranging between 10 and 220×, a 5-megapixel resolution sensor, a light polariser, 8 switchable LEDs with infrared filter of >650 nm, an extended depth of field and an extended dynamic range system. All the photomicrographs were acquired by DinoCapture 2.0 software (Version 1.5.44) and improved by the white balance tool.




3.2. Reflectance Spectroscopy


The FORS spectral features of painted surfaces were evaluated by means of a custom system by Avantes. It comprised an AvaSpec-ULS2048XL-USB2 model spectrophotometer, an AvaLight-HAL-S tungsten halogen light source and a reflection probe FCR-7UV200-2-ME UV/VIS with a diameter of about 200 µm. The spectral resolution of the instrument was about 1.4 mm and the wavelength range was 200–1100 nm. The recording of spectra was between 300 and 950 nm. For the standardisation of the diffuse reflectance spectra, a WS-2 reflectance standard was adopted. Referring to the experimental condition, the working distance (probe-sample) was about 5 mm and the spot size was 2 mm. For the spectra acquisition, the system was set with 400 ms integration time, with 10 scans for a total acquisition time of 4 s for each spectrum. For the collection of data and their visualisation, processing and comparison with databases, Avasoft 8.0 and Spectragryph [52] software were used, respectively.




3.3. XRF


The composition of painting surfaces was measured, directly on air at room temperature, by a custom portable XRF instrument, made up of a Mini-X with Au target X-ray sources (40 kV and 95 μA) by AMPTEK inc. Bedford, MA, USA, and a silicon drift (SDD) XR-123 SDD detector (detection area of 25 mm2, thickness of 500 μm and Be windows (by AMPTEK inc. Bedford, MA, USA) of 12.5 μm. The resolution at 5.9 keV was 135 eV at room temperature. The X-ray beam and detector geometry was fixed at a 90° angle, allowing the reduction of the background on Compton scattering. The working distance, controlled by a laser interferometer, was 15 mm and the outgoing radiation was collimated in a 5 mm beam diameter at the sample surface. The acquisition time for each spectrum was 60 s. For the elaboration of spectra, Spectragryph [54] software was used (version 1.2.15, 2016–2020, developed by Dr. Friedrich Menges, Oberstdorf, Germany). Due to the limits in the element detection when the instrument works in the air, only elements with Z > 14 could be identified. Low counts of the characteristic emission Kα line of Ni, Cu and Zn were always present in the background of the acquired spectra due to the instrument components (slit and case). Considering the operating condition (40 kV and 95 µA), the target (Au) used, the working distance (1.5 cm) and the elements identified—assuming a composition similar to plaster for wall painting, due to the laws of absorption—the depth analysed was less than 300 µm, for, e.g., Fe [55]. The real situation was, of course, much more complicated, and depended on the pigment present and surface coating [56]. Nevertheless, the painting had only one pictorial layer, as had been observed with a microscope in the damaged parts, so the depth of X-ray penetration did not affect the pigment identification.



Looking at the relative intensities of the characteristic emission line for each element, it is necessary to emphasise that there was no relation with the chemical composition but that it resulted from the processes of the interaction-emission photon X-electronic shells of the considered elements.




3.4. Photogrammetric Survey


The 3D digital model of the apse containing the painting was performed by digital photogrammetry, following different experimental expedients, which allowed a reduction of the costs and working time of the survey, and the provision a satisfactory result [47,48,49]. For the photogrammetric survey of the complete site, including all the masonries of the apses, 925 photographs were collected by means of a Nikon D800 FX (34 MPx, Tokyo, Japan) camera with 800 ISO, equipped with a Nikkor 16 mm FX lens. For the painted surfaces, where a higher resolution of images was mandatory to achieve the aims of this research, a Nikkor 50 mm FX lens was used and 54 frames were captured. In both photogrammetric methods, a LED light (18 W, 5400 K) provided the illumination system. The shooting distance, both for the whole site and for the painted area, was about 1 m and the photo overlapping areas, both vertically and horizontally, were about 60%.



The two obtained digital surveys were easily merged, thanks to the positioning of virtual specific markers.



For the processing of the photo collection, Agisoft Metashape Professional edition software (version 1.4, Agisoft LLC, St. Petersburg, Russia) was utilised to create the 3D model. Starting from the obtained 3D model, the orthophoto (orthorectified photograph) showing the painting was extracted. Thanks to this approach, a high-resolution image of the painting was obtained, ensuring the removal of aberration effects and other optical flaws otherwise generated by a traditional photography or due to of the curved surface of the painting.



For the representation of results on the identified pigments, specific maps were created by means of Adobe Photoshop Professional edition software (version 1.4, Agisoft LLC, St. Petersburg, Russia).





4. Results


4.1. Microscopic Markers


The microscopic observation of samples under the polarised microscope revealed a secondary, more or less encrusted white layer. Referring to the pictorial layers, on the basis of the preliminary macroscopic and microscopic analysis to the naked eye and the definition of the specific microscopic markers [27] reported in Table 2, 10 different types of pigments or mixtures of pigments were recognised, the latter of which are shown in Figure 2.



The first red (red A) was specific to the orange-red side frame and included a very fine red pigment colouring the matrix, where coarser, round, opaque particles (25 µm) of the same pigment were scattered, then defining a bimodal texture referable to the natural red ochre [27,57,58,59,60]. The red B was identified on the lighter area of the tunics of the first and second bishops, while red C was found on the dark red decorations of their tunics and on the shoes of the third bishop. Both reds were composed of a red pigment, marked by bimodal texture due to a finer disperse fraction, and particles (20 µm) of the same pigment. In this case, the morphological features also suggested, the use of red ochre. The difference between red B and red C was due to the presence of black particles, with a tabular shape and a size of 5–15 µm in low amounts in the first case and a higher proportion in the second one. In both cases, the tabular aspect of the pigment suggested the use of vine black [27,61]. In addition, in samples corresponding to the red C, rare particles (20 µm) of a further red, translucent pigment were observed.



Two pink shades were identified on the tunic background of the first and the second bishops. Both pinks were characterised by an extremely fine red pigment, attributable to red ochre, in which rare, tabular black particles were dispersed. In the darker pink (pink A), these particles showed a size lower than 5 µm, whereas in the paler pink (pink B), their size varied between 5 to 20 µm. The black pigment, referable to vine black because of its microscopic features, was certainly more abundant than in pink A, and this would explain its darker colour.



On the tunic of the fourth bishop, the brown painting was composed of a very dark red pigment, with a bimodal texture, due to a finer fraction in the matrix and opaque, rounded particles (15 µm), which would appear to be red ochre. A black pigment characterised by a tabular shape and a size between a few to 10 µm, referable to the vine black, was added.



The yellow areas of the background of painting A were characterised by an irregular yellow and pink matrix, where yellow, opaque and rounded particles (<10 µm) and red, opaque and rounded particles (<10 µm) were dispersed. Such features suggest the use of a mix composed of yellow [27,57,58,59] and red ochre.



The microscopic observation of the green stole decorations highlighted a very fine green pigment where scattered opaque and rounded particles (<10 µm) of the same colour were well visible, referable to green earth [27]. Likewise, there were several recognisable fine particles (<10 µm) of a blue pigment, whose identification in this specific case cannot be made on the basis of the microscopic features.



The blue colour of the background of painting A was due to a black pigment showing fine particles (<10 µm), marked by tabular shape, and a very fine yellow pigment. Conversely, for the first pigment, the microscopic features suggested the use of vine black; for the yellow, an identification hypothesis cannot be given.



Additionally, regarding the grey paintings on the tunic of the third bishop, black, fine (<10 µm) and tabular particles mixed with a small amount of yellow, rounded and opaque particles (20 µm) were observed. They are likely to be vine black and yellow ochre, respectively.



For the white areas on the stoles, the microscopic analysis was not very indicative, as it did not enable the recognition of the pigment particles.




4.2. Reflectance Features


All the points observed by the microscope were analysed by FORS, and the results of which are summarised in Table 3. Results of FORS analysis indicated, for red A and red B (Figure 3a), two similar reflectance spectra characterised by an s-shape, a reflectance maximum centred at ~745 nm and an inflection point at ~580 nm, all ascribable to the red ochre [19,20,22,23,27]. Red C had a curve (Figure 3a) showing spectral features comparable to the previous case and to red ochre; however, it was marked by a shift of about 25 nm, both in the reflectance maximum (~720 nm) and in the inflection point (~565 nm). They are likely attributable to red ochre, as the shift was possibly connected to the mixing with black particles created by the artist for this pictorial layer [27].



Reflectance spectra of pink A and pink B (Figure 3b) were characterised by an s-shape and by a reflectance band at ~750 nm, indicating the use of red ochre [19,27,60].



For the brown pictorial layer, the curve (Figure 3c) displayed an irregular trend due to a swift increase in reflectance in the wavelength region between 500 and 600 nm, an inflection point centred at ~565 nm and a flattening after 600 nm, possibly attributable to the strong contribution of the black pigment in the mixture.



The reflectance curves of the yellow areas (Figure 3d) were marked by an s-shape and a maximum at ~770 nm, fitting the typical spectrum of yellow ochre [19,20,22,23,27].



The green colour curve (Figure 3e) showed the reflectance spectrum of green earth [27,62] characterised by a maximum at ~570 nm, even if two weak absorbance bands, the first between 600 and 680 nm and the second at ~750 nm, indicate the presence of Egyptian blue [63]. As expected, for grey, dark blue and white areas, the reflectance spectra did not point out specific spectral features and therefore, they were not useful for the pigment identification.




4.3. Elemental Composition


The XRF analyses were performed on 20 representative points, whose results are summarised in Table 4.



The presence in all the spectra of low traces of Au, Ni, Cu, Zn and Ar was connected to the instrument setup and traces of S were imputable to the presence of sulphates as degradation products already visible to the naked eye.



For red areas (red A, red B and red C), XRF spectra (Figure 4a) were highly comparable and showed peaks of Ca, Fe, Si and K, suggesting the occurrence of red ochre as the single pigment. A similar composition was found in both pink (pink A and pink B) and in yellow areas, where the predominant contribution of Fe should indicate the use of red ochre and yellow ochre, respectively.



Additionally, in the brown area, the presence of Ca, Fe, K and Ti are likely ascribable to the use of red ochre. In all these cases, traces of Ti, K and Mn are likely related to red ochre, which generally, together with the chromophore iron oxides, contains additional phases, such as anatase (TiO2) [64].



For green areas, XRF spectra (Figure 4b) showed peaks of Ca and Fe and traces of S, Si and a slightly higher peak of Cu than the other samples. The elemental composition likely indicates the use of green earth, and the Cu-based pigment could correspond to the Egyptian blue [63], as also highlighted in FORS spectrum. The very low intensity of the Cu peak is justified by the very limited quantity of blue pigment, already observed by the microscope.



Conversely, in the blue areas of the scene background, the composition of the pictorial layer (Figure 4c) was essentially due to Ca, Fe, Mn and K, suggesting the addition of a Fe-based pigment, possibly yellow ochre, as revealed in the microscopic observation. Even if the spectrum showed a copper peak, its low intensity and, especially, the clear absence of blue pigment particles under the microscope, would suggest that it was related to the instrument setup and not to the presence of a blue pigment.



A highly comparable spectrum was produced for the grey area, also in this case, revealing the use of a very limited amount of ochre in the black pigment. For the white paintings, XRF spectra revealed the presence of Ca as the main element, which could be ascribable to the plaster or to a Ca-based white pigment.




4.4. Visual Representation of Results


By means of the digital photogrammetric technique, the 3D model of the church (Figure 5) ruins was obtained, and two orthophotos of the two painted fragments (painting A and painting B) were extrapolated.



The digital product is undoubtedly an important milestone that has made it possible to overcome, among other things, the lack of useful space for taking photographs of curved painting surfaces. The result of the mapping, by overlapping graphic layers on the orthophotos, allowed the results to be represented graphically (Figure 6).





5. Discussion


The comparison of the obtained results enabled the identification of the pigments used in the fragments of the apse wall painting in the Byzantine church under Palazzo Simi. They are mostly common and inexpensive pigments, extremely widespread in the medieval mural paintings of the region [1,4,8], but more generally, in the Byzantine wall pictorial tradition [65,66,67].



Specifically, 11 different “recipes” were recognised, some consisting of a single pigment, others of two pigments mixed in different proportions in order to obtain different chromatic effects. The three red colours (red A, red B and red C), brown and the two pinks, used for the bishops’ tunics and for the side frames of the painting, were substantially composed of red ochre as the main pigment. It was easily recognised by optical microscopy due to its textural parameters, by FORS for the s-shape and for the absorbance peak at ~745 nm and by XRF for its typical chemical composition. Furthermore, although the unimodal texture of the red pigment found by microscopy in the pink layers (pink A and pink B) suggested the presence of hematite [27], the latter was definitively excluded due to the presence of typical ochre impurities revealed by XRF analysis.



The same composition was found by XRF on the yellow areas of the painting scene background, where the presence of yellow ochre was distinguished thanks to the absorbance peak centred at ~770 nm in the FORS spectrum and, clearly, thanks to optical microscopy.



In red, yellow, brown and pink areas, the presence of the black pigment was intentional, in order to darken the predominant colour; moreover, its absence in some areas (green, white and red A) should exclude the environmental origin (smoke from candles, dust, anthropic pollution) of the black particles.



The microscopic analysis of the green areas in the decorations of the stoles immediately brought to light the presence of a green pigment, referable to green earth, mixed with rare fine particles of a blue pigment. It was recognised as Egyptian blue, thanks to the FORS curve [63] and the presence of a slightly higher amount of copper than in the other samples. In this case, the contribution of microscopy was fundamental, making it possible to avoid erroneously attributing the presence of copper to a green pigment such as malachite [68]. The mixture consisting of green and blue Egyptian earth is not very common in the medieval paintings of the region, even though it was found in the Festoni Tomb in Taranto (Italy) [1].



In the blue and grey areas of the background and of the third bishop’s tunic, respectively, the FORS results did not provide useful indications to recognise the pigments, as curves appeared flat and diagnostic spectral features were missing. Conversely, thanks to the comparison of microscopic observation and XRF spectra, a black pigment showing blue shades (possibly vine black) and yellow ochre were identified. Furthermore, the higher amount of the black pigment in the blue areas than in the grey areas would explain the darker colour. The mixing of black and yellow pigments in different ratios was found elsewhere in the region, for example, in the St. Maria Veterana church in Triggiano (Bari, Italy) [4] and in the Santi Stefani crypt at Vaste (Lecce, Italy) [5], proving this modus operandi in the medieval local painting tradition. The XRF spectra of the white areas, corresponding to the bishops’ stoles, showed the sole presence of calcium, thus suggesting the hypothesis of a white pigment based on calcium carbonate or hydroxide [69] or the absence of a real pictorial layer, and that the decorations of the stoles were applied directly on the plaster.



The considered approach enabled the attainment of significant information on the chromatic palette used by the artists and contribution to understanding of the raw materials and of the modus operandi of the medieval wall painting tradition of the Puglia region. The portable microscope proved to be both very effective for a preliminary observation of the pictorial layers, and an excellent starting point for choosing and carrying out further investigation methods. Although FORS could be considered effective in the characterisation of pigments, among its weaknesses, it is worth mentioning the difficulty in evaluating more complex mixes of pigments and the poor efficacy for black and white pigments, which tend to have a flat spectrum. Similarly, portable XRF does not enable the evaluation the lightest elements, making it impossible to identify the pigments. However, the comparison of the results obtained from these three non-invasive methods proved suitable for identifying the raw materials used for the pictorial layers with good reliability.



Furthermore, this approach enabled the provision of information on the compositions of the most superficial layers of the wall paintings, although it is not useful for the characterisation of multi-layered paintings. In fact, for the stratigraphic analysis, destructive sampling and a more in-depth observation of the cross-sections under the reflected-light microscope are necessary. In this way, it is also possible to carry out detailed analyses on each pigment particle by using analytical techniques equipped with a microscope such as, for example, µRaman and SEM-EDS.




6. Conclusions


The non-invasive approach applied, based on the combined use of optical microscopy, FORS and XRF, made it possible to identify, for the first time, the pictorial materials used in the wall painting of the Byzantine church under Palazzo Simi.



Experimental data highlighted the presence of common pigments in the wall painting, especially from the Middle Ages of the Puglia region, including red and yellow ochres, green earth and vine black. Furthermore, some mixes of pigments confirmed the custom of artists, working locally at that time, to blend two or more common pigments to obtain specific chromatic tones.



The presented study first of all confirmed the importance of a preliminary observation through a portable microscope equipped with a polariser, which enabled the acquisition of general information on the pictorial surfaces, in terms of the morphology, shape, size and colour of the pigment particles.



Notably, the complementary quality of the three analytical techniques underlying the characterisation of the paintings, as in all cases, helped to resolve doubts and, very likely, to define the composition of the pictorial layers.



Finally, thanks to photogrammetry, a digital survey of the site was carried out both for dissemination and study purposes. In fact, the results obtained from the study on pigments were graphically represented on specific orthophotos extracted from the 3D model, thus facilitating the comprehension for non-experts and enriching the knowledge of this very valuable archaeological site in the city of Bari.
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Figure 1. A map of samples in painting A (a), and in painting B (b). 
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Figure 2. Representative photomicrographs of the 10 different pigments and mixtures observed in the pictorial surfaces, as reported in Table 2. 
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Figure 3. Representative FORS reflectance spectra for three reds (a), two pinks (b), brown (c), yellow (d) and green (e) areas of the painting. 
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Figure 4. Representative XRF spectra for red (a), green (b) and blue paintings (c). * indicates elements connected to the instrument setup. 






Figure 4. Representative XRF spectra for red (a), green (b) and blue paintings (c). * indicates elements connected to the instrument setup.



[image: Coatings 13 00996 g004]







[image: Coatings 13 00996 g005 550] 





Figure 5. Photogrammetric survey of the archaeological site apses. 
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Figure 6. Mapping of pigments and mixtures identified in the painting A (a) and B (b), obtained overlapping specific layers on the photogrammetric orthophotos. 
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Table 1. Sample names, grouped by colour, corresponding areas on the paintings and analysis methods (DM: digital microscope) carried out.
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Painting A

	
Area

	
Analytical Techniques

	
Painting B

	
Area

	
Analytical Techniques






	
Red

	
R1

	
Left side frame

	
POM, FORS, XRF

	
R9

	
Right side frame

	
POM, FORS




	
R2

	
1st Bishop, tunic decoration

	
POM, FORS

	
R10

	
Right side frame

	
POM, FORS, XRF




	
R3

	
1st Bishop, tunic decoration

	
POM, FORS

	
R11

	
3rd Bishop, shoe

	
POM, FORS, XRF




	
R4

	
1st Bishop, tunic decoration

	
POM, FORS

	
R12

	
3rd Bishop, shoe

	
POM, FORS




	
R5

	
1st Bishop, tunic decorative band

	
POM, FORS

	
R13

	
3rd Bishop, stole decoration

	
POM, FORS, XRF




	
R6

	
2nd Bishop, tunic decoration

	
POM, FORS, XRF

	

	

	




	
R7

	
2nd Bishop, stole decoration

	
POM, FORS

	

	

	




	
R8

	
2nd Bishop, tunic decoration

	
POM, FORS, XRF

	

	

	




	
Brown

	

	

	

	
BR1

	
4th Bishop, tunic background

	
POM, FORS




	

	

	

	
BR2

	
4th Bishop, tunic background

	
POM, FORS, XRF




	
Pink

	
P1

	
1st Bishop, tunic background

	
POM, FORS, XRF

	

	

	




	
P2

	
1st Bishop, tunic rim

	
POM, FORS

	

	

	




	
P3

	
2nd Bishop, tunic background

	
POM, FORS, XRF

	

	

	




	
Yellow

	
Y1

	
Scene background

	
POM, FORS, XRF

	

	

	




	
Y2

	
Scene background

	
POM, FORS

	

	

	




	
Green

	
GR1

	
1st Bishop, stole decoration

	
POM, FORS, XRF

	
GR2

	
4th Bishop, stole decoration

	
POM, FORS, XRF




	

	

	

	
GR3

	
4th Bishop, stole decoration

	
POM, FORS, XRF




	
Blue

	
B1

	
Scene background

	
POM, FORS

	
B6

	
Scene background

	
POM, FORS




	
B2

	
Scene background

	
POM, FORS

	
B7

	
Scene background

	
POM, FORS, XRF




	
B3

	
Scene background

	
POM, FORS, XRF

	
B8

	
Scene background

	
POM, FORS




	
B4

	
Scene background

	
POM, FORS, XRF

	
B9

	
Scene background

	
POM, FORS, XRF




	
B5

	
Scene background

	
POM, FORS

	

	

	




	
Grey

	

	

	

	
G1

	
4th Bishop, tunic decoration

	
POM, FORS




	

	

	

	
G2

	
4th Bishop, tunic decoration

	
POM, FORS, XRF




	
White

	
W1

	
1st Bishop, stole background

	
POM, FORS, XRF

	
W3

	
4th Bishop, stole background

	
POM, FORS, XRF




	
W2

	
2nd Bishop, stole background

	
POM, FORS

	

	

	











[image: Table] 





Table 2. Summary of observations by digital portable microscope, reporting distinctive parameters of each pigment. (*: naked-eye colour; n.v.: not visible; n.i.: not identifiable). For minor components, +: <5%; ++: 5%–20%; +++: >20%.
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Colour *

	
Sample

	
Attribution

	
Texture

	
D Moda (µm)

	
Colour

	
Morphology




	
Unpolarised Light

	
Polarised Light




	
Hue

	
Saturation

	
Brightness

	
Gloss

	
Hue

	
Saturation

	
Brightness

	
Gloss

	
Shape

	
Rounding

	
Edge

	
Appearence






	
Red A

	
R1, R9, R10

	
Red ochre

	
Bimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
25

	
red

	
medium-low

	
low

	
low

	
red

	
medium-low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
Red B

	
R2, R3, R5, R6, R8

	
Red ochre

	
Bimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
20

	
red

	
medium-low

	
low

	
low

	
red

	
medium-low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
Vine black (+)

	
Unimodal

	
5–15

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
Red C

	
R4, R7, R11, R12, R13

	
Red ochre

	
Bimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
20

	
red

	
medium-low

	
low

	
low

	
red

	
medium-low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
Vine black (++)

	
Unimodal

	
5–15

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
n.i. red pigment

	
Unimodal

	
20

	
orange

	
high

	
high

	
high

	
orange

	
high

	
high

	
high

	
massive

	
angular

	
sharp

	
intact




	
Pink A

	
P3

	
Hematite or red ochre (?)

	
Unimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Vine black (+)

	
Unimodal

	
<5

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
Pink B

	
P1, P2

	
Hematite or red ochre (?)

	
Unimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Vine black (++)

	
Unimodal

	
5–20

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
Brown

	
BR1, BR2

	
Red ochre

	
Bimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
15

	
red

	
medium-low

	
low

	
low

	
red

	
medium-low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
Vine black (+)

	
Unimodal

	
<10

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
Yellow

	
Y1, Y2

	
Yellow ochre

	
Bimodal

	
n.v.

	
yellow

	
low

	
low

	
n.v.

	
yellow

	
low

	
low

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
<10

	
yellow

	
low

	
low

	
low

	
yellow

	
low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
Red ochre

	
Bimodal

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
red

	
medium

	
medium

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
<10

	
red

	
medium-low

	
low

	
low

	
red

	
medium-low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
Green

	
GR1, GR2, GR3

	
Green earth

	
Bimodal

	
n.v.

	
green

	
low

	
medium

	
n.v.

	
green

	
low

	
low

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
<10

	
green

	
low

	
low

	
low

	
green

	
low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact




	
n.i. blue pigment

	
Unimodal

	
<10

	
blue

	
high

	
high

	
high

	
blue

	
high

	
high

	
low

	
massive

	
mixed

	
sharp

	
intact




	
Blue

	
B1, B2, B3, B4, B5, B6, B7, B8, B9

	
Vine black (+++)

	
Unimodal

	
<10

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
n.i. yellow pigment

	
Unimodal

	
<10

	
yellow

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.

	
n.v.




	
Grey

	
G1, G2

	
Vine black (++)

	
Unimodal

	
<10

	
black

	
medium

	
medium-high

	
high

	
black

	
low

	
low

	
low

	
tabular

	
angular

	
soft

	
intact




	
Yellow ochre (coarser fraction)

	
Unimodal

	
20

	
yellow

	
low

	
low

	
low

	
yellow

	
low

	
low

	
low

	
massive

	
rounded

	
sharp

	
intact
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Table 3. FORS spectral features of samples (*: naked-eye colour).






Table 3. FORS spectral features of samples (*: naked-eye colour).





	Colour *
	Sample
	FORS Spectral Features
	Attribution





	Red A
	R1, R9, R10
	~745 nm (max); ~580 nm (i.p.)
	Red ochre



	Red B
	R2, R3, R5, R6, R8
	~745 nm (max); ~580 nm (i.p.)
	Red ochre



	Red C
	R4, R7, R11, R12, R13
	~720 nm (max); ~565 nm
	Red ochre



	Pink A
	P3
	~750 nm (max)
	Red ochre



	Pink B
	P1, P2
	~750 nm (max)
	Red ochre



	Brown
	BR1, BR2
	~565 nm (i.p.)
	Red ochre



	Yellow
	Y1, Y2
	~770 nm (max)
	Yellow ochre



	Green
	GR1, GR2, GR3
	~570 nm (max); ~750 nm (min); absorbance band 600–680 nm
	Green earth + Egyptian blue
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Table 4. Elemental composition, obtained by XRF (+: major elements; -: minor elements; tr: traces), of samples (*: naked-eye colour).






Table 4. Elemental composition, obtained by XRF (+: major elements; -: minor elements; tr: traces), of samples (*: naked-eye colour).





	Colour *
	Sample
	XRF Chemical Composition
	Attribution





	Red A
	R1
	Ca (+), Fe (-), S (-), Si (tr), K (tr), Ti (tr)
	Red ochre



	Red B
	R6, R8
	Ca (+), Fe (-), S (-), Si (tr), K (tr), Ti (tr)
	Red ochre



	Red C
	R4, R11, R13
	Ca (+), Fe (-), S (-), Si (tr), K (tr), Ti (tr)
	Red ochre



	Pink A
	P3
	Ca (+), Fe (-), K (tr), Si (tr), Ti (tr)
	Red ochre



	Pink B
	P1
	Ca (+), Fe (-), K (tr), Si (tr)
	Red ochre



	Brown
	BR2
	Ca (+), Fe (-), Si (tr), K (tr), Ti (tr)
	Red ochre



	Yellow
	Y1
	Ca (+), Fe (-), K (tr)
	Yellow ochre



	Green
	GR1, GR2, GR3
	Ca (+), Fe (-), S (tr), Si (tr), Cu (tr)
	Green earth + Egyptian blue



	Blue
	B3, B4, B7, B9
	Ca (+), Fe (tr), K (tr)
	Yellow ochre



	Grey
	G2
	Ca (+), Fe (tr), K (tr)
	Yellow ochre



	White
	W1, W3
	Ca (+)
	–
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