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Abstract

:

The palette used on a small painting on copper support, with the inscription “Boceto di Pablo Veronese” on the back, was characterized. Non-invasive techniques such as X-ray diffraction (XRD) and hand-held X-ray fluorescence (XRF) were proven to be highly effective for this. The objectives of the proposed work were twofold. On the one hand, the objective was the study, in situ, of the pigments of a painting on a copper support. On the other hand, it was to enrich the literature related to the study of paintings on metal supports, since few related studies are available despite the relatively large number of such 16th and 17th century paintings from Italy and Northern Europe. The results of the analysis showed a copper support with a base layer of gypsum mixed with ochre earths. Atop this layer is a sketch with lead white in the lighter areas and bone black in the darker shadow areas, suggesting that the artist performed a preliminary study of the luminosity of the scene. Finally, the upper or pictorial layer consists of a mix of pigments with some lead white to lower saturation and increase lightness, particularly evident in the flesh tones. The resulting palette thus includes lead white, vermilion, bone black, Naples yellow, and lazurite pigments. These results are compared to Veronese’s other paintings, as well as to those of certain contemporary artists, and the use of the resulting pigments in 16th and 17th century Italian painting techniques is discussed.
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1. Introduction


In the last few decades, the study of the artist’s palette has become a focus of analytical interest, not only for the analyses of painting techniques but also for dating purposes. It is well known that the presence of anachronistic pigments, the use of which is only possible after their introduction into the market, may help to authenticate the authorship of a painting [1,2]. A thorough investigation requires the use of advanced and combined techniques to extract the greatest amount of information from paintings’ complex multilayers. In situ techniques have emerged in recent years, rapidly becoming indispensable for the non-invasive analysis of objects of artistic and historical value. X-ray-based techniques are a key focus of this study [3,4,5], particularly X-ray fluorescence (XRF) and X-ray diffraction (XRD). These have proven to be powerful tools for the non-invasive study of pigments in historical paintings, with a minimal impact on the artwork [4,5,6,7,8,9]. XRF can yield qualitative information on elements present in pigments through their key elements, and can suggest the possible provenance of materials based on their trace element patterns. However, the basic information it provides is often insufficient, and further investigation on how the elements are combined to form molecules and crystals is required. XRD is therefore the most reliable method for crystalline material identification, able to distinguish between two or more substances containing the same elements. The combination of XRD and XRF techniques is widely used given that they are complementary methods, either using hand-held XRF instrumentation for in situ measurements [10,11], for instance with a portable powder diffractometer [12,13], or, more recently, combining several techniques in a single instrument [6]. In addition, chemical molecular and elemental mapping can be obtained, offering conclusions on the areal distribution of pigments in any kind of pictorial artwork [14,15,16]. Most of the literature focuses on the spectroscopic technique’s application on canvas support, but fewer cases have been documented on other media such as copper or brass sheet metal [17,18,19,20,21,22,23,24,25].



This study characterizes the preserved pigments on a small oval-shaped painting on a copper support. This study represents the first phase of a broad investigation being conducted by our multidisciplinary team, which focuses on the material, historical-artistic study, and restoration of the painting, with the aim of connecting the painting to a historical period, a geographical region, a pictorial school, and, if at all possible, its authorship and attribution. Both the inscription referencing Veronese on the back and the use of a copper support lead us to compare the results of our preliminary study with the pigments and materials used by Veronese and other contemporary painters of 16th and 17th century Italy, especially in paintings created on metallic supports. In the present study, therefore, the objectives of the proposed work are twofold: on the one hand, through the combined use of non-invasive hand-held X-ray fluorescence (XRF) and X-ray diffraction (XRD) techniques we aim to establish the palette used by the artist; on the other hand, we aim to contribute to the literature on paintings on metal supports, since relatively few studies are available, despite the technique’s prevalence in 16th and 17th century Europe.



Painting on Copper Support


The use of copper as a support for oil paintings was most prevalent in the 16th and 17th centuries, first in Italy and then in the Netherlands [17,19]. Copper was similarly priced to wood panels, so it was an economic and readily-available option. Compared to panel painting, the preparation of copper was faster and needed less material, thus saving resources and time in an era of growing demand in the art market. In addition, the strength of the copper sheets made it possible to simplify the preparatory procedures of the supports (smoothing steps, and elimination of pores and irregularities typical of wood) and allowed them to work with glazes with drying oils, producing light and subtle shadows in transitions, as well as atmospheric depth [19]. Copper aged well and avoided biological attacks. However, according to some authors, these supports were quite difficult to paint, presenting serious issues with the adhesion of pigments. For this reason, it was essential to carry out correct preparation of the support [17,22,26]. Contemporary treatises mentioned in their texts that the use of aqueous substances in the preparations was discouraged to avoid the corrosion of the metal. Instead, they proposed the application of layers with oil and lead white applied with the fingers instead of a brush to leave an irregular surface. Other treatises mentioned an initial rubbing of garlic to facilitate the adhesion of the oil layer. In addition, other pigments could be added to the preparation (red earths or black pigments) to modify the hue and leave a final smoothing with the help of a brush [26]. To a lesser extent, oil and plaster were used in the preparation [23], although discouraged because of the reaction of the copper with calcium sulfate, creating copper sulfate. This component would affect the adhesion of the preparation layer [24].





2. Materials and Methods


2.1. The Painting on Copper Support Investigated


The painting is on a copper support in the shape of an oval with two axes of symmetry (major axis: 17.5 cm; minor axis: 13.5 cm), and the thickness of the painting (copper support and pictorial layers) is between 0.70 and 0.78 mm (Figure 1a). The theme of the painting is religious, representing the Sacred Family. The Virgin carries the Baby Jesus in her arms while removing a veil, observed from behind by a figure identified as Saint Joseph. The background is dark, and no architectural or botanical elements can be observed. An inscription is preserved on the back. The original text is shown in Figure 1b and the highlighted text of the inscription in Figure 1c. This text may refer to the authorship (by P. Veronese), or to a copy of Paolo Veronese, or to a work by his followers from his workshop or school.



The paint/copper interface formed between the lower layers of paint involves chemical, physical, and mechanical processes that are influenced by the environment. The copper support was affected by pitting degradation, which is a localized corrosion that produces small pits or holes in the metal [24]. In the areas where this corrosion had occurred, the preparation layer and the pictorial layer had disappeared. The surface of the paint layer displayed a darkened appearance due to the blackening of the protective varnish. At the perimeter of the painting, in the area covered by the frame, there had been a lightening effect of the varnish. The lack of saturation and brightness and the lack of varnish are due to its aged state. Although the painting must be varnished before it is framed, it must be re-varnished afterwards without being disassembled. It would be careless to re-varnish it solely to create a “paint refresher effect”, which increases color tonality while providing a smoother and brighter surface. The painting also presented scratches, small flaws, and micro-cracking, possibly created by the manipulation of the piece or by the natural drying process of the pictorial layer.



The painting is located in Spain and belongs to a private collection.




2.2. Analytical Techniques


2.2.1. Hand-Held X-ray Fluorescence (XRF)


X-ray fluorescence spectroscopy analysis was performed with a hand-held NITON XL3t GOLDD+ (Thermo Fisher Scientific, Waltham, MA, USA) with a silver anode (50 kV, 200 µA). The analyzer was fitted with a camera and with a suitably equipped Small Spot analyzer, with which the analysis could be restricted to a small area of the camera angle (3 mm). Before using the analyzer, we waited five minutes, allowing the instrument’s electronics to stabilize and run a system check to calibrate the detector and verify that it was operating according to the specifications. Spectra were collected using the measuring mode “test all geo”. The analyzer is equipped with four excitation filters (main, high, low, and light) that optimize the analyzer’s sensitivity for the various elements. Measurements of 30 s for each filter were set, which means that each spot analysis took about 120 s to complete. NITON Data Transfer (NDT©) software 6.1 was used to control the instrument and for data management and transfer.




2.2.2. X-ray Diffraction (XRD)


The X-ray diffraction powder method was used for the identification and semi-quantification of crystalline materials, in this case of paint pigments. The diffraction records were acquired directly from the painting’s surface using a BRUKER D8 DISCOVER diffractometer equipped with an air-cooled IµS Cu microfocus sealed tube (1 mA, 50 kV, Cu Kα line at λ = 1.5406 Å) and a PILATUS3R 100K-A detector. The results were analyzed using EVA v4.3 software.



The maps of the different pigments were obtained using the program SmART_scan, which statistically combines the color (RGB) from the visible image of the paint, the chemical information obtained via XRD, and the relative positions of the analyzed and unknown points of the paint, subsequently generating false-color maps that show the surface distribution of the pigments. The minimization of the Euclidean distance between the analyzed and unknown points in the multidimensional space throughout the whole painting allows for the creation of the maps [16].






3. Results


For the proposed analysis, some type of sampling was required, and we used in situ XRF and XRD analysis of thirty-four points from the front of the painting and three from the back in order to obtain information about the palette. Due to the penetrating nature of X-rays and the thinness of the pictorial and preparation (ground) layers on the copper support, the results of the analysis made from the recto of the painting (pictorial layer) also included data on ground layer elements, as well as the support, not just the outer layers. Thus, it was necessary to interpret whether the identified elements belonged to the support, to the composition of the ground layer, or to the pictorial layer.



Figure 2 shows the analyzed zones highlighted by points, on the front and on the back of the painting on copper support. One XRF spectrum representative of each color area has been selected, and is shown in Figure 3. For the sake of clarity, elements attributed to the support are not cited in the table, but the detected elements associated with the preparation layers and pictorial layer are collected in Table 1, following a color-based division by area, so that the corresponding number codes and the detected elements can distinguish between major, minor, and trace elements. The elements are listed from those detected in the internal layers through to those in the outer pictorial layer. Similarly, Table 2 shows the results of the semiquantitative mineral analysis of each spot, having removed the copper, and having normalized the calculated percentages to 100. Figure 4 includes five selected diffractograms, one for each of the grayish, flesh tone, blue, red, and dark areas.



As for the results of the XRD and XRF analyses, first the chemical nature of the support will be discussed, followed by the analysis of the chemical and mineral nature of the materials present on the ground, and finally the pigments present in the red, flesh tone, blue, grayish, whitish, dark, and brown areas. Since it was paramount to avoid damaging the painting, no samples were taken, and all the results were obtained solely from the use of non-invasive techniques.



3.1. Support


The XRF analysis of the support material was made on three random areas of the back of the plate (points 35, 36, and 37), showing the following elements: Cu as the major element, and traces of Sn, Pb, Ni, Fe, and Cl as minor components. These impurities were also detected in other studied paintings on copper supports [21]. XRD spectral data confirmed high-purity copper as the support and ruled out brass or other alloys. The Ag L lines originated from the scatter of the primary X-ray lines from the silver tube source, and the Ar K lines were associated with atmospheric XRF measurements. The chlorine signal in the spectra from the front and back of the painting could be attributed, as in many other similar artworks, to sheet copper corrosion typical of chloride-rich environments [27].




3.2. Ground Layer


In addition to the elements attributed to the support (Cu and traces of impurities not listed in Table 1), there was another group of elements that appeared in all the analyses carried out on the pictorial layer (points 1 to 34) that could be reasonably attributed to the composition of the ground layer, such as S, Ca, Pb, Fe, and Mn, the latter at trace level. Calcium and sulfur were related to the calcium sulfate used in this preparatory layer. Although the S-Kα line was too close to the L-lines of Hg and also to the Pb-M-lines, the identification of gypsum (CaSO4·2H2O) by X-ray diffraction in all the areas confirms its presence in the ground layer.



Some conclusions can be drawn from the histograms (Figure 5), considering only net areas greater than three times the statistical propagated deviation. All histograms presented the statistical propagated deviation bars, based on the repeatability study performed. This has drawn a line for the background signals of Mn, Fe, Pb, P, Ca, Sb, and Hg to differentiate between the elements present in all the analyzed areas and those that correspond to the pictorial layer. This signal helps to interpret the distribution of the materials identified in the present painting.



Besides gypsum, brown ochre (Fe and Mn) was unevenly dispersed. This conclusion can be drawn from the histogram (Figure 5a) showing a low and uniform manganese content in all areas, confirming its use in the ground layer. It should be added that traces of pyrolusite (MnO2) in the dark blue zone (point 7) are confirmed. Iron was detected as a major component, present throughout the painting (Figure 5b). Although the Fe signal from the brown ochre was indistinguishable from iron oxides due to the red pigment from the pictorial layer, the higher intensity of the Fe Kα line, particularly on the flesh tones and dark areas, could have confirmed its additional use in these areas.



Regarding the Pb X-ray fluorescence, a prominent line in all spots was observed, suggesting lead white pigment resulting from cerussite and hydrocerussite. Both mineral forms were confirmed in practically all areas of the figures of the scene, with the percentage of lead white being greater in the lighter areas than the darker ones. This correlates with the results obtained from the hydrocerussite map distribution shown in Figure 6c, providing a clearer image of the flesh tone areas. This observation is also fully consistent with the histograms showing the line count rates for each XRF analysis point (Figure 5). In Figure 5c,d in particular, corresponding to the intensity of Pb-Lα and Pb-Mα lines, higher intensity values of Pb-Lα can be appreciated compared to the lowest intensity Pb-Mα line. The Pb Lα/Pb Mα ratio shows values higher than those obtained in reference samples of lead white, previously made by our team for this purpose. This indicates, as per published research [28,29], that lead white is more abundant in the inner than in the upper layer. We can therefore conclude that the artist performs a preliminary study of the luminosity of the scene with the use of this white pigment. Nevertheless, in the flesh tone areas, the Pb Lα/ Pb Mα ratio is lower, suggesting that the artist uses a more abundant lead white pigment on the pictorial layer. XRD mapping (Figure 6c) confirms the hypothesis of the artist’s intention of lowering the color saturation of the pigments and increasing their lightness in the flesh tones.



All the results lead to the conclusion that the artist performed a preliminary study of the luminosity of the scene with the use of this white pigment. A sketch can be discerned above the ground layer, made with lead white in the highlights and some bone black in the dark or shadow areas. The use of bone black in the dark or shadow areas of the sketch, such as the Virgin’s breast, scarf, hair, Saint Joseph’s moustache, and the dark area (points 1, 11, 14, 18, 10, 20, 21, 22, 23, 24, 25 and 26), was confirmed by the XRF detection of P and Ca. The observation of the line count rate histogram of P-Kα and Ca-Kα for all measured spots (Figure 7a,b) clearly revealed P in the darkest areas of the painting, coinciding with a noticeable increment of Ca compared to other areas. This can be explained by assuming that, in addition to calcium sulfate in the ground layer, the excess of Ca is in the form of calcium phosphate (Ca3(PO4)2) in the darker regions of the pictorial layer. Finally, the use of bone black (C+ (Ca3(PO4)2) by the artist to modify the hues is confirmed by the apatite or hydroxyapatite found in these areas.




3.3. Pictorial Layer


	
Flesh tones






The pink tonalities of the flesh tones, as on the forearm, shoulder blade, cheeks, hand, knee, head, and belly (points 3, 4, 5, 12, 14, 16, 17, 19, and 24), were all characterized by the presence of Hg, S, and Pb, compatible with the use of lead white mixed with a low proportion of vermilion. According to the XRD results, both gypsum from the ground layer and hydrocerussite were main components in the diffractogram (removing copper), where their proportions were quite uniform in all flesh tones samples. This was not the case for point 14, measured on a darker flesh tone of Saint Joseph’s head, and, therefore, with a much lower proportion of white lead (hydrocerussite) in the ground layer.



Cerussite, cinnabar, and a crystalline phase of bindheimite were found to a lesser extent in the pictorial layer. This Sb-rich Naples yellow pigment is often added to mixtures of lead white and vermilion to soften the high whiteness of the Pb pigment in the flesh tone areas. This hypothesis is supported by the Sb-Kα line (Figure 7c), showing trace levels at all points except in the dark areas of the painting. The vermilion spectrum is dominated by the Hg L-lines. The count rate histogram of Hg-Lα for all measured regions provides evidence of the use of vermilion in the reds and flesh tones. Figure 7d shows the histogram of the Hg-Lα line, with some peaks of exceptionally high Hg intensity when compared to other spectra measured in the same color. The resulting molecular distribution maps made it possible to distinguish pigments in the painting, such as vermilion, lead white, and lazurite (Figure 6).



	
Red color






There was evidence of the use of vermilion mixed with lead white and some yellow Naples pigments in the reddish colors of the Virgin’s breast, forearm, and sleeve (points 1, 2, 27, and 28), and peaks were found of Hg, Pb, and Sb. The cinnabar map (Figure 6a) displays firm evidence on the reds and flesh tones. It suggests the presence of iron oxides in addition to vermilion in these areas due to the major content of Fe observed via XRF. As described above, some bone black was incorporated into the mixture to provide darker and browner hues.



	
Blue color






The blue areas of the Virgin’s mantle (points 7, 8, 25, and 26) were interpreted via XRD, such as the lazurite mineral, the main constituent of lapis lazuli, in association with traces of silicaceous minerals such as phlogopite, muscovite, and feldspar (between 13% and 37%). The feldspar peaks can be distinguished at point 26, with difficulty due to the size of Figure 4, at 25.6°, 27.0°, and 29.7° of 2θ (not labeled in the figure).



It highlights that two areas located in the dark zone (21 and 29 points) show a notable presence of lazurite (51.2% and 60.0%, respectively) (Table 2), indicating an intentional addition of this pigment to obtain the darker tone, as discussed later.



	
Grayish color






The grayish color (points 11,18) was achieved by mixing lazurite and lead white and traces of vermilion applied in a smooth layer as a glaze. This way of applying the paint, in very thin coats, reveals the tonality of the previous undercoats. In addition, hydroxyapatite was detected in the darkest zone along with Si compounds.



The grayish color was achieved by mixing lazurite, hydrocerussite, cerussite, and traces of cinnabar applied in a smooth layer as a glaze. This way of applying the paint in very thin coats impacted the tonality of the previous undercoats.



	
Whitish color






Regarding the whitish color, it contained a high proportion of lead white (between 38.1% and 62.3% of hydrocerussite) and to a lesser extent calcite at the edge of the blouse and on both of the Virgin’s hands (points 9, 15). Moreover, traces of bindheimite and cinnabar on the tunic of the Baby Jesus (point 13) were detected, likely due to transparency revealing the flesh tone under the robe layer.



	
Brown and dark color






It should be noted that the dark areas at the top, left, and next to the lower left edge of the painting (points 10, 21, 22, 23, and 29) contained bone black (P and Ca, hydroxyapatite), lead white (hydrocerussite and traces of cerussite), vermilion, and, in points 21 and 29, a significant proportion of lazurite. Figure 6b confirms the rest of the lazurite in the dark areas at the top of painting, as well as traces of vermilion.



Regarding the brown color on Saint Joseph’s moustache and the Virgin (points 6 and 20), almost negligible amounts of cinnabar, bindheimite, and hydrocerussite were observed. An analysis of P and excess Ca via XRF, and apatite and hydroxyapatite via XRD confirmed bone black in this area. No lazurite was detected in the brown area.





4. Discussion


In the present study, X-ray diffraction analysis (XRD) and hand-held X-ray fluorescence analysis (XRF) were used for the phase and elemental analysis of the pigments, respectively, on a small painting on a copper support. Its small size allowed it to fit into the XRD equipment, and the use of a hand-held XRF facilitated the in situ analysis.



The analysis showed a copper support, upon which gypsum was extended and mixed with an ochre earth pigment. Over this, a sketch using lead white and bone black suggested that the artist performed a preliminary study of the luminosity of the scene. Atop this were the pigments mixed with some lead white to lower the saturation and increase the lightness, as seen particularly in flesh tones.



Our research focused on comparing the pigments and materials used by Veronese and other contemporary painters of 16th and 17th century Italy, especially on paintings created on metallic supports. Both the inscription referencing Veronese on the back of this painting and the use of a copper support led us to explore its authorship and date.



Regarding the use of a metallic support, artists working in Venice during the Italian Renaissance period, such as Federico Barocci, Carlo Saraceni, Veronese, and other contemporaries, all did so on occasion [20,25,29,30]. Although Veronese painted predominantly on canvas and in large sizes [29,31,32], he also experimented with different types of supports and sizes, as can be seen in the Pietá and Saints [30], one of very few altarpieces anywhere painted on a copper support.



The ground layer over copper was mainly made up of gypsum, although mixed with some ochre earth pigment, providing a light coloring to this layer. This tinted ground has been found in three allegorical paintings by Veronese [32], as well as in other contemporary painting precursors of colored ground layers from the 15th to the mid-18th century [33,34]. The most common ground layer used for painting on copper support is lead white with some red earths or black pigments to modify the hue [24]. Gypsum ground layer has been found in the current painting but has only been detected in a few studies on copper supports [23]. The gypsum ground layer was more frequently used on canvases in the 16th and 17th centuries, and was less recommended on copper support because of the reaction of the metal with calcium sulfate, and the formation of copper sulfate, which affects the adhesion of the preparation layer [24].



The XRF and XRD results suggest a sketch over the ground layer that the artist created using lead white and bone black to outline the lights and shadows of the scene. It has been reported that the Italian painter Carlo Saraceni, from the beginning of the 17th century, also used dark areas without lead white to highlight the optical effect of the copper’s natural tonality [25]. It is also known that Veronese made a very refined sketch, worked the chiaroscuro, deepened his study of color, and applied light impastos with innumerable transparencies.



The resulting palette contains lazurite, vermilion, brown earths, bone black, lead white, and Naples yellow pigments, mixed with some lead white to lower the color saturation value of the pigments and increase their lightness value. The identified color palette includes high-quality, high-priced pigments such as vermilion and ultramarine blue. These pigments are common in the palette used by P. Veronese and have already been identified in other studies [29,30,31,32]. These pigments are also common to painters of the Venetian school, along with lake red, lead white, lead-tin yellow (I), lead-tin yellow (II), orpiment, realgar, earth, azurite, enamel, and copper malachite resinate [33,34], although in this case study not all of these pigments are present, as it is a small painting with a reduced palette. During the 16th century, the city of Venice was a center of economic and commercial exchange and painters such as Tintoretto, Veronese, and others had access to these materials [35,36]. Lead antimonate yellow (Naples yellow) enjoyed its highest popularity in Europe from 1600 to 1800 [37] but it had not been described in the literature as a pigment used by the artists mentioned. Nevertheless, in the present painting, traces of bindheimite mineral were confirmed via XRD analysis, in addition to the absence of Sn. Consequently, no lead-tin yellow pigment was present. Synthetic variants of lead yellows were developed due to interests in glass and ceramic colors from very early times, and were later used as pigments for wall paintings, easel paintings, polychromies, and manuscript decorations. Lead, tin, and antimony yellow (known as Naples yellow) were used at the same time as other very similar lead yellows, such as lead yellow type II and tin yellow and lead antimonate yellow, in 17th century Italian paintings. The crystalline structure of Naples Yellow is similar to that of the mineral bindheimite, known and used as early as the 16th century BC. C. Cennini mentions the term “giallorino” in a generic way for all those yellows used in Italy in which there was lead, so it is difficult to identify and delimit the use and appearance of this Naples Yellow compared to other lead yellows [38,39]. By means of Raman spectrometry, it has been possible to differentiate and identify Naples Yellow in 17th century Italian paintings, specifically in works by Giovanni Battista Langetti and Luca Giordano [39].



Areas affected by copper oxidation degradation known as pitting were observed (Figure 2, points 30–34). This degradation could have been caused by the loss of preparation and the pictorial layer that exposed the copper support, later being affected by humidity and oxygen. Following analysis, the composition of the superficial faults detected by the XRF was identical to those of the support (Table 1). The lack of paint layers could be due to the adhesion problems that a ground layer with gypsum can cause [36]. Another hypothesis is that the pitting was the cause of the loss of the pictorial layers. The deformation of the support under manipulation could have caused excessive tension, causing the detachment of the paint.




5. Conclusions


The present study of a painting on copper support aims to unveil the palette used by the artist. The research carried out represents an advancement in the knowledge on paintings on metal supports, as this area is in need of more studies. Avoiding sample extraction, non-invasive techniques such as X-ray diffraction (XRD) and hand-held X-ray fluorescence (XRF) were proven to be highly effective. Moreover, it has been proposed that the stratigraphic design of the painting is more compatible with the results obtained in the XRF and XRD studies. Unfortunately, no in situ Raman signal could be obtained from any areas of painting due to the fluorescence phenomena. Although the painting had the inscription “Boceto di Pablo Veronese” on the back, this study has no intention of attributing this painting to the brush of Veronese, but instead simply aims to compare the materials used and the hypothesized artistic technique with other paintings of artists from the Italian Renaissance period. Veronese’s ability to innovate and experiment with format, size, pigments, and supports is well known, as is that of Veronese’s followers who participated in the innovations of the artist’s final years. As such, the precise authorship of this painting is difficult.



This study is an initial approach to understanding the historical period and geographical area of the origin of this painting, via the study of the materials used and their distribution in the pictorial layers, without damaging it. The advanced scientific and historical-artistic studies of the painting that our multidisciplinary group (heritage restoration, art historians, mineralogy, optics, computer science and chemistry) is currently carrying out will help to formulate a hypothesis about the authorship and dating of the painting.
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Figure 1. (a) Frontal photographs of the painting on copper support; (b) back of the painting with inscription; (c) back of the painting with the highlighted text of the inscription. 
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Figure 2. (a) Front and (b) back of the copper painting showing the points analyzed using both hand-held XRF and XRD techniques. 
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Figure 3. XRF spectra corresponding to the following areas: (a) Point 27—red (Virgin’s blouse over right breast, light area); (b) Point 18—greyish (Virgin’s lock of hair over right breast); (c) Point 10—dark zone (shadow area above Virgin’s head); (d) Point 4—flesh tone (Virgin’s right shoulder blade); (e) Point 7—blue (Virgin’s right arm sleeve). 
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Figure 4. XRD diffractograms corresponding to the following areas: (a) Point 11 (Virgin’s scarf over left shoulder); (b) Point 12 (Virgin’s right cheek); (c) Point 10 (Above the Virgin’s head); (d) Point 26 (Virgin’s mantle next to Baby Jesus’s left leg); (e) Point 27 (Virgin’s breast, light area). [Gy = gypsum, Hy = Hydrocerussite, Ap = Hydroxyapatite, Ci = Cinnabar, Ce = Cerussite, Bi = Bindheimite, Laz = Lazurite, Cu = Copper]. 
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Figure 5. Line count rates histogram showing the net area for each analyzed point, determined via XRF. 
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Figure 6. XRD mapping of each mineral with a color code: (a) cinnabar (correlated with red saturation); (b) lazurite (correlated with blue saturation); (c) hydrocerussite (correlated with white intensity). 
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Figure 7. Line count rates histogram showing the net area for each analyzed point, determined via XRF. 
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Table 1. Elements identified via XRF associated with the ground and pictorial layers of the painting on copper support. (M) major, (m) minor, and (tr) trace elements.
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Table 2. Percentage calculated of mineral phases in all the points analyzed, removing copper.
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Colour

	
No.

	
Minerals Detected *




	
Gy

	
Hy

	
Ce

	
Ci

	
Laz

	
A

	
Ap

	
Bi

	
Si

	
H

	
Ca






	
Red

	
1

	
32.0

	
21.0

	
4.6

	
12.8

	
-

	
13.6

	
-

	
1.6

	
14.4

	
-

	
-




	
2

	
19.5

	
9.5

	
4.9

	
65.2

	
-

	
-

	
-

	
1.0

	
-

	
-

	
-




	
27

	
25.7

	
-

	
7.2

	
90.4

	
-

	
-

	
-

	
2.4

	
-

	
-
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31.4

	
-

	
4.9
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-

	
-

	
-

	
-

	
-

	
-
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44.0
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2.0

	
-

	
-
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-

	
-
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7.4

	
-




	
5

	
44.0
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6.0

	
-
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-
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-

	
-
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12

	
29.6

	
49.3
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4.5

	
-

	
-

	
-

	
6.0

	
-

	
-
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3.2
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6.5

	
-

	
-

	
-
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-

	
-

	
-




	
16
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33.2
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11.0

	
-

	
-

	
-

	
4.4

	
-

	
-
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17

	
47.9
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22.8

	
4.4

	
-

	
-

	
-

	
3.0

	
-

	
-
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26.9
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3.9

	
-

	
-

	
-
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-

	
-
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9.0
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-

	
-
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-

	
-

	
-
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-
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-
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-
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-

	
-

	
-
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-
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4.0

	
-
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-

	
-

	
-
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-
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Grayish
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15.3

	
-
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-
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5.5

	
2.9

	
15.2
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-
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-
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62.3
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-

	
-

	
-

	
-

	
-

	
-

	
-
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39.0

	
41.0

	
12.5

	
3.0

	
-

	
-

	
-

	
4.5

	
-

	
-

	
-




	
15

	
26.0

	
38.1

	
12.2

	
-

	
-

	
16.0

	
-

	
-

	
-

	
-

	
7.7
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10

	
54.0

	
-

	
3.0

	
2.5

	
-

	
-

	
25.5

	
-

	
15.0

	
-

	
-




	
21

	
48.6

	
23.1

	
7.6

	
-

	
51.2

	
-

	
-

	
-

	
18.0

	
-

	
-




	
22

	
50.0

	
13.0

	
5.0

	
2.0

	
-

	
-

	
30.0

	
-

	
-

	
-

	
-




	
23

	
53.0

	
9.9

	
6.4

	
2.1

	
-

	
-

	
28.6

	
-

	
-

	
-

	
-




	
29

	
10.6

	
5.0

	
2.0

	
1.1

	
60.0

	
-

	
-

	
-

	
21.3

	
-

	
-




	
Brown.

	
6

	
68.0

	
10.0

	
5.0

	
3.0

	
-

	
12.6

	
-

	
1.4

	
-

	
-

	
-




	
20

	
59.1

	
7.4

	
-

	
3.6

	
-

	
-

	
27.7

	
2.0

	
-

	
-

	
-








* Semiquantitative analysis; Gy = gypsum (CaSO4·2H2O), Hy = Hydrocerussite (Pb3(CO3)2(OH)2), Ce = Cerussite (PbCO3), Ci = Cinnabar (HgS), Laz = Lazurite ((Na,Ca)8(Al6Si6O24)(SiO4, S, Cl)2), A = Apatite (Ca5(PO4)3(OH, F, Cl)), Ap = Hidroxyapatite (Ca10(PO4)6(OH)2), Bi = Bindheimite (Pb2Sb2O6O), Si = Silicates (Phlogopite (K(Mg,Fe,Mn)3Si3AlO10(F, OH)2), Feldspar (KAlSi3O8), Muscovite (KAl2(AlSi3O10)(OH)2), H = Hematite (Fe2O3), Ca = Calcite (CaCO3).
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