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Abstract

:

In this work, four artworks dating from the 19th century by Brazilian painters Firmino Monteiro, Henrique Bernardelli, and Eliseu Visconti were analyzed by MA-XRF. Pb-L, Fe-K, and Hg-L were the main elemental maps obtained in all paintings. In the artworks of Henrique Bernardelli and Eliseu Visconti, maps of Cr-K and Co-K were also obtained. These results indicate that these Brazilian painters from the 19th century used few pigments to create their paintings, with the different hues coming mainly from ocher pigments. Using correlation image methods, no intentional mixtures of pigments made by the painters were found. These results indicate that the three painters used similar materials and techniques for preparing their pigments. These similarities are confirmed through statistical analysis by non-negative matrix factorization (NMF). In this method, it was possible to verify that the main bases of the contribution of the data registered in each artwork are the same. The analysis also revealed that one of Eliseu Visconti’s paintings had an underlying painting, and another artwork by Eliseu Visconti contained a golden pigment with Cu and Zn. These results have helped art historians and conservators understand the creation process of Brazilian artists in the 19th century.
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1. Introduction


The scientific analysis of cultural heritage artifacts has expanded in recent years. The expansion of research in this field is directly related to technological development, which allowed the creation of portable instruments of different analytical techniques [1,2]. These techniques allow in situ and non-destructive analyses with great accuracy [3,4,5,6]. Among the methods applied in this field of investigation, X-ray fluorescence (XRF) stands out, as it has a simple instrumentation and can be used to study various types of cultural heritage artifacts [7,8,9,10,11,12].



XRF has great prominence among analytical techniques due to its ability to perform in situ and non-destructive analysis of elemental composition, including liquids and solids. Furthermore, advancements in technology have made portable XRF instruments increasingly accurate and easy to use, leading to its widespread adoption by researchers from diverse fields of study [13,14,15,16,17,18,19,20]. These modern instruments allow accurate and precise analysis of the elemental composition through an acquisition of a few seconds.



XRF is a well-established method based on the ionization of the atoms which make up a specific material when irradiated by a primary beam of X-rays. These ionized atoms emit photons, which contain information about the nature and abundance of the constituents elements present in the material [21,22]. As an elemental analysis technique, the characterization of pigments by XRF is based on the identification of specific key elements in the spectra associated with the color observed in the visible layer of the painting [14,23,24,25].



In cultural heritage, X-ray fluorescence (XRF) can be applied to various types of artifacts beyond paintings. For example, it can be used on vitreous artifacts to characterize elements directly associated with materials mixed with silica paste, which provide rigidity and color to the matrix [20,26,27]. Another application of XRF is in the analysis of metallic artifacts. XRF can be used to determine the oxidation state of the surface of alloys and the thickness of gilding layers on metallic sheets [28,29,30,31]. Ceramics also are a commonly studied artifact, and X-ray fluorescence (XRF) allows for the detection of ceramic paste and investigation of the migration routes of the producing civilization [10,32,33,34].



It should be noted that X-ray fluorescence (XRF) is a method that allows for elementary qualitative and quantitative analyses with wide applications in various fields of study. An example of qualitative analysis would be its use in identifying the content of certain elements, such as iron, in living organisms [35,36]. A typical application of XRF is the detection of environmental pollutants in soil [37]. These diverse applications are made possible by the instrumentation of XRF experiments, which typically do not require sample preparation and can be performed by positioning the system a few centimeters from the sample.



The Macro X-ray fluorescence scanning (MA-XRF) technique is a variation of X-ray fluorescence (XRF) and has greatly expanded the investigation of cultural heritage artifacts [38,39,40,41]. This method allows obtaining images of the elements present in the chemical matrix of the artifact. This method allows for obtaining images of the elements in the chemical matrix of the artifact and is widely used in the investigation of artworks, providing information about their conservation state and creation process [42,43,44,45,46]. Currently, there are commercial portable MA-XRF systems available with affordable instrumentation [47]. However, a challenge in this experiment is generating a high volume of data, which can be approached by different methods such as image correlation and statistical methods [48,49].



It should be noted that elemental mapping is a variant of XRF performed through a system composed of an X-ray tube and a detector mounted on a motorized platform, making it possible to map the elemental distribution of small areas (micro-XRF) or large surfaces (MA-XRF), as well as painting [39,40,50]. The information obtained in this study is essential in the investigation of pigments applied just below the visible painting layer of an artwork, thus revealing hidden information such as modifications made by the artist, overlapping of pigments, and restorations in the surface. In this way, the results obtained by the distribution of pigments in the pictorial layer provide a unique perspective on the artist’s creative process and the history of conservation/restoration of a given painting [43,51].



There is not much literature on the use of MA-XRF to investigate Brazilian artworks. Most works that report the investigation of underlying layers of Brazilian paintings are based on X-Ray Radiography (XRFF) images. An example is described in the work of Calza et al. [52] who, when analyzing the painting “Gioventù” (1898) by the artist Eliseu Visconti using XRR, found traces of a complete study developed for the painting “Recompensa de São Sebastião” (by the same artist, dated 1897) under the surface paint layer. Another example of a Brazilian artwork studied by XRR is “O Homem Amarelo” (1915/1916) by artist Anita Malfatti, developed by Campos [53], whose result revealed traces of underlying layers of paintings associated with abandonment. It is essential to point out that in both cases, in addition to the radiographic images being helpful in conservation and restoration, the identification of underlying paintings are also “markers” of these artworks, as it will be difficult to reproduce them containing all these details.



In this work the MA-XRF technique was utilized to examine four 19th-century artworks by Brazilian painters: one painting each by Firmino Monteiro and Henrique Bernardelli, as well as two by Eliseu Visconti. These artists had previously had their color palettes analyzed through XRF point analysis [52,54]. However, it is fundamental to carry out more studies to deepen the knowledge of the creative process of these artworks. The results of this study are also fundamental to expanding the literature on the investigation of Brazilian artworks by MA-XRF. Through the results obtained in this study, it has been possible to investigate the similarities between the materials used by the three painters. The results of the characterization of the palettes indicate that the painters used few pigments. To verify this similarity between the MA-XRF datasets and the materials present in the paintings, a statistical study was carried out using non-negative matrix factorization (NMF). These results contribute to the expansion of knowledge about Brazilian painters of the 19th century and support research by art historians and conservators. The work also shows a methodology to discuss similarities between MA-XRF data.




2. Materials and Methods


The analyses by MA-XRF were performed in a portable system CRONO model by Bruker, which allows scanning at once an area of 60 cm × 45 cm [47]. The elemental maps were collected with the X-ray tube of Rh anode operating with a current and voltage of 200 µA and 40 kV. Collimators manufactured in brass with diameters of 1 mm and 2 mm were used in the primary beam of the tube. A silicon drift detector (SDD), model DANTE and developed by XGLab (Milano, Italy), was used for data collection, with an active area of 50 mm2 and a resolution of 130 eV for Mn-Kα energy. Spectra were collected at every 1 mm or 2 mm of the paintings for 40 ms, the scanner moving at 20 mm/s or 40 mm/s speed. With the system operating at a 10 mm distance from the analyzed object, with the 1 mm collimator, it is possible to reach a lateral resolution of 1.6 mm. The collected data cubes were analyzed using PyMca and Datamuncher [55,56]. Figure 1 shows an image of the MA-XRF instrument operating in the investigations of one of the artworks. More information about the experimental setup of the equipment used in the analyses can be seen in detail in the manuscript by Alberti et al. [47].



In the 19th century, the National School of Fine Arts was established in Brazil. Today, it is known as the School of Fine Arts at the Federal University of Rio de Janeiro. Henrique Bernardelli and Eliseu Visconti were instructors at the school, and Firmino Monteiro was a student. In this study, we analyzed the following paintings: “Vercingetorix diante de Júlio de Cesar” (1855–1888) by Firmino Monteiro; “Volta do trabalho” (1878–1886) by Henrique Bernardelli; and “Gioventú” (1898) by Eliseu Visconti. These three works of art from the late 19th century are part of the National Museum of Fine Arts collection in Rio de Janeiro, Brazil, where the first headquarters of the National School of Fine Arts was located. Additionally, the 1908 painting “A poesia e o amor afastando a virtude do vício” (1908) by Eliseu Visconti was also studied. This work is in the collection of the Municipal Theater Foundation in Rio de Janeiro, Brazil. It is the sketch for the painting on the theater’s proscenium, which Eliseu Visconti also painted. The analyzed artworks are shown in Figure 2, Figure 3 and Figure 4.




3. Results


The elemental maps of each data cube were constructed through evaluation by fitting the spectrum of each pixel, which forms the cubes. The fitting models were created using the sum spectra of each cube’s pixels obtained in the painting’s measurement. The fitting models were elaborated between the region of 1 keV to 16 keV using the PyMca software [55]. The evaluation by the fitting method performs a deconvolution of the spectra, allowing the capacity to obtain more precise elemental maps because the method allows verifying the contribution of each element in cases where peaks overlap—for example, in the case of K lines potassium (≈3.33 keV) and L lines cadmium (≈3.40 keV), which overlap. The method also allows deconvoluting cases of overlapping of Kβ and Kα lines. This situation is common in consecutive periodic table elements such as chromium/manganese and iron/cobalt. The elemental maps were displayed in grayscale, where the dark regions represent the smallest area integrated into the cube in the fitting process. On the other hand, the higher intensity of gray corresponds to a greater area of the elements integrated into the data cube.



Figure 5, Figure 6, Figure 7 and Figure 8 shows Pb-L and Fe-K elemental maps predominant in artworks. The Pb-L maps indicate the presence of lead as the main pigment in all paintings. The lead pigments such as lead white ((PbCO3)2·Pb(OH)2) are commonly used in the paint how ground due to the drying and sealing properties [11]. This pigment is commonly found in matrices of paintings, especially after the 20th century [57]. It can be mixed with other pigments when used as ground and in the pictorial layer. Therefore, in spot XRF analyses of paintings, the presence of Pb in the spectra is common; however, one challenge is verifying whether the element comes from a superficial or underlying layer. One of the methods to investigate the position of this element in the painting would be through the differential attenuation of the characteristic X-rays, which is based on the study of the Pb-Lα/Pb-Lβ ratios to determine whether the pigment with Pb is in the layer pictorial or ground [58,59,60,61,62,63]. However, the method requires theoretical knowledge and sometimes requires an approach that employs XRF data simulations. This verification is facilitated through elemental maps, as the use of lead as the ground is confirmed by Pb-L images, which indicate the presence of the element in the entire scanned area. However, in this analysis, the use of lead in polychrome should also be considered, especially in regions of hue tone such as flesh. Another piece of information from the Pb-L maps is the possibility of verifying ground loss. This situation can be visualized in the Pb-L images, which appear mainly in Figure 5 of Firmino Monteiro’s work where black areas are seen, which indicate the absence of lead pigment. Through the Ca-K maps, it is possible to confirm these detachments of the pigment with Pb since the Ca-K images are explicitly located in these black regions of the Pb-L map.



The painting “Gioventú” by Eliseu Visconti, a peculiarity is also seen in the Pb-L map (Figure 7). In this artwork, it is possible to visualize the sketch of another figure close to the head, indicating the reuse of the canvas. This sketch has already been evidenced in the work of Calza et al. [52], who investigated painting by radiography. The sketch is related to the artist’s painting “Recompensa de São Sebastião” by Eliseu Visconti, dated 1897, with dimensions 218.8 cm × 133.9 cm. This repainting indicates that Eliseu Visconti reused his canvases, a pattern seen by European painters such as Van Gogh, where analysis of artworks by MA-XRF also verified repaintings [64,65]. One hypothesis for the presence of this repainting was the possibility that Eliseu Visconti carried out an initial study for the painting “Recompensa de São Sebastião”, which is a methodology used by Brazilian painters such as Victor Meirelles (1832–1903), who painted artworks of significant dimensions and initially made smaller sketches of oil paintings.



The Fe-K map is present in large areas in all the paintings. For example, in Firmino Monteiro’s painting, the Fe-K map (Figure 5) appears associated with regions with red and brown hues. From the Fe-K map, it is possible to observe elements not visible in the painting (Figure 2), such as the spears in the soldiers’ hands. In Henrique Bernadelli’s artwork, the Fe-K map (Figure 6) is highlighted, especially in the regions of green hue, while in Eliseu Visconti’s artworks, Fe-K maps (Figure 7 and Figure 8) appear in the regions of green, yellow, and blue hues. The Fe is the key element of different pigments, such as red ocher (Fe2O3+ clay+ silica), yellow ocher (FeOOH), green earth (K[(Al,Fe3+),(Fe2+,Mg](AlSi3,Si4)O10(OH)2) and Prussian blue (Fe4[Fe(CN)6]3) [66]. These results indicate that these three Brazilian painters used Fe-based pigments as the main material in their palettes. Ocher pigments such as hematite (Fe2O3+clay+silica) have been widely used in paintings since prehistoric times, as this pigment comes from natural sources, being an abundant type of material [67]. The green earth pigment originates from minerals such as mica, glauconite, and celadonite, which have free ions of Al, Fe, and Mg, and have a high brightness [68]. This pigment is commonly found in Roman murals in the city of Pompeii. One of the most famous sources of this pigment was near Verona, Italy [69,70]. The Prussian blue pigment is an artificial pigment that was synthesized in 1704 [71].



Another elemental map on all artworks is the Hg-L, always associated with regions of a red hue. The Hg is a key element of the vermilion pigment or the natural form of cinnabar (HgS) [11,72]. Figure 6 shows the Hg-L map of the painting “Volta do Trabalho” by Henrique Bernadelli. In the image, it is possible to visualize the Hg-L related to red hues such as the carnation of the personage. One of the challenges in investigating this pigment is to determine whether it has a natural or synthetic origin, for which the presence of minerals such as quartz (SiO2), calcite (CaCO3), and pyrite (FeS) can be analyzed, which commonly accompany the mineral cinnabar [72]. Determining the synthetic or natural origin of HgS is essential to understand the degradation processes of this pigment, which is sensitive to light and when in its natural form, modifies the structure of the mineral cinnabar (α-HgS) to the metacinnabar phase (β-HgS), which has a black hue [73,74]. However, to carry out this approach, it is necessary to use multiple techniques, such as Raman and Fourier transform infrared spectroscopy.



The results conclude that the palette of the three artists has significant similarities. A tool that can be employed to investigate these similarities further is multivariate statistical tools such as Principal Component Analysis [15,75]. This statistical approach can also be performed in the case of MA-XRF data, as each pixel in the image corresponds to a spectrum. In this case, the multivariate statistical approaches make it possible to obtain standards in the datasets since the number of spectra acquired in the MA-XRF measurements is superior to the different materials in the paintings. Because of this, similar spectra are repeated several times in the spectroscopic image data cubes. Furthermore, identifying these repeated data can signal patterns that bring information about the mixture of pigments adopted by the artist, which may be a characteristic of his palette, with a substantial probability of being repeated in different artworks [49,76].
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To investigate the patterns repeated in the painting data cube, multivariate statistical analysis by non-negative matrix factorization (NMF) were performed. The theoretical background of this method is based on factoring data cube matrix      V  n × p       into two non-negative matrices in this analysis. Being a call of the base      X  n × k       will contain information on the most relevant elements for that group, which are the most repeated spectra in the datasets. Another matrix      Y  k × p       already contains information on intensities and pixels for each base [49,77]. Equation (1) illustrates the factoring process involving these matrices.



The NMF, such as Principal Component Analysis (PCA), indicates similar groups in the datasets. In the case of images, the bases constitute groups of the combination of elements, which occur more frequently in the formation of images. However, the NMF differs from the PCA because the base information does not have negative values. In this work, the NMF process was carried out through routines available in the PyMca software [55]. The NMF method tool from PyMca was applied with the analysis range limited to 0 keV to 20 keV. The software was selected to conduct the NMF process, factoring in 10 different bases. The results show that the first base of each dataset of MA-XRF of the paintings represents more than 90% of the data variance. This suggests that the first component has a significant impact on the representation of each painting’s MA-XRF dataset. Figure 9 shows the first base of the data cube of each painting. It is possible to verify that the combination of Fe-K and Pb-L elements form them in all bases. It is worth noting that the other components, accounting for the remaining 10% of the variance, also always include a combination of Fe and Pb with other elements. This result confirms the prevalence of Fe- and Pb-based pigments in the artwork of these three Brazilian painters in the 19th century, confirming the similarity in the painters’ pigment palette.



Eliseu Visconti’s paintings presented the most variety of bases, with combinations of elements beyond Fe and Pb. The presence of pigments with other elements had already been visualized by MA-XRF maps, where images of Cr-K, Co-K, Cu-K, and Zn-K were obtained. These elements can be correlated to pigments such as green chromium oxide (Cr2O3), cobalt blue (CoO.Al2O3), or cobalt green (CoO.nZnO) when associated with Zn and the blue pigment azurite (Cu3(CO3)2(OH)2). These type of pigments were found in the artwork of Calza et al. [54] when investigating paintings by different Brazilian painters of the 19th century. However, it is essential to point out that these maps appear in isolated regions, and Pb-L, Fe-K, and Hg-L maps are predominating in the paintings.



In the painting “A poesia e o amor afastando a virtude do vício” by Eliseu Visconti, a golden region of the painting (Figure 4B) stands out, where maps of Cu-K and Zn-K are visible. To determine a correlation between these maps, scatterplots were created by correlating pixel intensities. These scatterplots are developed by correlating the intensity of the same pixel in two images. Each point on the graph corresponds to the pixel’s intensity in the Cu-K and Zn-K maps. In this work, the Cu-K vs. Zn-K scatterplot (Figure 10) was created using routines from Datamuncher software [56]. In the Cu-K vs. Zn-K scatterplot, a linear trend region is seen, which indicates the presence of brass in the pigments [78]. The correlation image in cyan color highlights the linear trend points corresponding to the golden region of the painting, indicating that this hue is a result of the presence of brass pigment. Therefore, this golden hue is due to the presence of the pigment with brass. Another region of Zn-K without correlation is seen in the graph, indicating probable areas of restoration carried out with zinc white (ZnO) pigment. In all paintings, Zn-K maps were obtained in isolated regions, which can be associated with retouching regions. These correlation tests were performed on MA-XRF datasets of all artworks, but no relevant scatterplots were obtained, which referred to the mixed pigments. The absence of these image correlations reinforces the use of few pigments in the artists’ artworks.




4. Discussion


From the results, it was possible to verify that the Brazilian painters of the 19th century Firmino Monteiro, Henrique Bernadelli, and Eliseu Visconti had limited access to materials. The base palette is mainly composed of iron-based pigments, such as red ocher (Fe2O3 + clay + silica), yellow ocher (FeOOH), Prussian blue (Fe4[Fe(CN)6]3), and earth green (K[(Al,Fe3+),(Fe2+,Mg](AlSi3,Si4)O10(OH)2). Therefore, the hue variations seen in the artworks were likely achieved by mixing pigments.



In Eliseu Visconti’s paintings, different pigments in some regions were observed. In the painting “A poesia e o amor afastando a virtude do vício”, the use of a pigment containing brass was characterized. In the “Gioventú” painting, a sketch of another famous work by Eliseu Visconti was also seen. It is noteworthy that Eliseu Visconti frequently traveled to Europe, where he had exchanges with other painters and access to various materials. This exchange with European painters explains the use of materials other than Pb and Fe pigments in his works.



Through this study, it was possible to gain a better understanding of the materials used by Brazilian painters of the 19th century. The results of this work are significant in terms of expanding knowledge of the materials used by Brazilian painters. Additionally, this information will assist art historians and conservators in comprehending the creative process of Brazilian painters from the 19th century. It is crucial to highlight that Henrique Bernadelli and Eliseu Visconti were instructors at the National School of Fine Arts in Brazil and had a significant impact on Brazilian painters of the 20th century. The results of this study will be useful for future studies on Brazilian painters of the 20th century. The outcomes of this study will also benefit future researchers who aim to study Brazilian paintings from the 19th century using other analytical techniques such as Fourier Transform Infrared Spectroscopy (FTIR).



Regarding the data analysis conducted in this study, it highlights the importance of utilizing methods such as statistical analysis and image correlation to gain further insights into the MA-XRF data. For instance, the use of NMF revealed that Pb and Fe were the elements with the most substantial contribution to the matrix of the paintings. NMF also confirmed the similarity of the pigments used by different painters in their artworks. Image correlation, which generates a scatterplot and correlation image, clearly demonstrated that the golden region of the painting “A poesia e o amor afastando a virtude do vício” was created using a brass pigment. It is worth mentioning that image correlation tests were performed on data from all paintings, but no noteworthy results were obtained. The need to carry out approaches to investigate patterns in MA-XRF datasets is highlighted. In addition to reducing the analysis time, this methodology allows for a more straightforward verification of the materials, which are most repeated in the datasets.



The results present in this one are also essential to understand the exchange between Brazilian painters of the 19th century and European painters. It is noteworthy that this exchange was also common during the 20th century, where Brazilian painters from the modernist period, such as Tarsila do Amaral made regular exchanges in Europe. Therefore, the results of this study open the possibility of investigating the European artistic schools which most influenced Brazilian painters of the 19th century. The presence of few pigments on the painters’ palettes is an indication that in Brazil in this period there was no local production of pigments, which makes this material expensive to acquire.



It highlights the need to deepen the knowledge of these paintings, which can be accomplished by applying other analysis techniques, such as microsamples analyses by spectroscopic methods. In these analyses, it would be possible to determine, for example, the molecular composition of pigments. In this case, the images by MA-XRF make it possible to screen which regions need to be deepened by microanalyses. For example, in the case of the “Vercingetorix in front of Júlio de Cesar” by Firmino Monteiro, it would be interesting to study the restored regions. In the painting “A poesia e o amor afastando a virtude do vício” by Eliseu Visconti, it would be possible to investigate the pigment composed of Cu and Zn and its influences on the environment, which can lead to the phenomena of degradation of pigments.
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Figure 1. The module which contains the X-ray tube and detector of the MA-XRF system used in the analyses. 
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Figure 2. Firmino Monteiro, “Vercingetorix diante de Júlio de Cesar”, 1855–1888, dimensions (211 cm × 161 cm), National Museum of Fine Arts/collection, Rio de Janeiro. 
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Figure 3. Henrique Bernadelli, “Volta do trabalho”, 1878–1886, dimensions (170 cm × 300 cm), National Museum of Fine Arts/collection, Rio de Janeiro. 
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Figure 4. Eliseu Visconti, “Gioventú”, 1898, dimensions (65 cm × 49 cm), National Museum of Fine Arts/collection, Rio de Janeiro (A); Eliseu Visconti, “A poesia e o amor afastando a virtude do vício”, 1908, dimensions (170 cm × 85 cm), Municipal Theater Foundation/collection, Rio de Janeiro (B). 
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Figure 5. Pb-L and Fe-K elemental maps of painting “Vercingetorix diante de Júlio de Cesar” by Firmino Monteiro. 
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Figure 6. Pb-L, Fe-K, and Hg-L elemental maps of painting “Volta do trabalho” by Henrique Bernadelli. The images were obtained from a 65 cm × 45 cm region of the painting. 
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Figure 7. Pb-L and Fe-K elemental maps of painting “Gioventú” by Eliseu Visconti. On the Pb-L map, an underlying painting is shown. 
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Figure 8. Elemental maps Pb-L and Fe-K of painting “A poesia e o amor afastando a virtude do vício” by Eliseu Visconti. 






Figure 8. Elemental maps Pb-L and Fe-K of painting “A poesia e o amor afastando a virtude do vício” by Eliseu Visconti.



[image: Qubs 07 00009 g008]







[image: Qubs 07 00009 g009 550] 





Figure 9. First base obtained in the analysis by NMF of the MA-XRF data of the paintings. Firmino Monteiro (A); Henrique Bernadelli (B); “Gioventú” from Eliseu Visconti (C); “A poesia e o amor afastando a virtude do vício” from Eliseu Visconti (D). 
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Figure 10. Scatter plot Cu-K vs. Zn-K of painting “A poesia e o amor afastando a virtude do vício” by Eliseu Visconti. 
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