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Abstract

:

Two paintings by the Neapolitan Renaissance painter Colantonio were studied with two non-invasive techniques to enrich the technical–scientific documentation. Infrared reflectography (IR) and x-ray fluorescence (XRF) analyses were performed on Saint Jerome in the studio and Saint Francis delivering the Rule, paintings preserved in the Museo e Real Bosco di Capodimonte. The IR scanning was performed to look beyond the visible layers of the paint for the preparatory drawings and pentimenti, or changes made during the painting process. The XRF technique was applied in many points to determine the elemental composition and enable the identification of pigments and materials used in paint and in the preparatory layers. Elemental XRF mapping was also carried out on a region of particular interest. Results provide an initial overview and hypothesis of color palette and techniques used by the artist.
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1. Introduction


During the twentieth century, critical studies [1,2,3,4,5,6] claimed that the paintings Saint Jerome in the studio and Saint Francis delivering the Rule, today in the Museo e Real Bosco di Capodimonte (Naples, Italy), were made by Colantonio, a Neapolitan Renaissance painter. According to the literary study of the sixteenth and seventeenth centuries, it is likely that the painter was trained between the end of the fourth and the beginning of the fifth decade of the fifteenth century, when Renato d’Angiò reigned in Naples. There is general consensus among critics in considering that Saint Jerome in the studio is the first part of the ‘Cona degli Ordini’, which was created probably following a Flemish model of Saint Jerome in the studio of the Lomellini lost triptych by Van Eyck. This is based on the testimony of the humanist Bartolomeo Facio in the Neapolitan collection of the sovereign Alfonso of Aragona in 1456. Furthermore, in Saint Jerome in the studio attributed to Colantonio, critics have identified elements of the Flandro-Provençal style of the painter Barthelemy d’Eyck, who was probably in Naples at the court of King Renato d’Angiò. The influence of the Provençal master is evident in the plastic construction of the figures and in the shelves full of books that punctually refer to those painted in the triptych of the Annunciation of Aix. Compared to Saint Jerome in the studio, Saint Francis delivering the Rule shows more of the influence of Hispano-Flemish culture, particularly the Valencian culture of Jacomart, official painter of Alfonso of Aragona since 1442. The painting has long been attributed to him.



In the present study, the two paintings were analyzed using the IR and XRF techniques with the aim of studying Colantonio’s painting technique.



Looking beyond the visible layers of a painting adds to the technical and scientific documentation of a work and sheds light on the artist who produced it. Nowadays, there are many scientific techniques [7,8,9] that provide insight into the nature of pigments and constituent materials or the identification of the preparatory drawing, pentimenti, or changes [10]. An in-depth study not only reveals the history of the object investigated, but possible criteria on conservation and restoration choices can emerge as well [11]. When sampling is impracticable, it is necessary to apply non-invasive techniques such as infrared reflectography (IR) and x-ray fluorescence (XRF) [12].



IR technique is a successful non-invasive method based on infrared light penetrating deeper than visible light [13]. It provides images useful for analyzing the underdrawings of paintings, if made with carbon-based materials, and the pentimenti or changes made during the painting process [14], including painting’s restoration. They become visible through the contrast that is produced between the materials used (pigments and/or inks) and the preparation of the support (the wooden boards in the case of Colantonio’s paintings). Infrared reflectography detects the electromagnetic radiation reflected from an object with a wavelength greater than 750 nm. Unlike visible light (wavelength is between 400 nm and 750 nm), it is able to detect preparative layers of a painting because the materials from which the pigments are made have optical properties; therefore, they are more transparent to IR [15]. The more reflective the preparatory layer of the painting (the so-called ‘primer’), the greater the reflection of the infrared component of the radiation incident on the painting towards the camera lens [16,17].



XRF technique is a widely used method for noninvasive and nondestructive preliminary screening [18,19]. It allows the investigation in point mode or by scanning the paint surface (MA-XRF), to identify chemical elements (not compounds) by acquiring X-ray fluorescence spectra [20,21]. Many measurements can be easily made because the measurement times are relatively short (a few tens of seconds); many instruments are portable, which means they avoid moving the artwork away from where it is exhibited. The technique is limited by skill in identifying light elements that are characteristic of organic materials such as lakes; therefore, the integration with other non-invasive techniques can be useful [22]. Quantitative analysis is also difficult because the measured intensities of the fluorescence lines related to an element depend on several factors such as the accompanying elements (matrix), the shape and thickness of the analyzed sample, and measurement conditions [23] but semi-quantitative results can give important information. XRF data can be subjected to various statistical processing methods such as principal component analysis (PCA) and the k-means method, which allow the identification of groupings using elemental concentrations, intensity of the fluorescence lines and full spectra [24,25].



Common and divergent elements in underdrawings of the two panels emerge from the IR analysis, and hypotheses on color palette and materials can be made through XRF analysis. It is noteworthy that the following contribution uses only some investigation techniques and fails to provide detailed information on the construction technique and the material conditions of the two paintings. Therefore, this is the first study to use IR and XRF to investigate the two paintings. Further insights will come from other ongoing and planned analyses.




2. Materials and Methods


In Summonte’s letter to Michiel (1524), Colantonio is presented as the greatest Neapolitan painter of the 15th century. The humanist reports that in the Aragonese age, the painting in vogue was the Flemish one and since Giotto’s arrival in Naples, Colantonio was the only important Neapolitan artist in the 15th century whose style followed ‘the work of Flanders’ [1].



2.1. Materials


Niccolò Antonio, known as Colantonio, was the main Neapolitan painter of the 15th century and protagonist of the southern Renaissance, capable of making a synthesis between the Flemish model and its Mediterranean variants [26]. This is shown by panel paintings Saint Jerome in the studio (tempera on wood, 125 × 151 cm2) and Saint Francis delivering the Rule (tempera on wood, 176 × 150 cm2), dated from the middle of the century during the reign of Alfonso (1442–1458), when Naples was one of the most important political and cultural centers in Mediterranean Europe, at the center of a system of relations with the other states of the confederation of the Crown of Aragona [5,27].



The two paintings, actually in the Museo e Real Bosco di Capodimonte, were part of a single and complex altarpiece together with the paintings Blessed Franciscans, originally on the altar of Saint Jerome in Saint Lawrence’s church in Naples as the central part of the ‘Cona degli Ordini’(Figure 1), reaching a height of about 3 m.



Saint Jerome in the studio, painted on a rectangular panel, represents Saint Jerome’s intent on removing a thorn from a lion’s paw, inside a library with volumes, papers, and writing instruments accurately depicted and well-defined by the light; in the foreground scene, there is a cardinal’s hat, the galero, on a small table to the left; on the right, there is a mouse in the shadows gnawing at the papers on the ground.



Traditional iconography holds Jerome in a cardinal’s robe and with the Vulgate book in his hand, or in the desert with a worn robe and with the galero, resting on the ground as a sign of renunciation of power. In this painting, however, the saint anachronistically wears the habit of the Franciscans (it is no coincidence that the painting was destined for one of the main churches of Franciscan friars in southern Italy).



In Saint Francis delivering the Rule, made on an arched panel with an engraved gold background, the saint is full-length on a foreshortened floor, with nuns and friars kneeling at his sides.




2.2. Methods


The spectroscopic portable equipment employed for the technical analysis of the two paintings is part of the ReD laboratory, devoted to Research and Didactics and established at the Department of Humanities and Cultural Heritage of the Università degli Studi della Campania ‘Luigi Vanvitelli’.



The analyses were conducted in the Museo e Real Bosco di Capodimonte where the paintings are exhibited.



Looking at the paintings, some very peculiar visible details emerge. Therefore, the available techniques, i.e., IR and XRF, were applied. With a close observation, in the painting Saint Jerome in the studio, there are traces of a curtain that was later hidden, or rather eliminated, as IR analysis confirmed, in the observation of the drawing below. Similarly, in the painting Saint Francis delivering the Rule, parts with restorations, pentimenti, and retouches were identified with the naked eye, confirmed by IR and XRF analysis. This is the case, for example, of the habit of Saint Francis with retouches (restorations) and pentimenti by the artist in the rendering of the side belt that descends along the habit. Further investigations and studies will be necessary for an in-depth analysis of Colantonio’s execution technique and the central decades of the 15th century (period of transition from tempera to oil painting). They will provide results of transparency and lightness resulting from the use of oil as a medium for the application of veiled color.



2.2.1. Infrared Reflectography (IR)


Infrared radiation occupies a large part of the electromagnetic spectrum with an approximate wavelength range between 750–400,000 nm. It is distinguished in NIR (near infrared) from about 750 to 3000 nm, in MIR (medium infrared) approximately from 3000 to 30,000 nm, and in FIR (far infrared) from 30,000 nm to microwaves. Some pictorial layers, normally opaque when observed with visible radiation (i.e., between 400 and 750 nm), can become transparent with the infrared and allow the underlying layers to be read. Infrared radiation at 1800 nm is ideal for infrared scanning studies of pictorial artwork. In fact, most pictorial drafts acquire transparency around this wavelength [17].



The IR investigation of Colantonio’s paintings was performed using Apollo, an infrared camera by Opus Instruments [28]. It uses state-of-the-art technology equipped with a sensor capable of capturing thousands of details that are stitched together through powerful imaging software (operation wavelength 900–1700 nm; >65,000 grey levels; sensor 128 × 128 px InGaAs area sensor; higher resolution up to 26 MP images). The results are high-quality and high-resolution infrared reflectograms.



Inside the museum, the operating procedure used a uniform lighting. The IR camera was placed in front of the painting analyzed and two 1000 W LED lamps were placed on the sides, about 30 degrees from the painting (Figure 2).



Areas of the paintings were scanned by detecting IR response within 900–1700 nm wavelength range. The resulting images are portions of the picture of about 60 × 60 cm2. An appropriate graphic software (Ptgui, Huguin, and Adobe Photoshop) was used to improve the gray levels, the contrasts and, above all, to obtain the stitching of the entire painting in a single IR image, in digital format and high resolution.




2.2.2. X-ray Fluorescence (XRF) and Scanning Macro-X-ray Fluorescence (MA-XRF)


Measurements were performed using Elio, a compact portable X-ray fluorescence spectrometer produced by XGLab (Bruker). It weighs about 2 kg and is mounted on a tripod with the ability of movement on a motorized XY stage. The system consists of a 50 kV maximum Rh X-ray tube with a 0.2 mA maximum working current and a 1 mm collimator. A silicon drift detector (25 mm2 active area and energy resolution <140 eV at 5.9 keV) operates with a measuring spot of 1.2 mm wide. The working distance between the painting surface and the detector is 14 mm.



The compositional analysis was carried out on the surface layer in point mode by setting the tube with a voltage of 50 kV and a current of 80 μA. An acquisition time of 60 s was chosen for each point (in total, twenty-three points on the painting Saint Jerome in the studio and fifty points on Saint Francis delivering the Rule, Figure 3). Elio’s software allowed us to see each chosen point through an integrated microscopic camera. As a result of the measurement, the software’s qualitative analysis package was used to identify the chemical elements in the spectrum and calculate the deconvolution of the characteristic fluorescence peaks to obtain net area counts.



Principal component analysis (PCA) and the k-means method are two multivariate statistical analysis tools that were used to compare XRF data and obtain additional information. PCA uses a set of observations (in our case measurement points) that are characterized by many variables (in our case net area counts of chemical elements or unprocessed full spectrum in the energy range from 0 to 47 keV with 4096 acquisition channels) and processes a transformation of the original variables into a new set of uncorrelated variables, called principal components (PCs). The aim is to visualize possible clusters among the observations in the score plot so that their characteristics of similarity or difference emerge [24]. The loading plot is a useful graph to understand the contribution of each original variable in defining the PCs, while the biplot is the view of score plot and loading plot together. The k-means procedure groups the observations placed in the PCA score plot into k clusters. After the number k is chosen, the method calculates centroids, that is, points to which sum of the distances between objects in the same cluster is minimized [29,30].



MA-XRF was performed on an area of Saint Jerome in the studio. The instrument voltage and current measurement conditions were the same as for the point acquisition: a map of 50 rows × 50 columns with a step size of 1 × 1 mm2 was scanned for a total measurement time of 3250 s. The sum spectrum of the 2500-pixel matrix was stored in HDF5 format and processed with the PyMca software [31]. This program generated a map for each characteristic line that was considered for the fit of the spectrum. The maps were represented with linear intensity and grayscale color to better show the elemental distribution.






3. Results and Discussion


3.1. IR Analysis


Saint Jerome in the studio is characterized by opaque tones, which is why the preparatory drawing is hardly detected by IR reflectography. Different shapes that are transparent in IR refer to the elements that Colantonio painted over the dark colors, sometimes reducing the overall dimensions, as in the case of the volumes on the shelves corrected several times (Figure 4).



The main change affects the spatiality of the scene. In the right margin of the IR image, a curtain placed on the back wall is evident. The desk, on which the galero is placed, is effectively created in perspective, but a probable difficulty in rendering the foreshortening has led to the elimination of the circular opening on the front, visible in the IR image compared to the visible image (Figure 5).



In the painting, attempts at perspective setting are not supported by the construction of an underlying geometric plant of the Albertian type with a single vanishing point (about the Italian Renaissance perspective [32,33]). Instead, an empirical perception of perspective seems to prevail, bringing the painting closer to a possible Flemish model (the panel of the lost Lomellini triptych?). However, bear in mind that the two major panels of the ‘Cona degli Ordini’ have different shapes. Although they have the same width, Saint Jerome in the studio has a rectangular shape, while Saint Francis delivering the Rule has a vertical development with cambering. This may have also contributed to the different perspective solution used in the two panels. This could help to place the painting in the first phase of the painter’s production, that is, before the polyptych of Episodes from the life of Saint Vincent Ferrer, placed in the phase Colantonio’s artistic maturity, where the painter successfully dominates the perspective solutions of spaces.



In Saint Francis delivering the Rule, the executive technique is refined and there are many drawing traces, including the pentimenti (Figure 6). Compared to Saint Jerome in the studio, in the painting, the vanishing point of the perspective lines is unique; nonetheless, the perfect symmetry of the composition makes it evident that the difficulty in the perspective construction is far less than that found in Saint Jerome in the studio. The dating of the two paintings, generally considered to be coeval, has sometimes been questioned [34,35]; investigations do not currently offer any useful indication to propose a different dating between the two paintings.



For the definition of the figures, there are no traces of transfer from a drawing transfer and the symmetry of the various parts of the painting with repeated and mirrored modules clearly refer to the use of the patrons. The figures of the angels are marked by a thick black contour line that partly follows the underlying path made using a patron. Sometimes, the underdrawings of the profile are covered by paint showing slight modifications (Figure 7b, the angel’s left hand) or overlaps (Figure 7b, the angel’s hair) [36]. The figures of the angels are almost entirely underdrawn by brush. The hatching is used to build the shading, according to the Flemish custom; as some pentimenti present in the work, it is drawn by a charcoal (Figure 7a,b) [37]. It is possible that the painter used dry brushstrokes with charcoal for the general composition and refined the details with a brush and glazes for the shading.




3.2. XRF and MA-XRF Analysis


XRF analysis revealed that all measurement points of the two paintings are characterized by calcium (Ca), strontium (Sr), lead (Pb), iron (Fe), potassium (K) and copper (Cu) [36,37]. Calcium and strontium can be related to the presence of a preparatory layer composed by gypsum (CaSO4·2(H2O)) or chalk (CaCO3) with celestine (SrSO4) [36,37,38,39]; small amounts of iron are typical of this preparation for panel paintings [40]. The presence of sulfur (S) might suggest the gypsum; unfortunately, however, the K-fluorescence line of S overlaps with the M fluorescence line of Pb; therefore, sulfur is difficult to detect with XRF technique [41]. The distinction between chalk and gypsum is possible in damaged points of a painting when lead is absent [20] or using other techniques such as mid-FTIR or XRD [42], not used in this study. Potassium could be due to the presence of lakes [43] or colourless glass powder, in addition to paints [20,44], particularly for red colors (as the cardinal’s hat in Saint Jerome in the studio). Glass was used in red pigments in 15th-century paintings to achieve fast drying or special color effects; in our case, however, its use cannot be confirmed because of the absence of manganese [45]. Copper could be related to a copper-based pigment used for making dark shades [40]. One candidate is a copper resinate pigment used in the 15th and 16th centuries for its drying properties [46,47]. However, even though the XRF technique is unable to distinguish, other copper-based pigments, such as malachite, could be possible because they were used in the same historical period [46].



Cinnabar is used in many red points in the paintings: it is determined by the detection of high intensities of the Lα and Lβ peaks of mercury (Hg). Low contents of this element are present where pigments are obtained by mixing cinnabar with other pigments. In particular for skin tones, the use of minium [(2PbO·PbO2)] or lead white [(PbCO3)2·Pb(OH)2] and tin lead yellow [Pb2SnO4 or PbSnO3 or Pb(SnSi)O3] is possible [37]. Only Sn can be useful in the determination of the yellow pigment. Brown areas are characterized by high Fe intensities that represent the use of iron pigments; in some cases, they are also hypothesized by the traces of manganese [39].



The data obtained from the spectral analysis of the paintings are evident from the multivariate analyses (PCA and k-means) performed using the counts of the selected elements and the spectra as variables (for counts, see Supplementary Materials, Tables S1 and S2). These are explained in detail below.



For Saint Francis delivering the Rule, the main characteristic line of the elements Ca, K, Fe, Cu, Hg, Pb, Au, Sr and Sn was used in the PCA (see Supplementary Materials, Table S1). Both the Mα and Lα lines of lead were included to highlight the contribution of this element in the preparatory and pictorial layer, respectively. Through Pb-M radiation, which penetrates less deeply than Pb-L radiation, lead-based pigments can be detected in mixtures with other colorations more on the surface of the painting. In the PCA analysis. the set of observations consists of all fifty measurement points chosen according to the different chromatic samples on the painting. The first two principal components were chosen to highlight possible clustering of observations with a 53% cumulative variability. The biplot of PCA (Figure 8a) shows the distribution of the points (in red) according to the coordinates calculated by the method and the vectors identified by the variables (in blue).



The best results of the k-means cluster method were obtained by setting up a four-cluster search for the observations because the mean silhouette value is 0.4234. A two-dimensional graph was again chosen based on PC1 and PC2 to best compare the results obtained from the two methods.



In the plot of the k-means method (Figure 8b), the blue group (cluster 1) consists of the XRF measurement characterized by a dark red coloration with a higher Hg and K content. Point 6 belongs to this group for high K counts but differs from the others in the Sr and Fe intensities: iron could be related to the use of a red ochre, a thesis supported by the absence of mercury. In the red group (cluster 4), there are points characterized by the colors black, yellow-black and light blue. They are in the same cluster because they have a high copper content; hence, they are characterized by a copper-based pigment (counts between 97,740 and 428,496 for Cu-Kα): points 23, 34 have a black coloration, 1 and 22 yellow–black, while 43 and 50 are light blue.



Points 1 and 22 are distant from the others because their black coloration is affected by the presence of tin (the pigment giallolino, composed of lead stannate, is probably present); therefore, they are closer to the Sn variable. Point 34 is another black point of the painting but is not included in red group because it has traces of gold (it is placed within the golden halo of Saint Clare).



The green group (cluster 2) is composed of points strongly characterized by the presence of lead. Among them, points 2 and 3 are influenced by the Sn variable, suggesting that the pigment is giallolino and points 30, 31, 32 (on the bishop’s hat) have cinnabar to which giallolino has been added. Point 45 appears to be characterized only by lead white due to its visibly white coloration. The other points of the cluster are characterized by cinnabar, to which a lead pigment has been added (a possible sign that minium or white lead has been used to obtain light and dark shades as skin tones).



In the pink group (cluster 3), there are points characterized by the presence of Ca, Fe and Au. The variables connected to these three elements are correlated with each other because the preparatory layer (Ca and Fe in traces) was often covered with bolus (containing Fe) before the application of the gold leaf (Au) [48]. Points 10, 14, 20, 35 are included in the plane formed by Ca-Fe and are related to the golden background of the painting. The red color of point 17 is not made with cinnabar because mercury is absent. It is in the cluster 3 because the area where it is located is probably made with an enamel composition undetectable through XRF investigation; for this reason, only the nature of the preparatory layers and surrounding gilding emerge. Point 15 located on the brown habit of San Bernardino is very rich in Fe; therefore, it is very close to the Fe vector; here, traces of Mn could be related to iron and suggest the use of an earth pigment [20]. Points 16, 18 and 33 are gold and placed on the haloes (hence, closer to the Au variable vector): they differ from other gold points that are in the same group but characterize the background of the table. This separation, due to their larger amounts of copper, suggests a greater application of drying pigment on the haloes [47] compared to the golden background or a lower purity of gold leaf for the haloes.



The fifty spectra obtained from measurements on Saint Francis delivering the Rule were used to implement the PCA analysis. In this case, the loading plot was calculated to understand which fluorescence peak contributed the most on each principal component. The best clustering among the spectra was obtained by considering the first two principal components and the fourth one.



The loading plot (Figure 9) shows that the Cu-Kα, Pb-Lα, Au-Lα and Ca-Kα peaks predominate on PC1 (56%), PC2 (40%) and PC4 (2%), respectively.



The high intensity of the Cu-Kα fluorescence peak at points 23, 34, 43, and 50 (circled in red, Figure 10) indicates that a copper-based pigment is present (same result shown by the k-means method, Figure 8b). The contribution of the variables Au-Lα and Ca-Kα along PC4 direction (Figure 9), is evident in the score plot (Figure 10). Here, the points (circled by blue) belong to the haloes of the saints, while the green circle contains points taken on the gold background of the painting (except point 13, which has less gold since the gold leaf is partly missing). The two clusters show a division between the gilding of the haloes and the background or at least a correlation between the gildings made for the same purpose.



The other points in the graph (Figure 10) are distributed along a straight line according to the Pb-Lα counts: those with higher coordinates along PC2 direction are the same as those found in the green group in Figure 8b, while points with a lower coordinate along PC2 direction could have Pb as a characteristic element of the preparatory layer and not a pigment.



The choice of two types of observation for the multivariate analysis provided useful information and highlighted different characteristics at the measurement points. The intensities (counts) of single fluorescence lines helped to identify the pigments used by the artist, while the full spectra provided information on the techniques of execution, which helps to support hypotheses made since the individual intensities.



XRF data of Saint Jerome in the studio were also analyzed with PCA. Counts of the main fluorescence lines of the elements Ca, Sr, Cu, K, Hg, Sn, Fe, Pb were used (see Supplementary Materials, Table S2). The principal components considered for the analysis are PC1 and PC3, whose explained variability is 30% and 26%.



The biplot (Figure 11a) shows a close correlation between Ca and Sr because their vectors have the same direction and length. Furthermore, in the score plot (Figure 11b), it is visible that the coordinate in abscissa of point 23* (where there is only the preparatory layer) is strongly influenced by these two variables. It corroborates the thesis that calcium and strontium constitute the material of the first preparatory layer. In the same quadrant, the plan formed by the variables K and Hg contains five points of the painting whose coloring is red (in the score plot, the name labels of the points are shown in different colors according to the color in the visible, except 22* and 23*, which are white). This highlights the fact that the red colorations are in cinnabar and red lake. In detail, points 1*, 2*, 3* and 4* belong to the galero and are characterized by the presence of Sn (among them, the highest counts of Sn-Kα are in point 2*).



Point 15* is less saturated red than the others. Its higher counts for the Pb-Mα line emphasize that maybe a lead-based pigment was used to make the coloring less bright. The points included in the plane formed by the variables Pb-Mα and Pb-Lα and near these vectors have a high lead content. As can be seen from the score plot, the points have different coloration (white, grey, pink, orange, yellow and gold): the presence of the Sn variable in the same quadrant of the Pb lines corroborates the fact that these colorations are characterized by giallolino. Points 11* and 12* are of a different pink coloration from point 6* and are, therefore, not close to it (they have a higher Sn-Kα counts). Gold colorations on the halo of Saint Jerome (point 13*, 14*) are also characterized by the presence of tin. Points 7*, 9*, 18*, 20* form a subgroup because of their higher Fe-Kα counts, while points 8* and 17* have a positive ordinate because of the Fe-Kα variable (brown coloration) but are distant because they are influenced by the amounts of Pb. The score plot shows high Fe counts for point 20* because its coloration is black. Point 21* is strongly influenced by the presence of copper; in fact, the Cu Kα counts are the 481446, while the average value of Cu Kα counts in the other points of the painting is 1200.



Elements attributable to pigments of modern origin have been revealed in some points, signaling the possible presence of repainting and restoration.



In Saint Francis of Assisi delivering the Rule, a selected point on the face of Saint Clare (point 37) appears to have been retouched (according to visual and IR analysis); XRF analysis shows high counts of K lines of titanium (Ti). In fact, point 38 (located on the saint’s face) presents 367 counts of Ti-Kα; in contrast, point 37 has 5407 counts of the Ti-Kα and 741 count sat Kβ line. This difference suggests the presence of a titanium white-containing pigment, a material historically observed after the period of the work’s realization. Titanium is present in all investigated points of the painting, but its counts are low and related only to the Kα line: it is possible that titanium is an impurity of earths and ochres diffused in the mixture or associated with an iron-based pigment (bolus) used in the preparatory layer of the gilding areas on the background of the panel [40,48]. Chromium (Cr) was detected in points 47, 48 and 49 located on a tile feature: in our case this element indicates the use of anachronistic materials because Cr was introduced into pigments in the 19th century [20]. Point 47 also shows traces of the element cadmium (Cd), a good tracer for restoration treatments [49]. Point 39 on Saint Francis’ dress could also have been retouched because of Ti-Kα’s anomalous counts, a possibility that also emerges in the infrared-acquired image [37].



Some peculiarities emerge from the point XRF analysis of Saint Jerome in the studio. For example, in points 8* and 9* (located on the lion’s mane and on the saint’s habit), there is zinc (Zn), which is generally present in modern pigments [50]; however, IR analysis does not trace a restoration to these two points. The similarity between the two brown colorations in the visible and the high Fe counts suggest that the same pigment was used. Analysis of more measurement points on the painting could be helpful to associate Zn with the predominant presence of Fe (thus, the use of a zinc-rich ochre) or with another element (thus, the presence of another pigment or material). The coloration of the ampulla (point 20*) and the capital letter of the book (point 21*) appear visibly black: their high copper content suggests the use of a copper-based pigment to achieve such a dark shade. The first point presents traces of Zn that may be related to copper (if a green copper pigment was used [40]) and high counts of Fe that could be related to the pigment used for the yellow–brown coloration of the furniture placed on the back of the ampulla. Point 21* is characterized by much higher counts of Cu Kα than the point 20* and by the element barium (Ba). The counts of Ba, especially of its L lines, could indicate the presence of this element in the surface layers and that it therefore belongs to the composition of a pigment (a lake? Han blue?), rather than indicating an impurity of a copper mineral [40].



In Saint Jerome in the studio, Sn was identified in the two points that belong to the saint’s halo (points 13* and 14*). This element could be related to the use of a lake, such as yellow lake reseda (weld) that exhibited a large Sn signal, which could be indicative that a tin chloride mordant is present [39]. The Pb-Mα counts are lower than the same counts for points 5* and 19* (which have a yellow color, identified as giallolino due to the presence of Pb and Sn) to assume the use of giallolino; the application of tin leaf in combination with gold leaf should be excluded since gilding is not applied to a wall surface or a fresco [51]. A curtain visibly appears on the right margin of the painting, which the painter later overpainted by making other objects. The investigation on the chemical composition of the curtain was carried out by choosing two measuring points (17* and 18*) placed, respectively, where the curtain is present and where it is not. Both points are characterized by Hg; therefore, cinnabar was used to paint the cover of the book but the higher Hg La counts for point 17* suggest that the curtain was also made using cinnabar. Point 17* is also characterized by the presence in traces of Sn.



An overview of main elements detected by XRF analysis and color palette in the two paintings is reported in Table 1.



The mapping acquisition mode was performed on an area of Saint Jerome in the studio that contains the shaded area of the cardinal’s hat placed on the desk (white box, Figure 12). At the end of the scan, the Elio instrument provides a visualization of the fluorescence spectrum of analyzed points and the stitched image (Figure 12).



MA-XRF maps were processed through the PyMca software. They allow the visualization of the distribution of chemical elements emerged from the sum spectrum (specifically, the intensity distribution of the selected fluorescence characteristic lines for each element).



The MA-XRF map of Hg-Lα (Figure 13) shows that the whole area is characterized by mercury with varying amounts (cinnabar, HgS).



In general, the M fluorescence line allows us to determine the presence of an element placed more on the surface: in our case, the Hg-M map underlines that the highest counts of this line are present in the upper left part, which presents a brighter and more intense red color than all the rest of the investigated area (see inside the white box, Figure 12)



In the investigated area of the hat, there is a dark red part due to a shadow created. Here, the copper content is particularly evident (Figure 13); therefore, a copper pigment was probably added to obtain a darker shade of red. Along with copper, potassium also appears to be present in this same part, suggesting the use of a lake [36,43]. Comparison of the maps of Hg-Lα, Hg-M, K-Kα, Cu-Kα shows that in the same area where Cu and K are present, the Hg-M line counts are lower than its Hg-L line because the cinnabar is covered by other pigments.



An interesting result is also obtained from the analysis of the distribution of the Fe-Kα fluorescence line: the corresponding map shows a high iron content in the upper right part of the investigated area. From the visible, this area is actually external to the hat and its yellow–brown coloration is related to the presence of the furniture placed near the table on which the hat is placed. This indication could suggest the use of an earth or ochre as a pigment. In smaller amounts, iron is also present in the central area (the dark red one): comparison with the Cu-Kα map suggests that here, too, the iron belongs to a pigment used to create the hat shade.





4. Conclusions


IR reflectography and XRF technique were used to analyze two panel paintings of the artist Colantonio, an important Renaissance painter of south Italy, who painted in Naples, the cultural center in Mediterranean Europe, in the central decades of the 15th century. He worked at the service of Aragonese court and the main Neapolitan churches in the period of transition from tempera to oil painting, with higher results of transparency and lightness deriving from the use of oil as a medium for applying glazed color. Two non-invasive techniques have provided important results. The IR analysis brought to light the underdrawings (including the pentimenti). Therefore, it was ascertained that the underdrawings are constant in Colantonio’s pictures (this data emerges not only from the analysis of the two panels of the ‘Cona degli Ordini’ but also in the other two paintings attributed to him and equally preserved in the Museo e Real Bosco di Capodimonte). The underdrawings were made almost entirely with a brush, as evidenced by the liquid line in infrared, while some parts were made with a charcoal. Reflectography also helped to detect distinct perspective settings and to describe the painter’s early production. In Saint Francis delivering the Rule, no traces from a drawing transfer have emerged, but repeating modules clearly referring to the use of the patrons and, in some cases, the lines of the drawing made almost entirely with a brush while the hatching, made with a charcoal, built the shading according to the Flemish technique.



The XRF technique was able to suggest the composition of the preparatory layer and some pigments used. The preparatory layer is composed of Ca and Sr, but XRF analysis could not confirm whether it is gypsum or chalk. Some pigments of the color palette have been hypothesized due to the chemical elements revealed but further investigations, with other techniques, could clarify their identity. Chemical elements, known in the literature to be non-original pigments, but introduced in later periods, were identified. The gilded parts are indeed composed of gold: in Saint Francis delivering the Rule, PCA analysis (Figure 10) shows two clusters for the golden points of the haloes and the background (a cluster for the haloes and one containing the background points are evident), while in Saint Jerome in the studio, the halo is characterized by Sn. The MA-XRF application was useful to determine the elemental composition of the dark part of the galero. As the hat, other dark red areas of the paintings were made of cinnabar, a copper-based pigment and a lake. Regarding lakes, in some cases, their presence was hypothesized and stands as an opportunity to carry out investigations capable of revealing them.



The campaign to investigate these paintings by Colantonio is still ongoing, but the study carried out helps to better understand his technique and working method.
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Figure 1. Reconstruction of the ‘Cona degli Ordini’ (central part). 
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Figure 2. (a) Apollo camera position while acquiring IR images; (b) Apollo IR camera. 
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Figure 3. Localization of measurement points on (a) Saint Francis delivering the Rule and on (b) Saint Jerome in the studio. In (a) the measurement points are numbered from 1 to 50 while in (b) they are numbered from 1* to 23*. 
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Figure 4. IR image of Saint Jerome in the studio scanned by Apollo and stitched. 
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Figure 5. (a) IR and (b) visible images of the desk in Saint Jerome in the studio. 
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Figure 6. IR image of Saint Francis delivering the Rule scanned by Apollo camera and stitched. The image shows the repetition of the guide modules. 
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Figure 7. Visible image (a) and IR image (b) of the angel on the right in Saint Francis delivering the Rule. In (b) the lower profile band is covered by the pictorial layers in correspondence with the modification of the left hand and of the hair. 
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Figure 8. (a) Biplot of PCA analysis for selected elements and (b) k-means plot of two principal components PC1 (35.5%) and PC2 (17.8%) of PCA. 
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Figure 9. Loading plot of PC1, PC2 and PC4 obtained from spectra. 






Figure 9. Loading plot of PC1, PC2 and PC4 obtained from spectra.



[image: Heritage 06 00095 g009]







[image: Heritage 06 00095 g010 550] 





Figure 10. Score plot of PC1, PC4 and PC2 obtained from spectra. Points (circled in red) have high intensity of the Cu-Kα fluorescence peak, points (circled in blue) belong to the haloes of the saints and points (circled in green) belong to the gold background of the painting. 
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Figure 11. (a) Biplot and (b) score plot PC1-PC3 of twenty-three points of Saint Jerome in the studio. In (b), name labels of the points are shown in different colors according to the color in the visible, except 22* and 23* which are white. 






Figure 11. (a) Biplot and (b) score plot PC1-PC3 of twenty-three points of Saint Jerome in the studio. In (b), name labels of the points are shown in different colors according to the color in the visible, except 22* and 23* which are white.



[image: Heritage 06 00095 g011]







[image: Heritage 06 00095 g012 550] 





Figure 12. Photo of the cardinal’s hat in Saint Jerome in the studio. The white box shows the area scanned by MA-XRF analysis. 






Figure 12. Photo of the cardinal’s hat in Saint Jerome in the studio. The white box shows the area scanned by MA-XRF analysis.



[image: Heritage 06 00095 g012]







[image: Heritage 06 00095 g013 550] 





Figure 13. Stitched image of the investigated area with MA-XRF. It is processed using ELIO software, which creates a montage with the pixel images captured by the instrument’s internal camera at each point on the map [52]. Elemental distribution maps of Hg-Lα, Hg-M, K-Kα, Cu-Kα and Fe-Kα in linear intensity scale obtained by PyMca software. 
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Table 1. Overview of elements detected by XRF analysis and color palette in the two paintings. It summarizes what emerged from the XRF data analysis and multivariate analysis (PCA, k-means).
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	Color
	Use
	Main

Elements
	Pigment





	Red
	Clothes, tile features, hats
	Hg, K
	Cinnabar, red lake



	Pink
	Skin tones
	Hg, Pb, Sn
	Cinnabar, lead white/minium, giallolino



	yellow
	Angel wings, furniture
	Pb, Sn
	Giallolino



	Black
	Saint Clare’s hat, ampulla,

capital letter
	Cu
	Copper-based pigment



	Light blue
	tile features
	Cu
	Copper-based pigment



	Brown
	clothes
	Hg, Fe
	Cinnabar, iron-based pigment



	Gold
	Haloes, background of St. Francis
	Au, Cu, Fe
	Gold leaf, bolus,

copper-based pigment



	White
	Book page, tile feature
	Pb
	Lead white
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