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Abstract

:

The present study sought to expand on and confirm the already available information on the painting materials used by the Venetian artist Guido Cadorin (1892–1976). A multi-analytical approach was employed in the study of six tempera grassa easel paintings and one casein tempera on a panel signed by the artist and belonging to the International Gallery of Modern Art Ca’ Pesaro in Venice, Italy, which dated from 1921 to 1951. The aim of the research was to identify the painting materials, observe the evolution of the color palette through time and assess the state of conservation. Non-invasive imaging and/or spectroscopic techniques were employed, such as hyperspectral imaging spectroscopy (HSI) and Raman spectroscopy. Microsamples were also collected from the edges and detached areas of the canvases that were studied through three non-destructive techniques, namely optical microscopy (OM), energy dispersive x-ray fluorescence spectrometry (EDXRF) and attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR), and one destructive technique, namely gas chromatography-mass spectrometry (GC/MS). The results allowed the inference of the color palette used to render the artist’s paints, composition of the preparation layer, and characterization of the binding media and varnish layers. Moreover, the state of conservation of the artworks was determined. Thus, the outcome of this research enriches the painter’s profile and might aid the International Gallery of Modern Art Ca’ Pesaro in Venice, Italy in the planning of future conservation treatments in accordance with the guidelines of good practices in art conservation.






Keywords:


cultural heritage; Guido Cadorin; heritage science; modern materials; modern oil painting; hyperspectral imaging spectroscopy; ATR-FTIR; Raman spectroscopy; GC-MS; tempera grassa












1. Introduction


It is known that tempera painting had an important revival between 1800–1950 both in Europe and North America, which might be attributed to the fact that modern easel paintings had the tendency to deteriorate easily [1]. Therefore, many artists started to believe that tempera was “superior” to oil as it seemed to be more durable. This revival was mainly triggered on German lands, as many scholars were discussing and reviewing this painting technique compared with other countries, such as Italy [2,3]. However, tempera was still highly employed in Italy at the end of the 19th century, and especially in the Veneto region as it belonged to the Austrian Empire and, thus, was influenced by Austrian/German artists and scholars who had moved to Venice (such as Benno Geiger). One of the most important Venetian artists who largely used this painting technique was Guido Cadorin (1892–1976). He was one of the most important figures of Italian art of the 20th century distinguishing himself through his originality and contribution to the Italian Liberty movement [4], which was considered the Italian version of Art Nouveau. Moreover, despite his admiration of the secessionist style and emergence of cubism and futurism, he tried to develop his own style, now known as Magical Realism [4]. Regarding his preferred painting technique, he became passionate about tempera at the tender age of 15 when he was the pupil of Cesare Laurenti, a painter who was keen on using tempera grassa and had clear connections to Germany since he exhibited his works there. Moreover, on the 29th of August 1934, Guido Cadorin wrote to Mariano Fortuny y Madrazo [5], who was notorious for his tempera recipes through which he produced the Tempere Fortuny [6], a letter of appreciation of his painting technique. Therefore, Guido Cadorin was clearly focused on developing his own tempera and searched to expand his horizons by acquiring knowledge from other important artists who used similar techniques [6].



Seven paintings of Guido Cadorin were considered in this study, all being part of the permanent collection of the International Gallery of Modern Art Ca’ Pesaro in Venice (Italy), which is affiliated with the Fondazione Musei Civici of Venice (MUVE), namely: Ritratto di mio padre (1921–23), Fanciulla (1930), Nudo femminile (c.1930), La Navicella di San Pietro (1942), Ritratto di Giovanni Giurati Junior (1942), Ritratto di Benno Geiger (1943), and La tavola (1951), which are shown in Figure 1. Their state of conservation was generally considered to be optimal, with minor cracks due to aging or micro lacunae and paint detachments. The only painting that exhibited a wider and more problematic network of cracks was La Tavola, which might be explained by the thick impasto that it consists of.



According to the literature, only one analytical study has been previously carried out on the artworks of Guido Cadorin, and more specifically on Ragazza in Verde (1924) from the Revoltella Museum in Trieste, Donna nuda (1920) from the International Gallery of Modern Art Ca’ Pesaro in Venice, and one of the seven aforementioned paintings, namely Ritratto di Benno Geiger (C6) [7]. From these works, it was concluded that Cadorin preferred the use of the alleged tempera grassa, following closely the recipes of his master Cesare Laurenti. Thus, he mainly painted with a mixture of siccative oils (mostly linseed oil), natural terpenic resins, egg yolk, and animal glue to which he added other materials to change some physical properties of the impasto. Polysaccharides were detected as well, which might have been present due to the addition of flour paste or starch to obtain a stronger impasto. However, despite the lack of gum Arabic in the case of C6, there is a high probability of finding it in the other paintings, since Laurenti’s recipes highlight its use in dark colors. The exact purpose of its addition is not entirely understood, but the reconstructions of the recipe by Giovanni Soccol have proved that gum Arabic combined with linseed mucilage can provide an optimal spread of thin layers of paint (velature) [7]. Additionally, Cadorin apparently prepared his own paints using recipes and creating them in his workshop in contrast with his master Cesare Laurenti that chose to industrially manufacture them [3].



Therefore, the present study sought to expand the previous findings to better understand Guido Cadorin’s technique and analyze its evolution through time. Consequently, the multi-analytical study that was performed on the seven paintings focused on the identification of the painting materials, namely pigments, inorganic additives, binding media, varnishes, and degradation products using both non-invasive (hyperspectral imaging spectroscopy-HSI, raman spectroscopy) and invasive (micro-destructive) techniques (optical microscopy-OM, attenuated total reflection fourier transform infrared spectroscopy-ATR-FTIR, and gas chromatography-mass spectrometry-GC/MS). Ritratto di Benno Geiger (C6) was reanalyzed to broaden the earlier results [7] using two additional analytical techniques, namely hyperspectral imaging spectroscopy (HSI) and Raman spectroscopy. Furthermore, it should be noted that the same binding media as in the formerly examined paintings were expected to be found in the case of the analyzed artworks. The only exception would be Fanciulla (C1) as it was depicted on a lime-based support, in the case of which Cadorin generally opted for the use of casein tempera [7].



This research helped understand Guido Cadorin’s manner of creating the tempera grassa throughout time, since the artist left no recipes behind. However, the comparisons with the previous findings from his paintings and those of Cesare Laurenti, Mariano Fortuny, and Giorgio De Chirico aided in narrowing the research and placing his artworks in context. Still, Guido Cadorin did clearly employ complex paint systems and used a variety of different materials that might burden the process of conservation. Therefore, the knowledge of this Venetian artist’s painting materials and their degradation products allow for subsequent planning of preventive and even curative conservation treatments.




2. Materials and Methods


2.1. Non-Invasive Analytical Techniques


2.1.1. Macro-Observation


A careful visual and direct inspection of the paintings, also called condition assessment, was conducted as a first step of the analysis together with the conservator of the gallery, Dr. Matteo Piccolo.




2.1.2. Hyperspectral Imaging Spectroscopy (HSI)


The hyperspectral analysis was conducted using the novel hyperspectral camera Specim IQ (Oulu, Finland), with the following specifications: Model VNIR 400–1000 nm (CMOS), 4.3 ” touch screen with 5 Mpx camera, interface Specim IQ Studio, battery 5200 mAh Li-Ion (Type 26650) with an operational time of approx. 100 measurements with one SD external card, dimensions 207 × 91 × 74 mm (depth with lens 125.5 mm) weighing approx. 1.3 kg, wavelength 400–1000 nm with a 7 nm resolution, spatial sampling of 512 × 512 pixels, and 204 spectral bands [8]. Thus, the hyperspectral camera acquires a dataset called a data-cube that offers a resolved reflectance spectrum for each of the pixels which compose the image [9]. Consequently, assumptions could be made regarding the use of particular pigments in multiple regions since reflectance spectra were obtained that ranged from 397 to 1004 nm [10]. The images were taken in outdoor lighting conditions. These conditions were characterized by the camera through the measurement of the white reference (99% BaSO4 -Specim) that was included in all photos and the subsequent selection of 100 random spectra from the white reference that were averaged and employed for the normalization of data reflectance. All these processes were automatically performed by the device. However, notedly, an increase in noise and reflectance was observed in the 900–1004 nm range. This might have been triggered by the absorption band of atmospheric water (H2O), which is found in the 925–970 nm range and causes an increase in the observed reflectance, in accordance with the information provided by the manufacturer [8].



Specim IQ studio software was used to further process the data since it enabled the construction of precision masks to highlight areas with comparable spectral properties based on the variance of the spectra gathered, and it averaged all the spectra into one. The creation of maps of pixels was automatically made by the software using the spectral angle mapper (SAM) algorithm, which calculates the spectral similarity between two or more spectra by measuring the angle between them [11]. In accordance with [12,13], to generate the mapping procedure, a wide thresholding (SAM Tolerance) was picked from the maximum angle (expressed in radians) area by using the SAM mask tool. Therefore, the selection was manually made from 0.95 to 1.0 and changed until the best optimized maps were obtained.




2.1.3. Raman Spectroscopy


For the Raman analysis, a Bravo Bruker Optics portable spectrophotometer was used. This instrument was developed for easy identification of chemical compounds and includes built-in wavelength calibration for precision [14]. It is a highly automated handheld device with a rectangular shape that only weighs about 1.5 kg [15]. It has a duo-laser excitation system with two near-infrared lasers (785 and 853 nm in wavelength) that operate in a sequentially shifted mode to suppress fluorescence and can be controlled using a touchscreen display. The automatic mode was used for all the measurements. It has a fixed laser power of about 100 mW and a spectral range of 300–3200 cm−1, with a spectral resolution of 10 cm−1 and an output power of <100 mW [16]. Each measurement generally took around 2 min.





2.2. Invasive and/or Micro-Destructive Analytical Techniques


2.2.1. Micro-Sampling and Optical Microscopy (OM)


The removal of micro-samples (less than 0.1 mg in weight) from the seven works-of-art was planned and conducted with the assistance of the conservator Dr. Matteo Piccolo, after having received prior permission from the superintendence of the city of Venice and its municipality. The samples were collected from the regions of the canvases that presented detachments or from the marginal parts covered by the frame and, thus, their removal would not be visually noticed. In the case of the latter, the micro-samples were collected after their detachment using a scalpel.



Optical microscopy analysis was performed for observing the samples (see Appendix A, Table A1). A bench microscope ZEISS SteREO Discovery.V8 (Carl Zeiss Microscopy GmbH) was used, which is a modular microscope equipped with a manual 8:1 zoom, a manual or motorized focus and two ZEISS Achromat S Objectives of 0.63× and 1.5×. The digital camera used by the microscope is a ZEISS Axiocam 208 color full 4K resolution at 30 fps.




2.2.2. Energy Dispersive X-ray Fluorescence Spectrometry (EDXRF)


Energy dispersive X-ray fluorescence spectrometry (EDXRF) was used for the preliminary identification of inorganic pigments and additives. It was conducted on three samples extracted from the C4 (one sample of white paint – C4-12) and C7 (one sample of white paint – C7-20 –, and one of red paint – C7-22 –; both collected from the back of the artwork and supposed to match the paints on the front side). CRONO non-contact micro-XRF scanning spectrometer (Bruker Optik GmbH) was employed. This instrument is generally used for rendering a 2D mapping of the examined painting. However, in this study, it was converted into a portable XRF device that allowed the non-contact punctual analysis of samples through the installation of the measurement head on a tripod. The spectrometer was set to a voltage of 40 kV, a current of 2 uA and a timeframe of 40 s. To properly interpret the obtained data, the X-ray transition application (RaySpec X-ray Spectroscopy) was used, which is equipped with reference values extracted from the NIST Standard Reference Database 128 created by Deslattes et. al. [17], which comprises the X-ray transition energies for all elements from neon (Ne) to fermium (Fm) [18].




2.2.3. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)


In the present research, a Bruker ALPHA II Fourier Transform IR Spectrometer was also used in ATR-FTIR mode. ATR-FTIR spectra were recorded in the spectral range from 4000 to 400 cm−1, using a synthetic diamond crystal over glass for the compression of the samples. The background was measured with 48 scans before each analysis, while samples were registered using 128 scans with a 4 cm−1 resolution. Data acquisition was managed through OPUS software (Version 8.2.28). The spectra were further elaborated using Origin 2019b (9.65).




2.2.4. Gas Chromatography-Mass Spectrometry (GC-MS)


Gas chromatography-mass spectrometry (GC-MS) was performed on a part of the micro-samples taken from detached areas, borders and/or the backside of the support of the artworks. It was mainly applied to characterize the binding media used by the artist and other organic compounds, eventually degradation products. A Trace GC 1300 system equipped with an ISQ 7000 MS detector with a quadrupole analyzer was used (ThermoFisher Scientific, Waltham, MI, USA). Then, 1 µL of each derivatized sample was injected by a AS1310 autosampler (ThermoFisher Scientific, Waltham, MI, USA). Helium was employed as the carrier gas (flow rate 1 mL/min), and the GC separation was performed on a chemically attached fused silica capillary DB-5MS Column (30 m length, 0.25 mm, 0.25 um—5% phenyl methyl polysiloxane). The MS interface and inlet temperature were both set to 280 °C. The MS source temperature was set to 300 °C and transfer line to 280 °C. The MS was conducted at 1.9 scans per second in full scan mode (m/z 40–650). There was a 70 eV electron ionization energy. The compounds were qualitatively identified by comparing their mass spectra to those from the libraries (such as NIST and MS Search 1.7) and ad hoc databases created by the authors. The Chromeleon 7 software was used for the data acquisition and processing. The microsamples (approximately 0.1 mg) were accurately weighted and placed into micro vials, then transesterified using (trifluoromethylphenyl)trimethylammonium hydroxide (5% in methanol); the reaction taking place overnight in accordance with the methodology presented in [19,20]. Using nonadecanoic acid as the internal standard (10 µL of 1 mM nonadecanoic acid in a methanol solution in each of the micro vials), quantitative analysis could also be performed.



The following fatty acid molar ratios were determined to observe the degree to which the lipidic binding media had oxidized: P/S (palmitic-to-stearic acid ratio) that is frequently used to determine the kind of drying/non-drying oils which have been employed; A/P (azelaic acid-to-palmitic acid ratio) that is used to distinguish drying oils from egg lipids; D/P (the total sum of dicarboxylic acids-to-palmitic acid ratio) that has a similar purpose to A/P; ΣD (the total sum of dicarboxylic acids) that is also used to determine the type of lipid binder; O/S (oleic acid-to-stearic acid ratio) that may indicate the maturity of oils (i.e., the quantity of unsaturated fatty acids still present); and A/Sub (azelaic acid-to-suberic acid ratio) [21,22,23,24,25].






3. Results and Discussion


3.1. Preparatory Layer


The preparatory layers of all seven artworks consisted of gypsum, together with barite, calcite, barium white/lithopone and/or lead white, according to Table 3 and Figure 2. Gypsum was mainly observed in the Raman spectra through its characteristic signal at ca. 1008 cm−1 that is related to the ν1 symmetric stretching vibration mode of the SO4 2− ion [26]. The presence of barium white and/or lithopone was generally observed in the Raman spectra as its specific bands at ca. 450 and 988 cm−1 were always present. Thus, it might have been purposefully used as a filler due to properties such as its fine nature, ease of dispersibility, and low-degree of replacing the binder [27]. It should be mentioned that titanium white, in the anatase form, might have been produced through the co-precipitation with barium white and gypsum [28], which could also explain the presence of those two compounds in all spectra.



Moreover, the existence of calcite was firstly observed through Raman as the spectra included its specific band at ca. 1085 cm−1, typical for the symmetric stretching vibration of the CO32− ion [29] that was additionally confirmed by XRF as calcium’s (Ca) emission lines were identified at around 3.69 keV (Kα1 and Kα2) and 4.01 keV (Kβ1 and Kβ2). The predominance of gypsum, barite/lithopone, and calcite could be further confirmed by ATR-FTIR, as emphasized in Table 3. Lead white (2PbCO3 × Pb(OH)2) was observed only in C4 according to the Raman signal detected at 1051 cm−1 [30], whose existence could be explained by the use of a commercially primed canvas that consisted of cerussite. This result was also highlighted by XRF, as the following emission lines corresponding to Pb were identified, namely at 10.45 keV (Lα1 and Lα2), 12.61 keV (Lβ1 and Lβ2), and 2.34 and 2.44 keV (Mα1 and Mα2). However, the specific emission line of sulfur (S) was also identified at approximately 2.30 keV (Kα2), which might be overlapped with the aforementioned 2.34 keV signal of Pb (Mα1) in the case of C4. In spite of this, its presence might strengthen the use of lithopone/barium white and/or gypsum.




3.2. Paint Layers


3.2.1. White Paints


White paint (Figure 2) was difficult to observe in the case of C1, as the only white material that was identified using Raman spectroscopy was gypsum at 1008 cm−1 (Figure 2b), which most probably belonged to the preparatory layer. This could be explained by the presence of a thick layer of varnish (see Appendix A, Table A1) that might have enhanced the background fluorescence emission, which rendered the detection of other painting materials difficult [31]. Still, zinc carboxylates were observed in C1 using ATR-FTIR (see Table 3), which might suggest the use of zinc white/lithopone as a white paint.



C2 was another particular case since it was depicted on a lime-based support. Therefore, the Raman peak found at 1085 cm−1 (Figure 2b), which was attributed to calcite, might also emphasize the preference of the artist for the use of CaCO3 both for preparing the support and rendering the white paint. The only painting in which the presence of zinc white could be observed was C3, according to the Raman signal detected at approximately 438 Check meaning retained−1 [30]. In spite of this, zinc (Zn) was also identified through XRF (Figure 2a) in C4 and C7 according to the signals at around 8.61 keV (Kα1 and Kα2) and 9.6 keV (Kβ1 and Kβ2), which could be attributed to zinc white (ZnO). Lithopone (ZnS + BaSO4) is unlikely to have been present in the analyzed samples (both in C4 and C7), since the K emission lines of barium (Ba) that should have been visible at ca. 32 keV were nonexistent. However, barite/lithopone was observed with the use of Raman as shown in Table 3, most probably because the paint layers had been analyzed in their entirety in this case, whereas in XRF only the samples that presented only the pigment layer, namely the superficial one, had been used. Therefore, this aspect might highlight its use as an extender in the preparatory layers.



Titanium white (TiO2) in the anatase form was identified in the artworks dating from 1940 onward (C4, C5, C6, and C7), according to the three typical Raman peaks [30] observed at 638, 516, and 394 cm−1 (Figure 2b). The XRF spectra additionally confirmed the presence of titanium (Ti) according to the signals detected at around 4.50 keV (Kα1 and Kα2) and 4.95 keV (Kβ1 and Kab) (Figure 2a). Thus, it might be hypothesized that Guido Cadorin started to use paint tubes in the case of titanium white from 1940 onward since zinc white might have been present its paint formulation together with calcite (CaCO3), probably even with metal stearates (such as aluminum stearates), which were typically added in tubes to prevent oil separation [32] and in time might enhance the formation of metal soaps [33,34,35].




3.2.2. Black and Brown Paints


On the other hand, for rendering the black color, the artist seems to have used carbon-black pigments in all the analyzed artworks, since their specific Raman bands, namely D (that represents the defects in the lattice structure of the amorphous carbon) and G (that stands for graphitic, which is connected to the graphitized structure of carbon characterized by sp2 hybridized C-atoms), were identified at ca. 1300 cm−1 (D-band) and 1600 cm−1 (G-band), respectively [27,30,36]. Moreover, the use of these pigments was also emphasized by ATR-FTIR (see Table 3), the spectrum being compared to the reference provided by the Institute of Chemistry of the University of Tartu, Estonia [37]. Despite this, the exact type of employed carbon-black pigments could not be distinguished since their characteristic bands are very similar. However, other modern painters such as Giorgio De Chirico used both ivory and vine black paints [38], thus Guido Cadorin might have also mixed these two pigments.



Brown paint was detected only in C4 (Figure 3a) through the presence of a broad band at 648 cm−1, which suggested the use of burnt umber [31,32]. This pigment was identified together with vermilion, and thus it might have been used for darkening the hue of the latter.




3.2.3. Red Paints


Similar to white, red paint differed according to the period. Initially, red ochre in the form of hematite (Fe2O3) was used, thus before and around 1930 (C1, C2, and C3). The presence of this pigment was hypothesized at first due to its specific inflection points and slopes found in the HSI spectra [39]. The maximum inflection point was identified at ca. 575–590 nm, and the distinctive positive slope in the region above 600 nm consisted of a less pronounced inflection point at ca. 700 nm (see Appendix B, Figure A1). However, this hypothesis could be confirmed by the Raman spectra (Figure 3a). The bands located at ca. 410 and 617 cm−1 corresponded to the Fe-O symmetric bending vibrations [40,41].



After 1940 (C4, C5, C6, and C7), vermilion (HgS) seems to have replaced the former, as the specific peak at ca. 344 cm−1 started to emerge within the Raman spectra. Moreover, the XRF spectrum of the C7-22 sample (Figure 3b) confirms the presence of mercury sulfide (HgS), according to the observed specific emission lines of mercury (Hg), namely at around 9.89 keV (Lα1 and Lα2). Additionally, the signal observed at around 2.30 keV might emphasize its use due to the seemingly concomitant presence of Hg (Mα2) and sulfur—S (Kα1 and Kα2). Nonetheless, low intensity signals specific for lead (Pb) were also detected in C7, namely at around 10.45 keV (Lα1 and Lα2), which could highlight the use of a small amount of red lead (Pb3O4). Therefore, the emission line around 2.30 keV might also be attributed to Pb (Mα1). Furthermore, the Raman spectrum of the red paint in C7 has revealed a weak signal at 550 cm−1, which might be assigned to the stretching vibrations of ν(Pb–O) [42]. The addition of red lead was routinely performed since the Middle Ages as the cost of cinnabar red was higher than that of minimum [43], thus the pigment acted as an adulterant. Moreover, the Bologna manuscript (dated around 1930) firstly mentioned the use of lead compounds as siccative for oils [44], which continued to be employed throughout the ages till they were banned from use in 1961 in Italy [45] and 1987 in the UK [46]. It should also be mentioned that the quantity of lead drier that was generally needed was of 1–2% per weight of oil, this being enough to reduce the drying time [46], which might explain the weak signals that were observed in the XRF spectrum corresponding to the red paint of C7. Therefore, as Izzo et al. [7] suggested, the technique of Guido Cadorin was characterized by the use of traditional painting materials, and thus he might have added the adulterant/siccative himself.




3.2.4. Blue and Purple Paints


The HSI reflectance spectra (see Appendix B, Figure A2) seemed to underline the presence of ultramarine blue in C3, C4, C5, and C6. The intense absorption band whose peak was observed at 600 nm could be assigned to this pigment, as it might have corresponded to the S3¯ anion [47]. This was also accompanied by a weaker band at ca. 480 nm that could be attributed to the S2¯ anion. However, pigments such as cobalt blue and phtalocyanine blue are characterized by the same bands [48], and thus the identification of this pigment using HSI is highly hypothetical. Still, the use of ultramarine blue was confirmed by its specific absorption band at ca. 547 cm−1 (observed in all paintings except for C2 and C3) that was identified in the Raman spectra (Figure 4a). Furthermore, this was further supported by ATR-FTIR (see Table 3), the spectrum being compared to the reference provided by the Institute of Chemistry, University of Tartu, Estonia [49]. However, it should be noted that the pigment was most probably not natural since it was rather expensive, and artists might have preferred to use its synthetic version. This was indicated by the lack of the absorption band at ca. 2340 cm−1 by ATR-FTIR, which is specific to this natural blue pigment as it represents the asymmetric stretching of CO2 molecules that are captured within the structure of the rock of lapis lazuli during its geological formation [50].



It was observed that Guido Cadorin tended to create the purple color by mixing red and blue paints. According to the Raman spectrum registered in the case of C2 (Figure 4b), red ochre/hematite (Fe2O3) was found in the purple color (the two specific bands at 410 and 618 cm−1 [40]), but no characteristic peaks for ultramarine blue or other blue pigments were distinguished.




3.2.5. Yellow Paints


Yellow paints were seemingly employed by the artist only in the case of C5 and C7. The signals at 702 and 1314 cm−1 found in the Raman spectrum recorded from C5 could have been attributed to the presence of a warm ochre pigment, most probably a golden-ochre that is also referred to as ocra d’oro d’Italia [51]. However, the two bands that were encountered in the Raman spectrum from C5 were non-distinguishable for C7, but there was a weak signal at 842 cm−1 that might correspond to the same pigment, namely Italiangold ochre. The presence of this pigment seems to be further confirmed by the ATR-FTIR spectrum (shown in Figure 5a) as the peaks that were identified at ca. 465 and 407 cm−1 could be attributed to the Fe–O vibrations specific to Italian gold ochre [52].




3.2.6. Green Paints


Green paints could be observed exclusively in the case of C5 after the OM analysis of the C5-16 sample (shown in Appendix A, Table A1) was conducted. Accordingly, the green pigment was intense, but it was present strictly underneath the blue paint and, thus, it was invisible to the unaided eye. Consequently, the Raman spectrum of the blue paint consisted of a peak at ca. 879 cm−1 (Figure 4a) that could be assigned to the symmetric stretching of Cr–O in the hydrated Chromium green oxide (Cr2O3 2H2O) tetrahedron geometry [53]. However, the use of this pigment was confirmed by the ATR-FTIR spectrum (shown in Figure 5b) due to the observed signals at 632, 538, 523, 459, and 435 cm−1 that could be attributed to the vibration of the oxide bond [54,55].





3.3. Binding Media and Their Degradation Products


The characterization of the binding media was mainly accomplished by ATR-FTIR and GC-MS. The first technique allowed the prior identification of the type of binding media, which resulted in a mixture of lipid- and protein-based materials. The use of an oil-binder was suggested by the C-H stretching bands around 2800–3000 cm−1 and the C=O stretch at ca. 1740 cm−1 [56] (Figure 6). The IR peaks that marked the existence of proteinaceous materials were also identified, namely at ca. 1663 cm−1 (Amide I) and 1255 cm−1 (Amide III) [57], which might suggest the use of egg yolk and/or animal glue (Figure 6a,c). The only exception was C2 (Figure 6b), which presented a lime-based binder, which seemed to have been predominant due to the multitude of wavenumbers that could be attributed to calcite (1407, 871, 713 cm−1) [58]. In spite of this, it is worth noting that the proteinaceous materials were also present in this case, which could be assigned to casein. The aggregate that was used for rendering the lime-based support was silicatic, according to the strong signal that was observed at 486 cm−1 (D0 band) which corresponds to the symmetric stretch of three oxygen atoms that are attached to the silicon atom [59]. Furthermore, the shoulder band found at 701 cm−1 (Figure 6b), which is due to the ν4 CO32− vibration, could be attributed to the presence of aragonite (one of the mineralogical forms of calcium carbonate; the other form is calcite) [60]. However, further research is recommended to fully demonstrate its existence using scanning electron microscopy (SEM) and x-ray diffraction (XRD), in accordance with [60].



Using ATR-FTIR, it was also possible to distinguish a relatively intense band at ca. 1539 cm−1 (in C1, C3, C5, and C7). This might correspond with the νaCOO− band, which is associated with metal soaps occurring from the saponification reaction mostly reported as a consequence of the interaction between lead white (basic lead carbonate, 2PbCO3 × Pb(OH)2) and/or zinc white (zinc oxide, ZnO) with the oil binder or oil/egg-based temperas [61,62,63]. Saponification occurring in paint layers of artworks represents a serious degradation process affecting the appearance and stability of paintings [64]. Thus, its effects might be the appearance of protrusions as well as an increase in the transparency of the paint, brittleness, efflorescence, paint losses, delamination, and even cracks [65]. In the case of Cadorin, the metal soaps were most probably zinc stearates/palmitates as he seems to have employed zinc white not only for rendering the white paint, but also as an extender.



GC-MS allowed the identification of the organic components that were present in the samples. Table 1 indicates the short and long-chain saturated monocarboxylic acids (lauric, myristic, palmitic, and stearic acids), the saturated dicarboxylic fatty acids (azelaic, suberic, and sebacic acids), traces of unsaturated fatty acids (such as oleic acid), and glycerol that were detectable in all the registered chromatograms. All these compounds are clearly visible in the chromatogram of C7-22 (shown in Appendix B, Figure A3).



The literature on drying oils mentions that a confirmative value for their presence could be the percentage of total dicarboxylic acids (ΣD, as the sum of azelaic, suberic, and sebacic acids) above 40% and the ratio of azelaic acid to palmitic acid (A/P) above 1.0 [66]. In the present case, ΣD values respect this condition (in C4, C5, C6, and C7) even if the main assumption is that drying oil is not the only lipid binder (Table 2). Moreover, the A/P ratio proved to be between 0.3 and 1 in all cases except for sample C7-22. These values likely suggest the use of tempera grassa [23,25]. It should be mentioned that azelaic acid is the main oxidation product of siccative oil, together with other dicarboxylic acids, such as suberic and sebacic [67]. Still, for identifying the type of siccative oil that has been generally used, the P/S ratio is recommended [68]. In the present study, this ratio was in some cases inefficient as most probably both egg and oil fractions were present [23]. However, the ratio was between 1 and 2 in all paintings, which might still accentuate the use of linseed oil. Moreover, it should be noted that it has also been previously reported that the nature and concentration of the pigment can significantly alter this ratio when in direct contact with the oil. The only pigment that seems to not influence the drying process of an oil paint seems to be zinc white, since it does not take part in the evaporation rate at a molecular level [66]. It has also been previously observed that palmitic acid evaporates four times faster than stearic acid [69]; and thus, the P/S ratio value substantially decreases over time [68]. Consequently, the quantity of palmitic acid should be higher in modern and contemporary paintings compared with older historical paintings as has been the case in Guido Cadorin’s artworks judging by the P/S ratio values that in C3 and C4 were greater than 2.



Regarding the maturity of the oil, the O/S ratio was generally around 0.1–0.2 in all the analyzed artworks, which emphasizes the oxidation of the double bond within the oleic acid, which usually has a low content in aged paintings [70].




3.4. Varnish Layers, Other Additives and Their Degradation Products


The presence of protective coatings was emphasized through OM, as a thin translucent film was clearly covering the samples collected from five paintings, namely C1, C3, C4, C5, and C6. It is noteworthy that the varnish layers seemed to be characterized by a more pronounced yellowing in the case of the older paintings rendered around 1930 (C1 and C3), which might suggest the predominance of oxidation products. Raman spectroscopy allowed the identification of a peak that might have underlined the use of a diterpenic resin at ca. 3080 cm−1 in C1, C4, and C5 [71]. However, the GC-MS analysis confirmed this result through the identification of dehydroabietic acid (DHA)-methyl ester, 7-methoxy-tetra-DHA-methyl ester, 7-oxo-DHA-methyl ester, and 15-hydroxy-7-oxo-DHA-methyl ester, the first compound being detected in all paintings according to Table 2. These four oxidation products derive from the natural aging of the abietic acid [72,73,74,75], which is a marker compound of a resinous material, namely a diterpenic resin from the Pinaceae family. Thus, these findings highlight the use of pine colophony or Venice terpentine. However, the latter is generally determined by the presence of larixol and larixyl acetate (in high amounts) [73], which have not been identified in this case. It should be noted that the presence of these compounds in the case of C2 and C7 that were not covered by a varnish layer highlights the use of this natural resin as an additional binding medium. Its purpose might have been to alter the rheological properties of paints, according to Giorgio De Chirico [38], an Italian artist contemporary to Guido Cadorin. Moreover, Table 2 highlights that samples generally presented high levels of glycerol content, which as Giorgio De Chirico suggested, improves the “elasticity” of paint [38]. Furthermore, Ortiz Miranda et al. [76] stressed that commercial preprimed canvas during this period usually consisted of one or more preparatory layers containing white pigments and fillers such as lead white, barium white/lithopone, zinc white and calcium carbonate/calcite, which were sometimes mixed with plasticizers and other additives (e.g., non-drying oils, honey, glycerin, sugar, soaps) to extend the shelf-life of paint. Another aspect that is worth noting is that the presence of gum Arabic or other polysaccharidic materials could not be entirely ensured, as the GC-MS method that was used was mainly developed for the identification of fatty acids. Despite this, the strong and representative Raman peak for tree resins (such as gum Arabic and gum tragacanth) was found at ca. 2926 cm−1 [30], though this band might be generally attributed to lipid-based binding media since it corresponds to symmetric and asymmetric C-H stretching [77]. Thus, further research should be conducted to enhance the knowledge on the use of these materials by the artist.




3.5. The Technique of Guido Cadorin


Regarding easel paintings, Guido Cadorin seems to have indeed preferred the use of a mixture of siccative oils (mainly linseed oil), natural resins (pine colophony or Venice turpentine), proteins (from both egg yolk and animal glue), and polysaccharides (such as gum Arabic) and glycerol (Table 2). The latter ones might have also had the role of a binding media as they rendered the paint layer easier to apply and form a thin glaze. Regarding fresco paintings as in the case of C2, the artist opted for a casein-based binding medium. Furthermore, the predilection of the artist for the use of traditional self-prepared materials appears to be correct, according to the results provided by Raman spectroscopy. C1, which is dated to 1922–23, and thus is the oldest from the painting collection that was taken into consideration, is characterized by the presence of notoriously used pigments in the history of art, such as red ochre (Fe2O3), carbon-black, and ultramarine blue. However, from around 1940, he might have started to implement industrial oil paints, such as titanium white replaced zinc white/calcite/lithopone, which could have been more easily procured. Furthermore, he seemed to have started to use paint tubes since traces of zinc white were also found in the titanium white paint, which might have acted as an additive. In spite of this, the artist appears to have opted for the use of a compressed color palette at the beginning of his career until 1930 composed of primary and neutral colors, all the rest being obtained through mixtures. This tendency started to change from 1930 on as pure chromophore secondary pigments were introduced such as hydrated chromium green oxide.





4. Conclusions


The multi-analytical approach applied to the study of the seven artworks of Guido Cadorin proved to be efficient in the identification of the painting materials and description of the artist’s technique and its evolution through time. Thus, it was further confirmed that Guido Cadorin had a predilection for tempera grassa, which was detected in all paintings, an outcome that is in accordance with the previous research [7]. The pigments and inorganic additives could be identified through spectroscopic techniques, namely HSI, Raman, XRF, and ATR-FTIR. Therefore, it could be observed that the artist mainly preferred the use of a compressed color palette, which consisted mainly of black, white, blue, and red. Initially, in the case of C1, C2, and C3 (depicted around 1930), he seems to have employed only carbon-black, zinc white/calcite/lithopone, ultramarine blue, and hematite, but from C4 onwards (depicted after 1940) he started to use titanium white together with zinc white, cinnabar red instead of hematite, whilst he continued to use carbon-black and ultramarine blue. However, he also began to use green and ochre, the former being green chromium oxide and the latter Italian golden ochre. However, further study is recommended on the extracted samples in cross-section using scanning electron microscopy coupled with an energy dispersive microanalytical system (SEM/EDS) [78] to better observe the stratigraphy, obtain the elemental composition of the constituent layers, and identify the presence of mixtures of pigments.



A lipid-based binding medium was observed in all artworks, through the use of Raman and ATR-FTIR, which was assigned to either oil and/or egg yolk, as the latter was previously assumed due to the knowledge of its use in the paintings of Cesare Laurenti, who was the master of Guido Cadorin and whose recipes were closely followed by his apprentice [7]. However, its presence could be attested only by the bands corresponding to Amide I and III, which could have also been attributed to animal glue that could have been present in the ground layers. Despite this, GC-MS gave further insight into the type of oil that was used, which was siccative; and according to the P/S molar ratio, seemed to have been linseed oil in all cases. Still, the presence of egg yolk could not be ensured, as it is well-known that one of the limitations of this technique is the identification of proteinaceous compounds such as ovalbumin in this case [79]. Therefore, further research is recommended to fully emphasize the presence of egg yolk and/or animal glue, which could be made through the enzyme-linked immunosorbent assay (ELISA) procedure [80].



Another important outcome of the application of GC-MS was the detection of the methyl esters of diterpenic resins belonging to the Pinaceae family, which are characteristic to either colophony or Venice turpentine, both in the paintings that, according to OM, presented a varnish layer (C1, C3, C4, C5, C6), and in those that did not (C2, C7) highlighting the double role of the material as a varnish and a binding medium. Moreover, it should be noted that pine colophony tends to darken and gradually become brittle, which might enhance the need for the employment of specific conservation measures [74].



Therefore, it is highly likely that Guido Cadorin prepared his paints himself before and around 1930 as he added multiple binding media to the pigments to obtain the desired consistency of his tempera grassa. However, this tendency seemed to change from 1940 on since it is highly likely that titanium white was applied from a paint tube. Moreover, all the employed canvases appear to have been commercially primed, as the presence of barite/lithopone could be observed in all paintings, and since the artist manufactured his own paints, the probability is quite low for its use as a filler. Moreover, lead white was additionally observed, solely when the backside of the canvas of C4 was analyzed. Therefore, it was not detected in the white paint, which was shown to mainly consist of titanium white in anatase form, which might confirm this assumption. However, the main component of the preparatory layer of the canvas was gypsum, which was detected in all paintings. In other words, the color palette together with the binding media and varnishes of Guido Cadorin could be identified and described through the employed techniques.
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Table A1. The sampling points and collected micro-samples observed using OM.
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	Painting Index
	Sampling Points
	Micro-Samples Observed Using OM





	C1
	 [image: Heritage 06 00032 i001]
	 [image: Heritage 06 00032 i002]



	C2
	 [image: Heritage 06 00032 i003]
	 [image: Heritage 06 00032 i004]



	C3
	 [image: Heritage 06 00032 i005]
	 [image: Heritage 06 00032 i006]



	C4
	
	 [image: Heritage 06 00032 i007]



	C5
	 [image: Heritage 06 00032 i008]
	 [image: Heritage 06 00032 i009]



	C6
	 [image: Heritage 06 00032 i010]
	 [image: Heritage 06 00032 i011]



	C7
	 [image: Heritage 06 00032 i012]
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Figure A1. The HSI reflectance spectra of the red paint in C1 (a), C2 (b), and C3 (c) that highlight the use of hematite. The corresponding maps of the identified red pigments are also included together with the SAM tolerance values. 






Figure A1. The HSI reflectance spectra of the red paint in C1 (a), C2 (b), and C3 (c) that highlight the use of hematite. The corresponding maps of the identified red pigments are also included together with the SAM tolerance values.



[image: Heritage 06 00032 g0a1]







[image: Heritage 06 00032 g0a2 550] 





Figure A2. The reflectance spectra of the blue paint in C3 (a), C4 (b), C5 (c) and C6 (d) that highlight the use of ultramarine blue. The corresponding maps of the identified red pigments are also included together with the SAM tolerance values. 
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Figure A3. Total Ion Current (TIC) chromatogram after derivatization and analysis of sample C7-22 through GC-MS. Peaks are numbered in accordance with the attributions shown in Table 1. 
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Figure 1. The seven paintings of Guido Cadorin that were analyzed in this study together with their corresponding codes: Ritratto di mio padre (1921–23) (C1), Fanciulla (1930) (C2), Nudo femminile (c.1930) (C3), Ritratto di Giovanni Giurati Junior (1942) (C4), La Navicella di San Pietro (1942) (C5), Ritratto di Benno Geiger (1943) (C6), and La tavola (1951) (C7). 
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Figure 2. The white paint XRF (a) and Raman spectra (b) that also highlight the components of the preparatory layers. 
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Figure 3. The Raman spectra (a) that emphasize the use of hematite in (C1, C2, and C3) and cinnabar/vermilion (C4, C5, C6, and C7). Moreover, the presence of burnt umber is also observable in C4. The XRF spectrum of the C7-22 sample (b) that indicates the use of cinnabar/vermilion and red lead, which probably acted as an adulterant. 
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Figure 4. The blue Raman spectra (a) that emphasize the use of ultramarine blue (C1, C5, C6, and C7). Moreover, the presence of the D and G bands corresponding to carbon-black pigments are easily observable in C1, C5, C6, and C7 (a). The Raman spectrum of the purple paint of C2 (b) that highlights the use of hematite through the 618 and 410 cm−1 peaks. 
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Figure 5. The ATR-FTIR spectra of the samples of ochre (C5-18-a) and blue-green (C5-16-b) paints that highlight the use of golden ochre (465 and 407 cm−1) (a) and hydrated Chromium green oxide (632, 538, 523, 459, and 435 cm−1) (b), respectively. 
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Figure 6. The ATR-FTIR spectra of the samples of red paint (a) C1-1, (b) C2-3, and (c) C7-22, which suggest the presence of a lipidic and proteinaceous binder (oil and egg yolk fractions) and metal soaps (namely zinc stearate/palmitate). 
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Table 1. The retention times and molecular ion masses of the methyl esters that have been attributed to the identified peaks.
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	N°
	Retention Time (min)
	M+

(g/mol)
	Attribution





	1
	10.79
	203.25
	Suberic acid dimethyl ester



	2
	11.76
	215.35
	Lauric acid methyl ester



	3
	12.07
	217.27
	Azelaic acid dimethyl ester



	4
	13.24
	231.30
	Sebacic acid dimethyl ester



	5
	14.09
	243.40
	Myristic acid methyl ester



	6
	16.20
	271.45
	Palmitic acid methyl ester



	7
	17.89
	297.50
	Oleic acid methyl ester



	8
	18.11
	299.50
	Stearic acid methyl ester



	9
	19.03
	313.53
	Nonadecanoic acid methyl ester (Int. Std.)



	10
	20.00
	107.07
	Glycerol *



	11
	20.14
	315.46
	Dehydroabietic acid methyl ester



	12
	21.09
	343.50
	Tetradehydroabietic acid, 7-methoxy-methyl ester



	13
	22.08
	329.40
	7-Oxodehydroabietic acid methyl ester



	14
	23.45
	417.60
	15-Hydroxy-7-oxodehydroabietic acid methyl ester







* According to Izzo [25], after passing the electrospray ionization process, glycerol fragmentates into a variety of different derivatives; however, only the most abundant ones are reported in this table.
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Table 2. Summary of the GC/MS analyses. Quantitative and qualitative results for fatty acids and other organic compounds.
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Paint Samples




	

	
C1-1

	
C1-2

	
C2-3

	
C2-4

	
C2-5

	
C3-7

	
C3-9

	
C3-10

	
C4-13

	
C4-14

	
C5-15

	
C5-16

	
C5-18

	
C6-19

	
C7-21

	
C7-22






	
Observed Color using OM

	
White + Black + Red + Blue

	
Black

	
Red + Blue

	
Blue

	
Black

	
Black

	
White

	
Black + BG

	
Black

	
White + Black + Red + Blue

	
Red

	
Blue + Green

	
Yellow

	
White + Black + Red + Blue

	
White + Red

	
Red




	
Observed varnish on OM

	
x

	
x

	
-

	
-

	
-

	
x

	
?

	
x

	
?

	
x

	
x

	
x

	
x

	
x

	
-

	
-




	
Fatty acids and other compounds

	
Suberic acid dimethyl ester

	
1.99

	
2.45

	
1.43

	
1.58

	
-

	
4.32

	
5.31

	
-

	
-

	
3.76

	
2.58

	
6.64

	
7.68

	
5.53

	
3.82

	
8.72




	
Lauric acid methyl ester

	
2.80

	
2.79

	
5.28

	
5.97

	
6.26

	
8.40

	
5.19

	
7.55

	
5.14

	
3.00

	
1.53

	
1.02

	
0.93

	
2.80

	
0.64

	
-




	
Azelaic acid dimethyl ester

	
15.21

	
15.58

	
14.34

	
15.93

	
9.85

	
28.87

	
40.19

	
12.75

	
9.56

	
25.42

	
13.50

	
29.03

	
26.55

	
26.44

	
18.25

	
27.39




	
Sebacic acid dimethyl ester

	
0.72

	
0.82

	
1.27

	
1.48

	
-

	
-

	
1.80

	
-

	
-

	
1.22

	
0.81

	
2.18

	
2.17

	
2.14

	
1.68

	
5.67




	
Myristic acid methyl ester

	
9.40

	
12.69

	
23.85

	
22.13

	
21.54

	
24.75

	
16.67

	
32.69

	
18.82

	
8.38

	
6.24

	
4.59

	
4.47

	
5.14

	
1.24

	
3.92




	
Palmitic acid methyl ester

	
28.29

	
30.20

	
20.11

	
18.61

	
16.34

	
78.74

	
44.50

	
17.93

	
28.37

	
31.20

	
31.50

	
30.79

	
31.65

	
30.74

	
23.95

	
17.49




	
Oleic acid methyl ester

	
4.55

	
9.41

	
2.50

	
2.29

	
1.42

	
2.40

	
6.59

	
1.83

	
1.34

	
5.62

	
3.75

	
2.45

	
3.10

	
4.37

	
18.78

	
5.13




	
Stearic acid methyl ester

	
30.04

	
17.71

	
21.22

	
18.16

	
33.03

	
61.59

	
14.64

	
19.57

	
25.27

	
11.93

	
31.38

	
19.43

	
19.61

	
15.33

	
13.48

	
18.31




	
Glycerol

	
6.10

	
7.57

	
10.00

	
13.86

	
11.56

	
29.14

	
15.55

	
10.31

	
11.48

	
9.48

	
6.95

	
3.21

	
3.35

	
6.43

	
15.40

	
11.45




	
Dehydroabietic acid methyl ester

	
x

	
x

	
-

	
x

	
-

	
x

	
x

	
-

	
-

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
Tetradehydroabietic acid, 7-methoxy-methyl ester

	
x

	
-

	
-

	
x

	
-

	
-

	
-

	
-

	
-

	
x

	
x

	
x

	
x

	
x

	
x

	
x




	
7-Oxodehydroabietic acid methyl ester

	
-

	
-

	
-

	
x

	
-

	
-

	
-

	
-

	
-

	
x

	
x

	
x

	
x

	
-

	
x

	
x




	
15-Hydroxy-7-oxodehydroabietic acid methyl ester

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
x

	
x




	
Molar ratios among fatty acids

	
P/S

	
0.94

	
1.71

	
0.95

	
1.02

	
0.49

	
1.28

	
3.04

	
0.92

	
1.12

	
2.62

	
1.00

	
1.58

	
1.61

	
2.00

	
1.78

	
0.96




	
A/P

	
0.54

	
0.52

	
0.71

	
0.86

	
0.60

	
0.37

	
0.90

	
0.71

	
0.34

	
0.81

	
0.43

	
0.94

	
0.84

	
0.86

	
0.76

	
1.57




	
D/P

	
0.63

	
0.62

	
0.85

	
1.02

	
0.36

	
0.38

	
1.60

	
0.73

	
2.91

	
2.27

	
0.54

	
1.23

	
1.15

	
1.11

	
1.31

	
2.39




	
ΣD

	
17.93

	
18.84

	
17.04

	
18.99

	
5.84

	
12.72

	
47.30

	
12.80

	
82.40

	
70.80

	
16.90

	
37.80

	
36.40

	
34.11

	
31.50

	
41.78




	
O/S

	
0.15

	
0.53

	
0.12

	
0.13

	
0.04

	
0.04

	
0.45

	
0.09

	
0.05

	
0.47

	
0.12

	
0.13

	
0.16

	
0.29

	
1.39

	
0.28




	
A/Sub

	
7.63

	
6.37

	
10.00

	
10.05

	
-

	
6.69

	
7.56

	
-

	
-

	
6.77

	
5.23

	
4.37

	
3.46

	
4.78

	
4.77

	
3.14











[image: Table] 





Table 3. Pigments, additives, binding media, varnishes, and degradation products detected through the multi-analytical study (Raman spectroscopy, ATR-FTIR spectroscopy, XRF spectrometry, and GC-MS) on the colored regions of the artworks/samples.






Table 3. Pigments, additives, binding media, varnishes, and degradation products detected through the multi-analytical study (Raman spectroscopy, ATR-FTIR spectroscopy, XRF spectrometry, and GC-MS) on the colored regions of the artworks/samples.





	
Index

	
Color

	
Pigments

	
Inorganic Additives/Preparatory Layer, Adulterants

	
Binding Media

	
Varnish/Natural Resin Additive

	
Degradation Products






	
C1

	
White

	
Zinc white/lithopone (?)

	
Gypsum (3528, 3403, 1621, 1112, 1010 m, 1003, 601)

	
Egg yolk and oil (3403, 2919, 2851, 1740, 1454, 1417, 1368, 1164)

	
Colophony or Venice turpentine

	
Zinc stearate/palmitate (1539), azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA), 7-methoxy-tetra-DHA




	
Black

	
Carbon black (1606 s, 1326 s, 1028)




	
Red

	
Hematite (406 s, 610 w, 457)




	
Blue

	
Ultramarine blue (1238, 982, 797, 544 m, 680)




	
C2

	
White

	
Chalk/calcite (1407, 1085 s, 871, 713, 710 w)

	
Gypsum (3530, 3403, 1621, 1110, 1010 s, 1005, 669), chalk/calcite (1407, 1085 s, 871, 713, 710 w), aragonite (701 sh) (?),

quartz (799, 486 s, 433)

	
Casein and/or egg yolk (1652)

	
Colophony or Venice turpentine (3072 w)

	
Azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA), 7-methoxy-tetra-DHA, 7-oxo-DHA




	
Black

	
Carbon black (1020, 599)




	
Red

	
Hematite (618 m, 538, 410 s, 459)




	
Blue

	
Ultramarine blue (?)




	
C3

	
White

	
Zinc white (438 s)

	
Gypsum (1010 m(sh)), barium white/lithopone (988 s, 646 m, 617 m, 456 w), chalk (1085 s)

	
Arabic gum (2928 s(br)), oil and egg yolk (2940 m, 2850 m, 1448 m, 1302 w)

	
Colophony or Venice turpentine

	
Zinc stearate/palmitate (1539), Azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA)




	
Black

	
Carbon black (1598 s, 1314 s)




	
Red

	
Hematite (618 w, 418 s)




	
Brown

	
Burnt umber (648 s(br))




	
C4

	
White

	
Titanium white (anatase) (639 m, 516 m, 392 m), lead white (1051 w), zinc white (?)

	
Barium white/lithopone (988 m, 456 w)

	
Probably a mixture of oil and egg yolk (2973 w, 2868 w, 1446 w), and gum Arabic (2926 s)

	
Colophony or Venice turpentine

	
Azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA), 7-methoxy-tetra-DHA, 7-oxo-DHA




	
Black

	
Carbon black (1598 s, 1306 s)




	
Purple

	
Cinnabar/vermilion (348 m), ultramarine blue (544 m)




	
C5

	
White

	
Titanium white (anatase) (639 m, 516 w, 392 w), zinc white (?)

	
Gypsum (3407, 1621, 1112, 667, 603), barium white/lithopone (988 m, 982, 603, 456 w), chalk/calcite (1411, 873, 721)

	
Probably a mixture of oil, egg yolk and/or animal glue (3407, 2941 m, 2917, 2862 m, 2849, 1732, 1652, 1451, 1443 w, 1411, 1370, 1248, 1168, 1074 w, 1071)

	
Colophony or Venice turpentine (3082 w)

	
Zinc stearate/palmitate (1539), azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA), 7-methoxy-tetra-DHA




	
Black

	
Carbon black (1600 s, 1318 s, 1020)




	
Red

	
Cinnabar/vermilion (344 w)




	
Blue

	
Ultramarine blue (982, 797, 546 w(sh))




	
Green

	
Hydrated chromium green oxide (632, 538, 459, 435)




	
Yellow

	
Golden ochre (ocra d’oro d’Italia) (599, 465, 407)




	
C6

	
White

	
Titanium white (anatase) (639 m, 516 m, 392 m)

	
Traces of gypsum (1010 w)

	
Probably a mixture of oil, egg yolk and/or animal glue (2933 m, 2865 m, 1448 w)

	
Colophony or Venice turpentine

	
Azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA), 7-methoxy-tetra-DHA




	
Black

	
Carbon black (1598 s, 1306 s)




	
Red

	
Cinnabar/vermilion (342 w)




	
Blue

	
Ultramarine blue (546 m)




	
C7

	
White

	
Titanium white (anatase on the front of the paintings, rutile on the backside) (the first is confirmed by 639 m, 516 w, 392 w), zinc white/lithopone (?)

	
Gypsum (1120, 667, 608), barium white/lithopone (988 m, 982, 608, 456 w), chalk/calcite (1409, 875, 721), red lead (?)

	
Probably a mixture of oil, egg yolk and/or animal glue (3401, 2934 s, 2917, 2856 m, 2849, 2724 w, 1744 w, 1740, 1670 w, 1454, 1448 m, 1244, 1170, 1077), gum Arabic (2926 s)

	
Colophony or Venice turpentine

	
Zinc stearate/palmitate (1539), azelaic acid, suberic acid and sebacic acid, dehydroabietic acid (DHA), 7-methoxy-tetra-DHA, 15-hydroxy-7-oxo-DHA




	
Black

	
Carbon black (1020)




	
Purple

	
Cinnabar/vermilion (346 m), ultramarine blue (549 w)








Raman peaks are marked with bold, where s = strong, m = medium, w = weak, sh = shoulder, br = broad; ATR-FTIR peaks are marked with cursive; XRF results are highlighted using the underline, and GC-MS results are emphasized with bold and cursive.
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