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Abstract

:

In this work, scanning electron microscopy (SEM), X-ray diffraction (XRD), and infrared spectroscopy (FTIR) techniques were used to study blue, red, and ochre pigments from wall paintings of the 16th century colonial convent of San Nicolás de Tolentino in Actopan, Hidalgo, Mexico. In the blue pigments, nanometric fibers with a chemical composition of mostly O, Si, Al, and Mg were identified. XRD and FTIR analysis indicated the presence of palygorskite clay, which suggests that these analyzed blue pigments are similar to Mayan blue. In the red pigment, structures with different morphologies (spines and flake shapes, for instance), with a composition of C, O, Al, Si, S, Ca, Na, Mg, and K and a higher concentration of Fe and Pb, were observed. Complementary analysis showed that the red color originates from hematite and lead. Finally, the ochre pigment showed a significant presence of O and Fe, which was associated with the goethite mineral, while calcite was a crystalline phase identified in all analyzed pigments; these show that these pigments are characteristic of the known Mexican Colonial color palette.
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1. Introduction


From prehistoric times, people have sought to represent and transmit beliefs, culture, religion, and what happened in the environment, preserving what is beneficial and essential for survival and well-being [1,2]. In this respect, mural painting has played an important role in the history of Mexico because through it, we can learn many facts regarding pre-Hispanic life, the development of the Spanish conquest and colonization, and the independence and the modern life of Mexico. In particular, mural paintings made in religious convents immediately after the Spanish defeated native warriors in Tenochtitlan Mexico contributed in an important way to the consummation of the conquest of Mesoamerica and the conformation of the New Spain, and, at the same time and in a subtle manner, a new religion (Christianity) was imposed with the decoration of religious images on the walls and other available areas in the convents [3]. The friars intended to save all those having different customs; their main interest was to show the Christian God and give them salvation for their souls [4]. Painting was used as a means of evangelizing because through the pictures, it was easier to introduce the indigenous people into the History of Salvation and that Jesus Christ is the only way to Heaven and to eternal life; otherwise, committing a mortal sin without performing proper penance leads directly to “hell” [4,5,6].



The earlier mural paintings were made by the fresco technique by anonymous artists with careful monitoring by the monks. The raw materials used to elaborate these earlier paintings had a regional origin and were categorized as organic, inorganic, and synthetic [7]; the first were obtained from vegetables and animal sources, for example, indigo and cochineal. The second were mainly manufactured from minerals such as iron oxide, yellow-ochre silty clays, cinnabar, and green earth. Synthetic colorants were obtained by the combination of organic and inorganic colorant materials, for example, Mayan blue [8].



Nowadays, it is possible to appreciate the historical and artistic beauty of the mural paintings in colonial convents, which are mainly located in central Mexico. An example is the Augustinian ex-monastery of San Nicolás Tolentino in Actopan in the State of Hidalgo (Figure 1) and at its open chapel, which is the largest open chapel in Mexico. The Augustinian Order founded this convent in 1546; the building is attributed to Fray Andrés de Mata. Its cover is in a plateresque style, and its cloister combines Gothic and New Spain styles. From an architectural and pictorial point of view, the former convent of San Nicolás de Tolentino constitutes one of the greatest examples of New Spain art of the 16th century, as seen in Figure 1, for which it was declared an Historic and Artistic Monument of the Nation, by means of the Decree of February 2, 1933, issued by the Government of the Mexican Republic [9].



Wall painting is a first-hand source of knowledge about religious thought in New Spain as the images have been used in different instances, such as for pedagogical means, as well as cult objects [10]. Known as “grutescos” in Spanish, the adjective form “grotesque” is also used, which combines in an identifiable way the absurd, contradictory, unreal, illogical, and laughable [11]. The syncretization of Spanish art with Mexican art turned the grotesque into what was also called “tequitqui,” with a color palette different from the Spanish one, such as the use of smoke black, grana cochineal red, and indigo blue [12].



Unfortunately, the colonial paintings show a high level of deterioration, which is associated with environmental and human factors. For this reason, the analysis and characterization of historic vestiges making use of all available tools that provide any kind of information about these will be valued [13].



The purpose of characterizing the components of a painting is to answer questions such as the identification of an artist’s color palette or the identification of the hands of illustrators in ancient breviaries [14], determining authenticity [13,15] or provenance [15], identifying the alteration products [16,17], and deducing the mechanisms of deterioration [17] in order to determine the causes that produced it, and designing new treatment methods to control the action of deterioration agents [1,14]. Other reasons are to obtain historical information on the relationships between populations [14,18,19,20]; information to understand the mineralogical background of certain geological areas [20,21], trade routes [6,14,22], and the migration of cultural groups [23]; and to provide knowledge of technological evolution. Studies on the physicochemical and microstructural aspects and the unexpected deterioration of wall paintings caused by environmental impacts after their release have recently been carried out [24].



However, their deterioration has not always been so rapid; various pre-Hispanic wall paintings created later during the Viceroyalties in America have maintained their colors for hundreds of years. They were made with natural minerals and, rarely, synthetic pigments such as Mayan blue with exceptional resistance to diluted or concentrated acids and alkalis at boiling point, aqua regia, solvents, oxidizing and reducing agents, biocorrosion, and moderate heat [25].



There are few reports using analytical techniques to study colonial mural paintings in Mexico. Nevertheless, we can cite the work carried out by Ruvalcaba-Sil et al., who implemented a noninvasive methodology to study the pigments and other components of nine wall paintings in three former Augustinian colonial convents located in Epazoyucan, Actopan, and Ixmiquilpan in the state of Hidalgo, central Mexico, for which they used two techniques: X-ray fluorescence and Raman spectroscopy [26,27]; however, more work is needed. Therefore, the purpose of this work was to characterize and identify the pigments of wall paintings and to obtain the greatest amount of information that will serve as a basis for conservation, preservation, and restoration work.




2. Materials and Methods


2.1. Sampling


In order to avoid damage to the paintings, the analyses were performed on samples carefully collected using tweezers and a scalpel to remove little fragments of the paintings to the substrate; three colors were included: blue, red, and ochre. The samples (less than 2 mm in thickness) were placed in vials, which were labeled as shown in Table 1. Figure 2a identifies the area where the two ochre pigment samples were taken, while Figure 2b indicates the location where the blue and red pigments were sampled




2.2. Characterization


Microstructural characterization was carried out with a low-vacuum scanning electron microscope (SEM), JEOL JSM-5900LV (Jeol Ltd., Tokyo, Japan), with a coupled Oxford probe for elemental microanalysis (EDS). Each sample was prepared by making a cut with a scalpel to take a fraction of the pigment with a thickness of 1 to 2 mm to be examined under an optical microscope. This fraction was placed on carbon tape previously fixed on an aluminum sample holder. Later, it was covered with a thin gold film, approximately 100 Å thick, by the sputtering method. Secondary electron images were obtained with an acceleration voltage of 20 kV and EDS spectra at 25 kV. EDS analyses were performed in representative regions for each sample.



For the determination of the crystalline phases that constitute each sample, a D8 Discover Bruker Diffractometer (Bruker, German technology) with a Cu tube (λ = 1.5406 Å) was used. XRD data are typically collected at one address, 2-theta. To prepare the sample, it was ground, and the pigment layer was peeled off with a scalpel and pulverized in an agate mortar; the powder was then placed in a glass sample holder. The scanning range was from 10° to 90° in 2-theta degrees at 35 kV and 25 mA, with a step size of 0.03° and time of step of 0.08 s.



To determine the physicochemical nature of the pigments used in wall paintings and the possible mordants or binders, infrared spectroscopy was performed using a Perkin Elmer Spectrum GX (Perkin Elmer Ltd., Boston, MA, USA) Fourier-transform infrared (FTIR) spectrophotometer in transmittance mode. For the preparation of the samples, 1 mg of the powder sample was taken and mixed with 99 mg of dry potassium bromide to form a semitransparent pellet by compression, which was placed in a special sample holder for solid pellets. The samples were run in the mid-infrared range, from 400 to 4000 cm−1 with 10 scans.





3. Results


3.1. SEM and EDS Analysis


Figure 3a,b shows the typical morphology of the blue pigment. In Figure 3a, fibers with an average diameter of 57.89 nm and average length of 1105.36 nm are observed, while in Figure 3b, fibers with an average diameter of 42.68 nm and average length of 1353.73 nm are distinguished, as well as laminar structures in the A5 and A6 regions approximately 1.6 µm wide and 1.4 µm in length. Figure 3a,b shows the graphical distribution of the size classes of the fibers present in the blue pigment. EDS analysis showed that C and O are more abundant in wt%; Mg, Al, and Si are in intermediate abundance, while Na, Cl, K, and Fe have a lower presence, as can be observed in Table 2. It should be mentioned that the EDS analysis was performed in different selected areas, indicated as A1 to A5 in Figure 3. Ca and S were also found in amounts lower than 3 wt% in regions A2, A3, and A4, while in regions A1, A5, and A6, the S was found between 4 wt% and 5 wt%. Ca was found to be 12 wt% in the A1 region and in amounts greater than 20 wt% in the A5 and A6 regions. This is interesting because structures with flat surfaces are rich in calcium, while particles with fiber structures showed a lower quantity of it; this indicates that different material phases are present in the blue pigment. The elemental analysis of the fibers showed that they are mainly composed of O, Si, Al, Mg, and Fe; according to their morphology and chemical composition, these fibers are associated with palygorskite clay [28].



Figure 4a,b corresponds to the SEM micrographs of two different areas in the red pigment. In Figure 4a, agglomerates with an average diameter of 4.16 µm and average length of 7.53 µm are observed. Agglomerates with an average diameter of 1.70 µm and average length of 2 µm are seen in the R5 and R6 regions (Figure 4b). However, granular, rod, and laminar-shaped structures are also observed, with an average length of 303.25 nm and an average width of 62.33 nm. The graphs in Figure 4a,b correspond to the size classes distribution of the fibers and agglomerates observed in the red pigment.



Table 3 shows the EDS analysis performed on several points of the red pigments, which are indicated as R1 up to R6 in Figure 4a,b. According to Table 3, in the red pigment, a higher concentration of C, O, Fe (up to 16.65 wt%), and Pb (up to 11.00 wt%) was determined. Si and Ca were identified in amounts of between 6 wt% and 9 wt%, while Al and S occurred in amounts less than 3 wt%. Finally, Mg and K were only found in a concentration of less than 1 wt%.



In Figure 5, the mapping of the red pigment is shown in order to determine the distribution of the elements present in the sample: Pb, Al, S, K, Fe, and Ca. According to this figure, all elements are homogenously distributed; however, it is possible to observe that the Pb and, to a lesser extent, Si tend to form agglomerates, which are observed as particles of a larger size.



Figure 6a corresponds to an SEM micrograph of a specific zone of the ochre pigment; structures with rough surfaces up to 50 µm in size, as well as spiral ribbon-shaped laminar structures of 50 µm in length and 26 µm in width, were observed; a triangular prism shape structure was also noted. Figure 6b is a magnification image of the O1, O2, and O3 regions where the detail of the morphology of the described structures is appreciated. The EDS chemical analysis made at different points (O1, O2, O3, O4, O5, and O6 in Figure 6a) is shown in Table 4. Again, an appreciable difference in the chemical composition with respect to the blue and red pigments was observed; for instance, C and Pb were identified in lower wt% than in the red pigment, while Ca and Fe were present in higher wt%. The corresponding wt% of all identified elements are presented in Table 4.




3.2. X-ray Diffraction Analysis


In the blue pigments, typical diffraction patterns are shown in Figure 7. All the samples displayed some characteristic peaks at 7.26°, 14.45°, 17.67°, 23.89°, 26.56°, 39.35°, 41.01°, 44.83°, and 50.46° on the 2-theta scale. Based on this information, a search was carried out in the International Centre for Diffraction Data (ICCD); as a result, it was found that these peaks correspond to the hkl planes (110), (200), (150), (260), (241), (331), (300), (541), (561), and (300) of the palygorskite clay ((Mg, Al) 2Si4O10 OH)4H2O) with PDF card No. 21-0957. The characteristic peaks were also identified at 10.34°, 19.69°, 20.69°, and 34.85°, which are related to the hkl planes (130), (060), (131), and (371) of the sepiolite (Mg4Si6O15 (OH)2 H2O) with card No. 25-1371. The diffraction peaks at 29.40°, 57.39°, and 64.66° in 2-theta belonged to the hkl planes (104), (122), and (300) of the calcite (CaCO3) with card No. 47-1743. It should be mentioned that palygorskite clay had a higher abundance. In Figure 7, the corresponding indexing planes for the identified crystalline phases are shown.



The X-ray diffractograms of two samples with the red pigment are presented in Figure 8. It was possible to identify several crystalline phases: CaCO3, SiO2, Fe2O3, and PbO2; the corresponding diffraction peaks for each phase were indicated in each diffractogram (Figure 8). According to the International Center for Diffraction Data (ICDD), the PDF card No. 02-0919 was identified for hematite, card No. 01-0649 for quartz, card No. 47-1743 for calcite, and card No. 41-1492 for lead dioxide. All the samples displayed some characteristic peaks at 23.05°, 29.40°, 35.97°, 43.16°, 47.11°, 56.56°, 60.99°, 64.66°, and 77.16° in the 2-theta scale that are associated with the hkl planes (012), (104), (202), (024), (202), (208), (300), (12-1), and (11-2) of calcite. The diffraction peaks at 25.42°, 31.97°, 40.66°, 52.12°, 58.89°, 66.83°, and 76.87° belonged to the hkl planes (101), (210), (220), (310), (202), and (400) related to lead dioxide, and the characteristic peaks at 24.23°, 33.28°, 35.74°, 40.99°, 49.49°, 54.23°, 57.55°, 62.72°, 75.374°, and 77.55°, which correspond to the hkl planes (110), (113), (024), (023), (116), (122), (214), (217), and (306), are linked to hematite. In Figure 8, the corresponding indexing planes for the identified crystalline phases are shown.



The X-ray diffractogram of a sample with the ochre pigment is presented in Figure 9. According to the International Centre for Diffraction Data (ICDD), the PDF card No. 02-0273 was identified for goethite (Fe3O(OH)), 01-0649 for quartz (SiO2), and the card No. 25-0618 for sanidine (KSi3AlO8) (Figure 9). All the samples displayed some characteristic peaks at 26.83°, 39.49°, 42.61°, 45.79°, 50.08°, 54.93°, 60.03°, 67.86°, 73.33°, 77.55°, 79.87°, 81.50°, and 84.11°, which corresponded to the hkl planes (101), (102), (200), (201), (112), (202), (211), (212), (104), (220), (213), (114), and (311) belonging to quartz. The characteristic diffraction peaks at 21.23°, 24.30°, 33.28°, 35.74°, 39.40°, 40.97°, 43.69°, 49.55°, 54.23°, 56.25°, 57.71°, 62.54°, 64.08°, 69.64°, 72.033°, 75.515°, 77.85°, 78.84°, 80.76°, 83.04°, 84.92°, and 88.69° were related to the hkl planes (101), (012), (110), (006), (113), (202), (024), (116), (211), (018), (214), (300), (208), (1010), (220), (036), (223), (128), and (021) for the goethite crystalline phase. Finally, the characteristic peaks at 13.30°, 19.36°, 20.93°, 22.49°, 23.45°, 25.06°, 25.73°, 27.33°, 29.79°, 30.92°, 31.95°, 34.67°, 37.07°, 37.90°, 41.52°, 43.94°, 47.10°, 50.86°, and 52.33° were related to the hkl planes (110), (021), (-201), (111), (-130), (-221), (-112), (040), (131), (022), (-311), (221), (151), (-203), (060), (061), (351), (043), and (242) linked to sanidine. In Figure 10, the corresponding indexing planes for the identified crystalline phases are shown.




3.3. Infrared Spectroscopy Analysis


The FTIR spectra of blue pigments (samples M1 and M2) are shown in Figure 10a. It is important to note the similarity of the absorption spectra for both samples. In these, the presence of stretching bands of the Mg-OH bond can be observed at 3576−440 cm−1, and the symmetric stretching bands at 3324 and 3618 cm−1 correspond to Al−Fe−OH and Al−OH [29,30]. Furthermore, these symmetric and asymmetric stretch bands are associated with zeolitic water bonds and with the octahedral layer of palygorskite clay [29]. In addition, the absorption bands at 2807 cm−1 correspond to interactions of the C–H bonds, while the band at 2790-2736-2725 cm−1 is associated with the interaction of the CH2 group [31,32]. The vibratory band at 2630 cm−1 is due to intramolecular bridges with the carbonyl group and OH [33]. Bands attributed to C=O vibrations were detected near 1623 cm−1 (stretching) [34]. The stretching and bending vibrations of six-membered rings occurred at 1578–1579, 1483, and 1456 cm−1, whereas bands attributed to vibrations of C–H arose at 1483, 1456, 1247, and 1170 cm−1 (rocking) [34]; this is interesting because Baran et al. (2010) reported these absorption bands for indigo [34]. Finally, the stretch and strain bands for CO3 of calcite were at 1400 1410, 870, and 875 cm−1, as well as the asymmetric stretch bands of the same bond at 715 cm−1 [29,35]. The vibrational modes referents to palygorskite were found at 3620, 3570, 1022, 978, and 650 cm−1 [36,37]. Other absorption bands and corresponding functional groups in the blue pigments are also presented in Table 5.



The FTIR absorption spectra, of red and ochre pigments, are presented in Figure 10b. Some important differences can be observed in both spectra, for example, the bands at 470, 484, and 565 cm−1 [38,39], which correspond to the Fe-O-Fe and Fe-O bonds of hematite (Fe2O3), and 470, 803, and 905 cm−1 for goethite [40]. Concerning the red pigment, we observed bands at 715 and 1460 cm−1 associated with calcite [35,41], while quartz showed bands at 1090 and 1188 cm-1 that correspond to stretching bands of the Si-O bond [40,42]. In the ochre pigment, bands associated with quartz were found at 796 and 777 cm−1, as well as bands at 696 and 1089 cm−1 [40] corresponding to the stretch bands of the SiO bond. Additional absorption bands and their corresponding functional groups are presented in Table 5.





4. Discussion


The mural paintings have always had a significant role, both in decorative and religious symbolism, as can be seen on the walls of some archaeological ruins, ceramics, or pre-Hispanic figurines. This must have been noted by the religious evangelizers, who decided to use them during the Spanish conquest. All this would explain why the walls of religious convents were decorated with wall paintings in a range of shades, covering a spectrum of different colors from warm (red-yellow) to cold (blue-green) tones [50].



In the SEM micrographs, nanometric fibers in the blue pigments were observed; from the average diameter and chemical elemental composition, they can be associated with the palygorskite and sepiolite clays [51]. This assertion was supported by the XRD and FTIR results, which effectively showed the presence of both clays, with palygorskite being the most abundant, and this was confirmed by EDS analysis finding elements such as O, Si, Al, and Mg. The presence of the indigo molecule was also corroborated with the FTIR, confirming the origin of the blue tone of the pigment. These results indicated that the blue pigments analyzed herein were manufactured similarly to Mayan blue.



It should be pointed out that this pigment is typical of the Mayan culture and was widely used in murals, pottery, and sculptures in a wide region of Mesoamerica in the pre-Hispanic time (since the 8th century BCE) and during the colonization. Mayan blue is very different from any other pigment used in other parts of the world [52]. Its extreme physicochemical stability explains why many artworks have survived for centuries under drastic environmental conditions.



The greater amount of Ca (more than 20 wt%) is associated with calcium carbonate (calcite), which was the substratum in which the wall paintings were made, and the rest is related to calcium sulfate (between 4.04 and 5.89 wt% of S) reported in blue, red, and ochre pigments. This assertion was supported by the XRD and FTIR results, and it should be mentioned that, since 1933–1934, colonial convents were under the protection of the INAH (Instituto Nacional de Antropología e Historia), and a layer of plaster was placed on the wall containing the paintings in order to preserve them. It was not until 1940 that the paintings were re-exhibited [53].



On the other hand, through the scanning electron microscopy analysis of the red pigment, agglomerates of very small fibrous particles and agglomerates of almost spherical particles were observed. For the agglomerates and the fibers, a higher concentration of Fe was detected. It should be mentioned that these spherical particles can be associated with the typical structure of hematite that would give rise to the red color of the sample [54,55].



The XRD results of the red pigment showed the presence of crystalline phases of quartz, lead dioxide, hematite, and calcium carbonate. The PbO2 was used by the Spanish as a pigment that was combined with hematite to obtain a brown or dark red color; this tells us about the synchronization of cultures that occurred during the 16th and 17th centuries; it should be mentioned that this metallic oxide was used as a fungicide and pesticide [56]. In the IR spectra, the stretch bands between 470 and 650 are important in the red pigment because they are associated with a series of wide and large bands from ferric oxide for the hematite mineral that would give a red hue.



With regard to the SEM results of the ochre pigment, the domain of structures with sharp edges and very short lengths was observed. It was not possible to study the size classes; however, particles between 50 μm and 100 μm were observed with a higher concentration of Fe. We also observed a structure with the shape of a triangular prism associated with sanidine, which is a feldspar with a significant concentration of Si, Al, and Na.



XRD analysis of the ochre pigment showed the presence of sanidine, which is feldspar, very common in effusive-type felsic volcanic rocks and hypo-abyssal rocks. Feldspar usually appears with several quantities of iron, calcium, and quartz [57]. In the infrared spectra of these ochre pigments, the most important areas of the spectrum obtained were found in two regions: at 547 cm−1, which corresponds to the vibrational modes of sanidine, and the symmetric stretching bands from 900 cm−1 to 800 cm−1 can be associated with the inter-actions of goethite (Fe3+ O (OH), corroborating with what has been described as giving origin to the color [40].



It was not possible to make a complete comparison of these results with the results reported by Ruvalcaba et al. [26], because the sampling was performed in different sites and included other colors. However, they analyzed the blue pigment and reported the presence of indigo, which agrees with our result. They also reported that the white colors were mainly calcium carbonates, but some gypsum was also found, and the black color of the grisaille was charcoal. The light pink color for the religious people consists of lead (minium) and calcium with the presence of mercury (vermillion) in the darker areas. In this work, we reported the presence of lead oxide (minium) in the red pigment. The interpretation of the results obtained by means of these techniques allowed us to find the origin of the pigments at the former convent of Actopan and the synchronization between two cultures: the Hispanic and the Otomi.




5. Conclusions


The obtained results allowed us to determine the origin of the color of the analyzed colonial pigments, distinguished by the presence of Mayan blue pigment in blue samples, hematite in red samples, and sanidine and goethite in ochre samples. In addition, calcite was associated with the substratum. Calcium sulfate was used as layer protection for the murals in the early 20th century. The pigments used in the decoration of the wall paintings of the Convent and other similar enclosures are largely natural minerals suitable for the fresco technique because they have good chemical resistance and colorfastness, with the exception of the Mayan blue pigment, which is a synthetic colorant obtained by the combination of organic and inorganic materials. The large size and importance of the murals in patrimonial convents of Mexico and the diversity of materials allowed the balance between modern techniques and historical research, thereby providing a range of data that allowed us to obtain a large quantity of good-quality information. We believe that our results have contributed to showing the syncretization of the artistic work of native people in the region with that of the monks who introduced the Christian religion in this colonial territory; there is no doubt that the religious strategy of the monks facilitated evangelism and also contributed to the conquest of Mesoamerica.



Finally, further analysis of the samples from different zones of the mural paintings are necessary to achieve better knowledge about the styles and roles of the various materials in the colors; this will be the main goal for future research.
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Figure 1. (a) Geolocation map of the state of Hidalgo Mexico at the coordinates 20°16′06″ N 98°56′35″ W; (b) geolocation map of the convent of San Nicolás de Tolentino at the coordinates 20°16′6.24″ N, 98°56′34.8″ W; (c) the main facade of the convent of San Nicolás de Tolentino; and (d) samples of mural paintings from the convent: geometric themes of the barrel vault (left) and the garden of Eden (right). 
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Figure 2. (a) General view of the mural painting, the red circle marking the specific area where the ochre sample was taken, and (b) general view of the mural painting, the red circle marking the specific area where the blue and red color samples were taken. 
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Figure 3. Blue pigment micrographs showing localized areas for EDS analysis and size classes: (a) M1 blue, and (b) M2 blue. 
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Figure 4. Red pigment micrographs showing localized areas for EDS analysis and size classes: (a) N1 Red, and (b) N2 Red. 
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Figure 5. Elementary mapping of a red pigment sample. 
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Figure 6. Micrograph of the ochre pigment marking the main classes of morphology: (a) sample 01, and (b) magnification of an area of sample 01. 
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Figure 7. X-ray diffractogram of the blue pigment. 
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Figure 8. X-ray diffractogram of the red pigment. 
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Figure 9. X-ray diffractogram of the ochre pigment. 
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Figure 10. Infrared absorption spectra of pigments: (a) M1 blue, (b) M2 blue, (c) ochre, and (d) red. 
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Table 1. Classification of the samples to be analyzed, and description and location of the sampling area.
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Num.

	
Sample

	
Location

	
Description






	
1

	
Blue M1

	
Western wall of the sacristy

	
Sampling from zoomorphic figure of a central border in the sacristy that showed damage and loss of polychromy in some regions




	
2

	
Blue M2

	
Western wall of the sacristy




	
3

	
Blue M3

	
Western wall of the sacristy




	
4

	
Red N1

	
Western wall of the sacristy

	
Sampling from Anthropomorphous figures of a central border in the sacristy that showed damage and loss of polychromy in some regions




	
5

	
Red N2

	
Western wall of the sacristy




	
6

	
Ochre 01

	
Eastern wall of the sacristy

	
Samples were taken from a central border in the sacristy. The damage and loss of polychromy is also evident




	
7

	
Ochre 02

	
Eastern wall of the sacristy
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Table 2. Elemental composition (%) determined through EDS of the blue samples.






Table 2. Elemental composition (%) determined through EDS of the blue samples.





	
Sample

	
M1

	
M2




	
Element

	
wt%




	
A1

	
A2

	
A3

	
A4

	
A5

	
A6






	
C

	
28.46

	
27.56

	
38.06

	
39.93

	
17.70

	
14.84




	
O

	
44.15

	
45.91

	
45.26

	
48.96

	
43.96

	
44.71




	
Na

	
0.62

	
0.48

	
0.38

	
0.31

	
-

	
-




	
Mg

	
1.08

	
6.10

	
4.39

	
1.61

	
1.54

	
1.0




	
Al

	
2.09

	
3.21

	
3.21

	
2.81

	
1.52

	
0.92




	
Si

	
6.60

	
12.42

	
4.26

	
1.98

	
7.15

	
3.78




	
S

	
2.78

	
2.29

	
2.78

	
2.13

	
4.87

	
5.19




	
Cl

	
0.64

	
0.45

	
0.51

	
0.42

	
0.25

	
0.19




	
K

	
0.56

	
0.45

	
0.55

	
0.34

	
0.17

	
-




	
Ca

	
12.6

	
0.50

	
0.5

	
1.38

	
22.34

	
29.13




	
Fe

	
0.42

	
0.63

	
0.1

	
0.13

	
0.50

	
0.24
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Table 3. Elemental composition (wt%) determined through EDS of the red samples.
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Sample

	
N1

	
N2




	
Element

	
wt%




	

	
R1

	
R2

	
R3

	
R4

	
R5

	
R6






	
C

	
29.73

	
43.80

	
29.14

	
30.07

	
35.10

	
35.53




	
O

	
29.87

	
29.56

	
30.20

	
30.72

	
28.72

	
27.35




	
Mg

	
0.57

	
0.23

	
0.54

	
0.55

	
0.61

	
0.39




	
Al

	
2.80

	
0.94

	
1.64

	
2.56

	
2.73

	
2.17




	
Si

	
5.18

	
1.44

	
6.35

	
3.76

	
2.59

	
2.38




	
S

	
1.11

	
0.92

	
0.99

	
1.86

	
2.49

	
2.16




	
K

	
0.56

	
0.12

	
0.52

	
0.46

	
0.23

	
0.19




	
Ca

	
4.84

	
5.91

	
8.84

	
5.67

	
3.65

	
2.31




	
Fe

	
14.76

	
10.73

	
14.60

	
16.66

	
16.38

	
16.16




	
Pb

	
10.58

	
6.35

	
7.18

	
7.69

	
7.5

	
11.36
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Table 4. Elemental composition (wt%) determined through EDS of the Ochre samples.
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Sample

	
01




	
Element

	
wt%




	

	
O1

	
O2

	
O3

	
O4

	
O5

	
O6

	
O7






	
C

	
14.80

	
14.20

	
14.51

	
12.91

	
15.39

	
15.57

	
14.09




	
O

	
37.51

	
38.60

	
36.96

	
40.03

	
40.89

	
40.30

	
39.19




	
Na

	
0.36

	
0.18

	
9.85

	
0.11

	
1.96

	
0.1

	
0.7




	
Mg

	
0.44

	
0.61

	
1.02

	
0.76

	
3.40

	
2.23

	
1.98




	
Al

	
0.85

	
0.80

	
1.48

	
0.63

	
0.50

	
0.50

	
2.38




	
Si

	
1.80

	
1.44

	
2.09

	
1.21

	
1.14

	
1.20

	
1.82




	
S

	
4.04

	
4.32

	
4.09

	
5.22

	
5.89

	
5.79

	
5.69




	
Ca

	
20.74

	
20.68

	
10.87

	
20.53

	
18.59

	
20.10

	
20.12




	
Fe

	
18.39

	
17.83

	
17.17

	
16.66

	
11.22

	
13.17

	
12.53




	
Pb

	
1.07

	
1.34

	
1.96

	
1.94

	
1.02

	
1.04

	
1.50
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Table 5. Infrared absorption frequencies of the pigments.
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Frequency cm−1

	
Vibrational Mode

	
References

	
Year






	
Blue Pigment




	
3620,3618,3576

	
Mg-OH, Al-Mg-OH

	
Sanchez et al. [36]

	
2011




	
3445–3440

	
Zeolitic water

	
Polette et al. [29]

	
2007




	
3326–3325

	
Mg-OH and Al-OH

	
Polette et al. [29]

	
2007




	
2800–2799

	
ν CH

	
Ortega et al. [31,32]

	
2001




	
2735–2725

	
ν CH2

	
Ortega et al. [31,32]

	
2001




	
2630

	
Interaction C=O y Mg-OH

	
Rojo et al. [33]

	
2000




	
1623-1624

	
ν C=O

	
Baran et al. [34,43]

	
2010




	
1579–1578

	
ν CC+ ν C=C + ν    C = O + ρ   C–H

	
Baran et al. [34]

	
2010




	
1483–1479

	
 ρ  C–H + ν CC

	
Baran et al. [34]

	
2010




	
1456

	
 ρ  C–H + ν CC

	
Baran et al. [34]

	
2010




	
1400–1410

	
CO3 (Calcite)

	
[35]

	
2017




	
1247

	
 ρ  C–H

	
Baran et al. [34]

	
2010




	
1170

	
  ν   CN + ρ    CH + ρ  NH

	
Baran et al. [34]

	
2010




	
1125–1070

	
ν CN + ρNH

	
Baran et al. [34]

	
2010




	
1022-1021

	
ν Si-O (Palygorskite)

	
Suárez et al. [37]

	




	
979-978

	
δC-CO-C=C + νSi-O

	
Tatsch et al. [44]

	
1995




	
945-930

	
Si-O

	
Tatsch et al. [44]

	
1995




	
870–875

	
Calcite

	
[35]

	
2017




	
715–711

	
Calcite

	
[35]

	




	
650–645

	
Mg-Mg-OH

	
Sanchez et al. [36]

	
2011




	
596–587

	
δC-NH-C + Al-O

	
Polette et al. [29]

	
2007




	
510–513

	
Al-O-Al

	
Ortega et al. [1]

	
2003




	
427

	
νAl-N + γ C=O

	
Polette et al. [29]

	
2007




	
412-400-392

	
γ C--H

	
Tatsch et al. [44]

	
1995




	
Ochre Pigment




	
3820–3460

	
-ν OH

	
Genestar et al. [40]

	
2005




	
3190

	
Fe-OH

	
Genestar et al. [40]

	
2005




	
2969–2905

	
-

	
Cui et al. [45]

	
2013




	
2355

	
CO3

	
Ghosh et al. [46]

	
2012




	
1671–1626

	
-OH

	
Ghosh et al. [46]

	
2012




	
1457

	
-ν CO

	
Jovanovski et al. [47]

	
2016




	
1089–696

	
Si-O

	
Genestar et al. [40]

	
2005




	
904-803

	
Fe3+ O (OH)

	
Genestar et al. [40]

	
2005




	
796–777

	
Si-O

	
Genestar et al. [40]

	
2005




	
547

	
Sanidine

	
Theodosoglou et al. [48]

	
2017




	
470

	
O-Fe

	

	




	
Red Pigment




	
3730–3459

	
-ν OH

	
Genestar et al. [40]

	
2005




	
2969

	
-

	
Cui et al. [45]

	
2013




	
1732-904-823

	
-νPbO2

	
[35]

	
2017




	
2356

	
CO3

	
Ghosh et al. [46]

	
2012




	
1671

	
-OH

	
Adegoke et al. [39]

	
2014




	
1460

	
ν CO

	
Myszka et al. [41]

	
2019




	
1188–1090

	
Si-O

	
[1,40,42]

	




	
715–679

	
Calcite

	
Gunasekaran et al. [49]

	
2006




	
565-484-470

	
Fe2O3

	
Rendón et al. [38]

	
1981








Modes: γ—deformation modes; ν—stretching; ρ—rocking; δ—torsion.
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