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Abstract

:

Techinantitla building complex, in the Amanalco neighborhood of the ancient city of Teotihuacan, is famous for the iconography and quality of the mural paintings found in this site. A significant part of this heritage has been lost due to looting. In recent years, an interdisciplinary research project was developed to study the limited patrimony that was left. As part of this study, we first employed geophysical techniques to reconstruct the architectural pattern of the compound’s remaining walls, where other paintings may still be found. Then, we applied a non-invasive methodology to characterize a large set of fragments recovered in the 1980s and to gain information on their pigments and manufacturing techniques. This methodology included False Color Infrared Imaging, X-ray Fluorescence and Fiber-Optics Reflectance Spectroscopy, and led to the identification of hematite, calcite, malachite, azurite and an unidentified blue pigment. The results were compared with a previous study performed on a set of Techinantitla mural paintings looted in the 1960s. A broader comparison with contemporary mural paintings from other Teotihuacan complexes shows good agreement in the materials used. These results may suggest a standardization in the making of Teotihuacan mural painting during the Xolapan period (350 to 550 AD).
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1. Introduction


Mural paintings were an important part of the Mesoamerican landscape, and its remains include outstanding and sophisticated artworks. Particularly in Teotihuacan, one of the main civilizations in Central Mexico, the techniques and the use of materials reached a high level of development from the first century BC until 550 AD, when the city began to be abandoned [1,2,3,4].



The city was organized in neighborhoods around the civic and ceremonial center, with several of these complexes standing out for their mural paintings: Tetitla, Tepantitla, Quetzalpapalotl, Zacuala and Techinaltitla [3,5]. These mural paintings underwent a technical and material evolution, as proposed and described by Magaloni [6,7,8]. with additional contributions by other authors [9,10,11,12,13], which reached its peak in quality of the pictorial and manufacturing techniques during the Xolalpan period (350 to 550 AD).



Techinantitla was located in the neighborhood of Amanalco (Figure 1), northeast of Teotihuacan’s civic and ceremonial center. This neighborhood is well known for its mural paintings of high plastic and aesthetic quality. Sadly, the site was seriously looted in the 1960s, and the limited remains that were left have been poorly studied.



The corpus of mural paintings looted from the site comprises 145 wall painting fragments with images of medium and large dimensions. The fragments were illegally sold on the black market between 1962 and 1965, and are kept in different museums, as well as in public and private collections in the United States, Mexico, Europe and the Middle East. Almost all of them have been restored, so now only limited information can be obtained about their materials and pictorial techniques. In 1976, about 80 of these fragments were bequeathed to the Fine Arts Museums of San Francisco, Ca.—now at the de Young Museum—with just over half of the pieces returning to Mexico in 1986. A previous study of all 80 fragments that were part of this collection provides some information on the materials used [14].



A second set, made up of almost 1500 small and medium fragments, was found and collected in 1984 on the surface of the site by René Millon. The Arizona State University Teotihuacan Research Laboratory (located in San Juan Teotihuacan, Mexico) is in charge of this collection. These fragments, due to their line and iconography, have been linked to those stolen sixty years ago and to other mural paintings located in situ.



The analysis of this second set—which has not been intervened—can provide information on the material culture in the last phase of ancient Teotihuacan (late Xolalpan, 450–550 AD), and offers a great opportunity for an interdisciplinary study using non-invasive techniques, approaching the problem from art history, archaeometry, physics, chemistry and earth sciences.



As part of the methodology followed, the site was first studied with geophysical techniques to reconstruct the architectural pattern of the compound’s remaining walls. This included drone aerial photography, topography, magnetic gradient, electric resistivity and georadar surveys, and allowed identifying dipole lines produced by walls.



Afterwards, a non-invasive methodology was applied on a selection of the small fragments of mural painting recovered by Millon to characterize the pigments and obtain information on their manufacturing techniques. The methodology involved False Color Infrared imaging (FCIR) to scan the pictorial surface and, depending on its response, classify the main pigmented areas. This also provided a first approach for the characterization of the materials present, which was then verified by X-ray Fluorescence (XRF) and Fiber Optic Reflectance (FORS) spectroscopies. To complement these results, Scanning Electron Microscopy (SEM) was applied on select samples.



We compared the information obtained from our study with that available from the report of the previous study performed at the de Young museum [14]. In this way, we expect to recover the dignity of a badly damaged cultural heritage and provide some information on the painting techniques used in this important neighborhood.



The establishment of links between architecture and the remaining mural painting fragments related to the Amanalco neighborhood may provide new insights about the origin and possible location of the images and motifs extracted from the site.




2. Materials and Methods


2.1. Geophysical Prospection


Between 2016 and 2018, the Archaeological Prospection Laboratory carried out geophysical studies in order to detect buried walls in Techinantitla, covering an area of 140 by 60 m, slightly larger to the north than the area studied by René Millon [11,15]. The strategy included the magnetic gradient for detecting dipole alignments, but due to the presence of stones dispersed on the surface, it was important to verify the presence of some walls with electric resistivity. Information concerning depth was provided by georadar and allowed to confirm the location and the shape of some of the buried structures.



2.1.1. Magnetic Gradient


The magnetic survey was carried out on the surface immediately after completion of the field-walking reconnaissance. The selected area was surveyed in 20 by 20 m grid units using a Geoscan FM36 fluxgate gradiometer (Geoscan Research, Clayton, UK), and the land was sampled at intervals of 0.25 m in transects with Teotihuacan’s north direction and a 1 m distance between them, resulting in a total of 25,600 magnetic gradient readings.




2.1.2. Electrical Resistivity


In order to establish a correlation between the magnetic gradient data and the GPR, the electrical resistivity was measured in the central grids where the profiles with GPR were also acquired. Data was collected in 20 by 20 m grid units, with a Geoscan RM15 instrument (Geoscan Research, Clayton, UK) every 1 m.




2.1.3. Ground Penetrating Radar (GPR)


This part of the geophysical survey was performed using a ground penetrating radar GSSI, model SIR-3000 equipped with a 400 MHz monostatic antenna (Geophysical Survey Systems, Inc., Nashua, NH, USA). This device was used as a complementary method to the previous geophysical techniques, and lines of verification were selected in the main grids where the most important magnetic and electric anomalies appeared.





2.2. Mural Painting Analysis


2.2.1. Fragment Selection


Of the 1498 fragments recovered by Millon from Techinantitla, 889 are monochrome in red (59%), and 609 are polychrome in shades of green, yellow, blue-gray, blue, pink and red (41%). From these, a subset of 83 small fragments was selected for analysis (5.3% of the 1498 fragments). This sample is composed of 9 monochrome red fragments (11%), 10 bichromes in pink and red (12%), and 64 polychromes (77%); three of them have an iconography that can be related to fragments bequeathed to the museums of San Francisco, but most of the fragments are probably related to the mural remains that should still be in the site (Table 1).




2.2.2. False Color Infrared Imaging (FCIR)


Visible and near infrared (NIR) images were captured with a Sony Handycam HDR-PJ760V10 camera (Sony Group Corporation, Tokyo, Japan). NIR images were captured in Nightshot mode with an external IR 760 nm filter (Hoya, Tokyo, Japan) to eliminate the contribution of visible light. The photographed areas were illuminated using two Lowel Tota halogen lamps (3200 K). To generate the FCIR images, the visible and NIR images were processed with Photoshop CC (Adobe Inc., Mountain View, CA, USA). In this procedure, the data from the green and red channels of the visible image are transferred to the blue and green channels, respectively. Then, the data corresponding to the red channel in the infrared image is moved to the now available red channel in the visible image [17,18,19].




2.2.3. X-Ray Fluorescence (XRF)


Elemental information was acquired with a Tracer-III SD (Bruker Corporation, Billerica, MA, USA) handheld spectrometer equipped with a rhodium X-ray tube. Acquisition conditions were 40 kV, 11 μA and 30 s integration time. The acquired spectra were processed with PyMCA software (ESRF, Grenoble, France) [20] in order to measure the X-ray intensities from the specific elements. The analyzed surface is an ellipse with major and minor axes of approximately 9 and 7 mm, respectively.




2.2.4. Fiber-Optics Reflectance Spectroscopy (FORS)


A portable FieldSpect-4 (ASD Inc., Boulder, CO, USA) was used to acquire visible, NIR and shortwave near infrared (SWNIR) reflectance and absorbance (log(1/R)) spectra. A noncontact 8-degree probe was used which is placed eight cm above the sample. A D65 illuminant provides illumination over the whole spectral range. The analysis area is about 3 mm in diameter and spectra were obtained with a 0.2 s integration time. In absorbance mode, data is processed with the Kubelka–Munk theory [21,22]. Calibration was performed using a certified reflectance standard (AS-02035-000CSTM-SRM-990-362, ASD Inc). For analytical purposes, the visible and NIR regions are presented together in a region named visible-near infrared (VNIR). VNIR ranges from 300 nm to 1000 nm and SWNIR ranges from 1000 nm to 2500 nm. Inflection points were determined using the first derivative of the spectrum, which was obtained with Origin Software (OriginLab Corporation, Northampton, MA, USA).




2.2.5. Microscopic Examination


A portable digital microscope Dinolite model AF4915ZT (AnMo Electronics Corporation, Hsinchu City, Taiwan) with a polarizer was used for acquiring optical microscopy images at 100 and 200× enhancements.



Scanning Electron Microscopy (SEM) was carried out with a TM3030 microscope (Hitachi®, Tokyo, Japan). Both backscatter images (BSE) and elemental distribution maps via energy dispersive spectroscopy (SEM-EDS) were acquired with 15 keV electrons. This method was applied to characterize small bright inclusions present in the red areas of selected small fragments that could fit in the analysis chamber (less than 4 cm per side).






3. Results and Discussion


3.1. Geophysical Prospection


The surveyed area is shown in Figure 2. The magnetic gradient and the electric resistivity maps are shown integrated in Figure 3, along with the lines that were measured using the georadar.



Geophysical anomalies interpreted as walls were compared with the topographic map and some descriptions of the intervention performed by Millon in 1984. Geophysical data allowed us to identify four large open spaces interpreted as patios, but one of them seems to correspond to the temple described by Millon. Furthermore, we located some of the excavated areas where murals were looted and some of the walls where in situ murals were found in 1984.



In Figure 3, yellow dotted lines represent the hypothetical emplacement of the detected buried walls that form part of the architectural spaces. Due to the fact that the walls were built with volcanic stones glued together with clayish mortar, aligned magnetic dipoles are interpreted as walls that can be differentiated from the random surface dispersion of small stones. Subsequent discrimination and verification is a consequence of contrasting with electric resistivity and georadar maps as information layers.



Selected lines marked in pink in Figure 3, are presented as individual radargrams as an example of the characteristics of the underground.



Line F73, in the north edge, shows the presence of two reflections interpreted as walls, in meter 3 and 14, both delimiting an open space about 11 m N-S. In the case of lines F15 and F30, they are placed in the topographic upper part of the terrain, and we can observe a diffuse horizontal contact about 1 m depth, interpreted as a floor.



Even more interesting, in line F15, we can see both shallow walls in meters 2, 6.5 and 11.5, but also the deeper ones, in meters 7 and 13, below one meter depth, that suggests a previous building stage (Figure 4). Reflection in 2 m corresponds to the northern limit of a square open space in the map (Figure 3). Between 2 and 6.5 m, we can identify a small room. Between 12 and 20 m, we can see another open space with no reflections.



Line F30 is in the upper, central part of the terrain. It shows a room placed between 3 and 8 m (Figure 4). Then, from 12 to 20 m, we can see a homogeneous fill that is part of a square open space. Deeper walls from a previous constructive stage, at a depth of more than 1 m, can be observed from 7.5 to 13 m in the central part of the radargram.



Line F160 was placed to verify the southernmost rectangular space. In 2–3 m, we can see reflections of a collapsed wall that closes the south side, while in 16–17 m, we have the opposite wall closing the north side of this rectangular space. In 10 m, it is possible to have a central altar in this plaza (Figure 4).



In general terms, radargrams verify the presence of walls in the places that magnetic and electric data had predicted, while they also provide information on the floor depth that allows the estimation of the wall’s height. With this information, we propose that in the central part of the site there are at least two construction stages, while only one in the peripheral areas.



Results from this study support the proposal that, besides the already looted walls, there are many other walls with high probability of having mural paintings. A scientific archaeological excavation might provide additional information to verify the relationship between in situ murals and those fragments exhibited in museums.




3.2. Mural Fragments Analysis


A general overview of the pigments can be established from the FCIR imaging and a comparison with pigment references. FCIR results for select fragments are shown in Figure 5. This method allows the selection of specific regions and representative fragments for further spectroscopic analyses, considering that the colors with the same behavior in FCIR correspond to the same pigments.



The results indicate the use of the typical Teotihuacan palette for the Xolalpan period—except for the color black that was not present in the fragments of the studied collection—evidencing the use of only one type of pigment for the reds, yellows, greens and whites, and two distinct blue pigments, one of them presenting a dark tone in the infrared images that can probably be related to azurite [17,18,19]. The second blue has a light gray color in the infrared images and a light blue color in FCIR that is not related to any of our references (Figure 5). Additionally, in these images, most red colors present a yellow-green hue in the FCIR images characteristic of earth pigments, while green colors show shades of blue in the FCIR images usually related to copper mineral pigments [17,18,19]. In general, yellow colors are difficult to distinguish by this method. Table 2 presents the results of the analysis, which are later discussed by color.



3.2.1. Red


FCIR results classified the red pigment found in all fragments analyzed as an earth pigment, probably hematite (Fe2O3). The red and yellow earths comprise a group of iron oxides and hydroxides (mainly hematite and goethite), where the amount of water present determines the red, orange or yellow color. The shade can be further modified by the presence of other white pigments [23].



FORS spectra from the red and pink areas of 24 fragments allowed identifying this red pigment as hematite (Figure 6), characterized by an inflection point around 580 nm and an apparent absorption maximum around 850 nm [23,24,25,26,27,28,29]. Twelve of these fragments were also analyzed by XRF, and the results support these findings with the identification of high amounts of iron in all cases (Figure 7). In one of the fragments, an increase in copper content was also observed in the red areas, which could indicate an underlying green layer.



Pink (or light red) areas display a similar behavior as red areas, with a lower Fe content, along with higher Ca, probably indicating the use of hematite mixed with lime in order to generate a lighter shade. Additionally, the Si/Fe ratio of the intensity of characteristic X-rays increases for the pink regions, which may hint at the use of a red clay or a clay added to this color to modify the shade and optimize the use of the available pure red pigment color [12]. This may be a manufacturing choice, as red has been used extensively in the mural paintings of Teotihuacan. Analyses on mural paintings from Tetitla’s complex have reported the addition of halloysite for red and yellow colors, in order to facilitate the burnishing of the surface that was carried out at the end of the process of creating a mural painting [6]. This finishing process led to a higher saturation of the colors and a more homogenous surface.



The use of hematite to achieve red hues was a common practice in Teotihuacan which has been reported before by a number of authors [6,9,12,13,14]. However, the absence of other red pigments, such as cinnabar, is worth noting. This pigment has been reported previously in mural painting fragments from the Avenue of the Dead [30], and recently in the Feathered Seashells from the Quetzalpapalotl complex [31]. Cinnabar was rarely applied for Teotihuacan mural paintings, especially compared to wall paintings in the Maya area [32,33].



Optical microscopy (OM) and SEM-EDS analyses were applied on small fragments that present little black brilliant inclusions which give a sparkling aspect to the red color, typical in Teotihucacan mural paintings. Figure 8 shows two OM images of the surface where the use of a polarizer allows removing the bright reflections from the images and the black color of the inclusions can be clearly appreciated.



The surface of a red area was also analyzed by SEM (Figure 9). The high brightness of the inclusions in the SEM-BSE image indicates the presence of a heavier element. Elemental mappings from this area shows how the inclusions are rich in iron and poor in titanium. In the study of Techinantitla’s paintings by Margolis [14], these inclusions were reported as ilmenite (FeTiO3), but the elemental distribution presented in Figure 9 does not agree with this result. In fact, Ti has a homogeneous distribution with a very low concentration (>0.4 wt%). We instead propose the use of specular hematite for these inclusions. Specularite or specular hematite can either be found as an independent mineral, or mixed with hematite. Due to this, it is not possible to determine if specular hematite occurred naturally along with red hematite in the raw material sources used to prepare the red color, or if it was intentionally crushed and added to the red pigments in order to provide the sparkling aspect to this color. The nearest reported geological sources of specular hematite are in the modern state of Michoacan, Western Mexico, some 165 km from Teotihuacan [34,35].



The differences in the distribution of iron, calcium and carbon are related to the layer of red paint applied on the surface. Iron content is higher in the painted areas, while the presence of Ca and C points to the stucco ground in paint-free zones. Carbon enriched regions may correspond to remains of the charcoal used for firing the limestone during the preparation of the ground stucco layer, as it has been reported for Mesoamerica [36,37].




3.2.2. Yellow


FCIR analysis of the fragments suggested the presence of yellow earths, owing to the pale yellow hue observed in the processed images. This was confirmed by FORS on fifteen fragments, where the spectral features of natural sienna and/or natural umber were observed (inflection point at 550 nm and apparent absorption maxima at 660 and 870 nm) [23,24,25,26,27,28,29]. A high iron content was detected by XRF on all of the fragments analyzed, with copper also present in three of them (Figure 7). As in the case of the reds, only one pigment was used for the yellow hues.



Moreover, as in the red color, light yellow areas display an increment in the Si/Fe X-ray intensity ratio, also probably as a result of the addition of a clay. Orpiment, an arsenic sulfide, has been reported on mural paintings in central Mexico for later periods [38], and in pre-Hispanic codices [39,40], but no indication of its presence was found in the studied samples.




3.2.3. Green


Green areas display a blue color in the FCIR images, a behavior typical of copper pigments, probably malachite, as reported in other works [18,19,41]. The analysis of FORS spectra from thirteen fragments containing green pigments allowed determining the predominance of a mixture of malachite with earths [23,24,26,27,28,42], which was found on nine of the fragments, while pure malachite (Cu2CO3(OH)2) was identified on three of them (Figure 10). X-ray fluorescence supported these findings, confirming the presence of copper and iron on six of the fragments analyzed (Figure 7). In one set of three fragments (box 108), a particular mixture of azurite (Cu3(CO3)2(OH)2), malachite and earths was also detected. FORS spectra from box 108 present a local reflectance maximum around 450 nm and an apparent absorption maximum at 645 nm, both characteristic of azurite [24,26,27,28,42,43,44]. In between, a weak local reflectance maximum near 585 nm is typical of malachite. The combination of azurite and earths affects the shape of the spectra in the 700–900 nm interval. Similar characteristics were also observed in a spectrum of a blue area that is further discussed in the following section.



The Fe/Cu X-ray intensity ratio in the green areas increases for the pale shades (e.g., fragments 31, 42, 47, 136). This may be related with the addition of lepidocrocite (iron oxide–hydroxide), which has been reported before in Tetitla´s complex [6]. Interestingly, the ratio of Si/Cu X-ray intensities also increases in the same areas for the same fragments. Previous studies in Tetitla have also observed the application of malachite on top of a layer of pink, red and ochre [6]. This correlation may also be related to this particular way of applying the pigments and agree with the identification of earths in FORS measurements of green areas. The fact that earths were not observed in all the green colors is perhaps due to an increase in the thickness of the color layers.



On the other hand, XRF has detected small amounts of As and Zn in areas identified as malachite. These may be related with elemental replacements in the crystalline structure of malachite that can be the origin of impurities, which in turn can be characteristic of the geological sources from where this mineral was extracted. We estimate that the Zn content is lower than 1.5 wt%, while As is lower than 0.5 wt%. The Zn content in malachite may correspond to aurichalcite ((Zn,Cu2+)5 (CO3)2 (OH)6), while the As contents with conichalcite (CaCuAsO4(OH)), a pigment that has been identified recently in the Xalla complex of Teotihuacan [13]. These minerals can be found as minor crystalline phases in malachite. The relationship between As/Cu vs. Zn/Cu X-ray intensities is displayed in Figure 11, where two groups can be observed; one with a higher Zn content, and a second one with higher As content. This may indicate the use of two malachite sources for the creation of these mural paintings.



Sources of malachite near Teotihuacan are reported in Hidalgo and Guanajuato [35]. Nevertheless, for the pre-Hispanic period, the best known copper mineral sources are in western Mexico (Michoacan), although they were related to the development of copper metallurgy in a later period [45].




3.2.4. Blue


Blue areas can be divided in two groups, according to their behavior in False Color Infrared Imaging. The first group shows a dark greyish hue in the IR images and a purple shade in FCIR, that seems to be associated with the presence of azurite [18,19], related to high copper content (Figure 7), and confirmed by XRF on fragments belonging to the first group (fragments 40 and 136).



The second group has a light blue color in FCIR that does not fit our references of common blue pigments. Additionally, XRF analysis of this second blue group is characterized by low copper content and the absence of any relevant elements, especially those that are typically related with blue pigments. While this would usually indicate the use of an organic compound, FORS spectra from these blue areas could not identify the presence of indigo, and this colorant was not observed in the FCIR, where it displays a distinct pink–violet hue.



On the other hand, FORS analysis could not verify these results, as similar spectra were obtained in 10 of the 11 fragments analyzed, regardless of their belonging to the first or second group (Figure 9). The spectral features observed are in good agreement with FORS spectra of earths (iron was also detected on all five of the fragments with high copper content) [23,24,25,26,27,28,29].



The remaining fragment studied by FORS yielded an interesting spectrum, with a feature characteristic of azurite (an absorption maxima at 642 nm) and a strong increase after 720 nm in the reflectance spectrum that can misleadingly suggest the presence of lapis lazuli (Figure 12) [24,26,27,28,42,43,44]. However, this was readily discarded, as there are no lapis lazuli deposits in (nor near) Mesoamerica. The most probable explanation is that the concurrence of earths in the same area provoked this increase in the reflectance spectrum. The small blue area analyzed is adjacent to a red area, and the presence of a mixture or a superimposition of layers cannot be discarded. This effect on the reflectance has been observed for mixtures of azurite and orpiment [46]. The presence of red earths would also explain the weak reflectance maximum at 604 nm, observed on the spectrum of the blue area.



In a previous study by Magaloni of the Tetitla complex [6], three blue colors were observed: one composed of a mixture of malachite and chalcanthite, a second one composed of azurite, and a third one labeled as having an “ultramarine” shade of blue in Magaloni’s work—with no relation to lapis-lazuli nor to ultramarine pigments—that has not been identified so far. This color is reported to have tones that range from light to dark blue if combined with pyrolusite (manganese dioxide). This blue pigment may correspond to the second group that was not identified in the present study. It requires further analyses, including Raman and infrared spectroscopies.




3.2.5. White


White areas were found on nine of the fragments studied. FORS spectra indicated the presence of earths, through its characteristic features in the visible interval. The information from the near infrared led to the identification of calcium carbonate on six of the fragments, while gypsum was present on the remaining three (Figure 13).



Spectra of calcium carbonate usually show two characteristic bands near 2300 and 2500 nm, and other weak bands in the 1800–2200 nm interval, all related to combinations and overtones of the vibrational modes of the CO32− ion [47,48,49,50]. However, these bands can be shifted due to the presence of other mineral phases and/or water in the analyzed samples [47,48]. In addition, water bands can mask the lower intensity bands of carbonates. In our case, the spectra are dominated by an intense and broad band of water at 1920 nm, while the hydroxyl band is observed at 1415 nm.



The NIR spectrum of gypsum is characterized by the presence of three bands at 1446, 1486 and 1537 nm, which are the first overtones of the hydroxyl stretch [42,51]. The very strong band at 1943 nm is related to the stretching of molecular water in the gypsum crystalline structure. Less intense bands at 1748, 2217 and 2260 nm are related to a combination of sulphate and water vibrational modes. Gypsum has been reported by several authors for other Teotihuacan complexes with mural paintings [6,31].





3.3. Comparison with Previous Analysis on Mural Paintings from Techinantitla


The results of the analysis of a set of fragments kept at San Francisco’s de Young museum, carried out by Margolis in 1985 [14], are in good agreement with our findings. The application of X-ray diffraction (XRD) allowed a more precise identification of the yellow mineral present, either limonite or goethite, than the one achieved by FORS. Nonetheless, the pigment identification for the red (hematite), green (malachite), blue (azurite) and white areas (calcite) was similar.



Elemental content can be hard to compare between both studies, as analysis conditions for XRF were not the same, and this previous study also used Particle Induced X-ray Emission spectroscopy (PIXE). Even so, our results appear to present a higher iron content in the green areas than what was detected by Margolis.



In the case of the blues, Margolis identified azurite by means of XRD, but found surprisingly low amounts of copper in these areas—in accordance with our results for a subset of the blue areas—and suggested that either the blue azurite layer was very thin, or that it was mixed with Maya blue, a hybrid pigment containing indigo and a clay. However, he gave no indication of having identified palygorskite or sepiolite on the blue samples, which would be expected if in fact Maya blue was present. In addition, FCIR did not identify indigo in any of the fragments, typically observed as a pink violet color in these images [52,53]. Even more so, our FORS spectra showed no indication of the presence of indigo, which can be clearly identified by its reflectance spectrum [54]. Hence, the use of a Maya blue is very unlikely.



It is interesting that Margolis found only calcite on the white areas, while our FORS analysis revealed the presence of gypsum in one third of the whites. Although gypsum was identified in the de Young’s samples, it was only present in crusts and was not associated with the pigments.



In the case of the blacks, FORS yielded no useful information, while XRF cannot detect light elements. Moreover, we did not analyze fragments with this color. As a consequence, our results are not comparable to this previous study for this particular shade.





4. Conclusions


The study of collections without an archaeological context is a challenge that demands comparative studies and in situ measurements. In our case, geophysical prospection allowed the examination of the remains of the walls, in order to infer the most probable areas from where the wall painting fragments were looted and the location of other mural paintings. The study of these small fragments may provide outstanding information on the mural paintings, even more so when we consider that the main paintings have been altered through restoration processes. Additionally, the iconography of these fragments helps support their relationship with the main paintings.



Following this approach, the geophysical study revealed the architectural patterns of wall remains that helped determine the most probable provenance of the mural paintings. In addition, a first study of Techinantitla mural paintings using a non-invasive approach on a set of small mural painting fragments selected from their iconography and polychromies has been successfully carried out. This study revealed the pigments palette and some manufacturing aspects.



The main palette is composed of hematite for the reds, ochre and yellow earths for the yellows, malachite and earths for the greens, and two types of blue colors, one corresponding to azurite and a second that could not be properly identified. Cinnabar was not present despite its use being identified in another complex (Quetzalpapalotl) from the same period. In general, there is a good agreement with the materials and manufacturing techniques used in mural paintings of other Teotihuacan complexes from the Xolapan period, such as Tetitla, which has been studied in detail. This fact may indicate a technological standardization in this period in the use of materials and pictorial techniques when the mural painting reached a high level of development.



Further analyses are required to confirm some of our results, such as in situ X-ray diffraction to provide a better identification of the mixture of pigments and clays, as well as optical microscopy and SEM-EDS measurements on samples, allowing the observation of any overlapping painting layers used to achieve some pictorial effects. In particular, the unidentified blue color requires additional analyses, including non-destructive methods like Raman and Infrared spectroscopies, and probably sampling for invasive tests.



Finally, the raw materials for some pigments, such as malachite and azurite, and the specularite identified in the red color may have been brought to Teotihuacan through long distance exchange routes from Western Mexico. It is a well-known fact that Teotihuacan had access to other objects and materials from different regions of Mesoamerica, such as jadeite from Guatemalan sources, limestone from Hidalgo and pottery (thin orange) from Puebla [55,56,57].
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Figure 1. Location of Techinantitla, northeast of the main ceremonial buildings in Teotihuacan’s city core. Teotihuacan is located in the central area of Mexico, Northeast of Mexico City. 
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Figure 2. Location of Techinantitla (yellow square) in the northeastern corner of the archaeological zone of Teotihuacan. UTM coordinates: East longitude, 516,900 m and North latitude, 2,178,100 m. 
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Figure 3. Integrated geophysical studies map. Left: magnetic gradient map in blue and red, and electric resistivity map in grey. Right: georadar depth slice 0.75 m in red and green. Interpreted walls in yellow dotted lines, and selected georadar lines are shown with pink arrows. 
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Figure 4. Selected georadar lines F15, F30, F73 and F160. 
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Figure 5. Representative selection of polychrome fragments. Visible, FCIR and IR imaging. 
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Figure 6. Characteristic FORS spectra from red, pink and yellow areas. 
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Figure 7. Cu and Fe X-ray intensities from selected samples, divided into the different colors identified in the mural painting fragments, with their box number indicated. 
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Figure 8. OM images of the surface of the red color of two fragments. Fragment 1 (left) is observed at 100×, while the magnification for fragment 2 is 200× (right). 






Figure 8. OM images of the surface of the red color of two fragments. Fragment 1 (left) is observed at 100×, while the magnification for fragment 2 is 200× (right).



[image: Minerals 11 00508 g008]







[image: Minerals 11 00508 g009 550] 





Figure 9. SEM-BSE image and SEM-EDS elemental mappings of the black inclusions on the red color of fragment 2. 






Figure 9. SEM-BSE image and SEM-EDS elemental mappings of the black inclusions on the red color of fragment 2.



[image: Minerals 11 00508 g009]







[image: Minerals 11 00508 g010 550] 





Figure 10. Characteristic FORS spectra from green and blue areas. 
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Figure 11. As/Cu vs. Zn/Cu X-ray intensities obtained from green areas identified as malachite. Two groups can be observed. 
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Figure 12. FORS spectra of blue, red and green areas of fragment 141. 
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Figure 13. Characteristic FORS spectra from white areas. 
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Table 1. Selected fragments, their description and the relationship with previous studies and collections, as well as the polychromie, bichromie or monochromie of each piece.
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Box

	
Chromia

	
Description

	
Relationship




	
Mono

	
Bi

	
Poly

	
Total

	
De Young Museum Collection

	
In Situ Murals

	
Other Work [16]






	
15

	

	

	
1

	
1

	
Tlaloc god corner

	

	
1

	




	
17

	
1

	

	
2

	
3

	
Fragments

	

	

	
1




	
20

	

	

	
1

	
1

	
Dot and bar

	

	

	
1




	
21

	

	

	
4

	
4

	
Footprints

	

	
1

	




	
23

	

	
1

	

	
1

	
Red and pink color

	
1

	

	




	
28

	

	

	
2

	
2

	
Eye drop/footprints

	

	
1

	




	
29

	

	
2

	

	
2

	
Human figure with glyph

	
1

	

	




	
30

	

	

	

	
1

	
Red Drops

	

	
1

	




	
31

	

	

	
3

	
3

	
Tlaloc god/godess

	

	
1

	




	
40

	

	

	
1

	
1

	
Box with beads

	

	

	
1




	
42

	

	

	
2

	
2

	
Tlaloc god

	

	
1

	




	
47

	

	

	
1

	
1

	
Tlaloc god

	

	
1

	




	
43

	

	

	

	
1

	
Hands with claws

	

	
1

	




	
62

	

	
1

	
2

	
3

	
Slope corner

	

	

	
1




	
65

	

	

	
1

	
1

	
Green circles on pink

	

	

	
1




	
74

	
5

	
1

	

	
6

	
Shades of red

	

	

	
1




	
84

	

	
1

	

	
1

	
Peaks in pink

	

	

	
1




	
108

	

	
2

	
5

	
7

	
Feathers

	

	

	
1




	
113

	

	

	
1

	
1

	
Slope with Tlaloc god

	

	

	
1




	
116

	

	

	
1

	
1

	
Slope with Green circle

	

	

	
1




	
123

	
2

	

	
2

	
4

	
Blue Peak with pink

	

	

	
1




	
132

	

	

	
1

	

	
Hands with claws

	

	
1

	




	
136

	

	

	
5

	
5

	
Various, face shape

	

	
1

	




	
140

	

	

	
4

	
4

	
Slope with green circles, yellow flower

	

	
1

	




	
141

	
1

	
1

	
15

	
17

	
Bird fragments

	

	
1

	




	
142

	

	

	
2

	
2

	
Red with claws

	

	
1

	




	
184

	

	
1

	

	
1

	
Footprints & human figure with glyph

	
1

	

	




	
185

	

	

	
1

	
1

	
Spike bars

	

	
1

	




	
193

	

	

	
1

	
1

	
Green feathers on pink

	

	
1

	




	
200

	

	

	

	
1

	
Feathers

	

	
1

	




	
201

	

	

	

	
1

	
Feathers with circles

	

	
1

	




	
Total

	
9

	
10

	
64

	
83

	

	
3

	
18

	
9
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Table 2. Results from FCIR, FORS and XRF analyses of the fragments.
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	Box
	Red
	Yellow
	Green
	Blue
	White





	15
	Hematite *
	-
	Malachite *
	-
	-



	17
	Hematite *
	-
	Malachite *
	-
	-



	20
	Hematite *
	-
	Malachite *
	-
	-



	21
	Hematite *†

Fe, Cu ‡
	Yellow earths †

Fe, Cu ‡
	-
	Earths †

∅
	-



	23
	Hematite *†
	-
	-
	-
	-



	28
	Hematite *†
	-
	Malachite *† + earths †
	-
	-



	29
	Hematite *
	-
	-
	-
	-



	30
	Hematite *†
	Yellow earths †
	-
	-
	Earths, CaCO3 †



	31
	Hematite *†

Fe ‡
	Yellow earth

Fe ‡
	Malachite *† + earths †
	-
	Earths, CaCO3 †

Ca ‡



	40
	Hematite *†

Fe ‡
	-
	Malachite *† + earths †

Cu, Fe ‡
	Earths †

Cu, Fe-Azurite ‡
	Earths, CaCO3 †

Cu, Fe ‡



	42
	Hematite *†

Fe ‡
	
	Malachite *† + earths †

Cu, Fe ‡
	Earths †

∅
	-



	43
	Hematite *
	-
	Malachite *
	-
	-



	47
	Hematite *†

Fe ‡
	Yellow earths

Fe ‡
	Malachite *
	Earths †

Cu, Fe ‡
	Earths, CaCO3 †



	62
	Hematite *
	-
	Malachite *
	-
	-



	65
	Hematite *†
	-
	Malachite *†
	-
	-



	74
	Hematite *†
	Yellow earths †
	-
	-
	-



	84
	Hematite *†
	-
	-
	-
	-



	108
	Hematite †
	Yellow earths †
	Azurite + malachite + earths †
	-
	Gypsum †



	113
	Hematite *
	-
	Malachite *
	-
	-



	116
	Hematite *
	-
	Malachite *
	-
	-



	123
	Hematite *†

Fe ‡
	Yellow earths

Cu, Fe ‡
	Malachite *
	Earths †

∅
	-



	132
	Hematite †

Fe ‡
	Yellow earth

Fe ‡
	Malachite + earths †

Cu, Fe ‡
	Earths †

Cu, Fe ‡
	-



	136
	Hematite *†

Fe ‡
	Yellow earths †

Fe, Cu ‡
	Malachite *† + earths † /Earths †

Cu, Fe ‡
	Earths †

Cu, Fe-Azurite ‡
	Earths, CaCO3 †

Cu, Fe ‡



	140
	Hematite *
	-
	Malachite *
	-
	-



	141
	Hematite
	Yellow earths †
	Malachite *† + earths †
	Azurite/Earths †
	Probable gypsum †



	142
	Hematite *
	-
	-
	-
	-



	184
	Hematite *†
	-
	-
	-
	-



	185
	Hematite *†

Fe ‡
	Yellow earths †

Fe ‡
	Malachite *
	Earths †

Cu, Fe ‡
	Earths, CaCO3 †

Cu, Fe ‡



	193
	Hematite *†

Fe ‡
	-
	Malachite *†

Cu, Fe ‡
	-
	-



	200
	Hematite †

Fe ‡
	Yellow earths †

Fe ‡
	Malachite + earths †
	Earths †
	-



	201
	Hematite †
	Yellow earths †
	Malachite †
	Earths †
	Earths, gypsum †







* Suggested by FCIR; † identified by FORS; ‡ relevant elements detected by XRF; ∅: no relevant elements detected.
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