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Abstract: In October 2021, a mural painting was discovered in the crypt of Parma Cathe-

dral (Italy). It was covered by a wall, erasing it form historical memory. The painting, 

presumably from the 15th–16th century, depicts the Madonna and Child enthroned in the 

center, between Saints Peter and John. Before the restoration project, investigations were 

conducted with different techniques to identify the pigments and binders used, the nature 

of the surface finish and the efflorescence. Micro-Raman spectroscopy detected numerous 

pigments compatible with the presumed age. An interesting result concerns the presence 

of crocoite (lead chromate), an unusual and rare pigment for this period. These pigments 

were confirmed through investigation by means of Scanning Electron Microscopy cou-

pled to Energy-Dispersive X-ray Spectroscopy (SEM-EDS). Fourier Transform Infrared 

Spectroscopy (FT–IR) and Gas Chromatography/Mass Spectroscopy (GC/MS) were used 

to identify the binder and the type of wax used in the finish layer. The rather widespread 

presence of egg, used to spread the paint, allows us to affirm that this mural painting was 

created as a fresco, with substantial parts a secco. 

Keywords: secret mural painting; pigments; crocoite; egg binder medium; beeswax 

 

1. Introduction 

In October 2021, a marble plaque with an epigraph, inserted between 1842 and 1843, 

in the center of the infill wall was removed on the west wall of the north arm of the crypt 

of the Basilica of Parma (Italy). The wall, probably built in two stages, had plaster with an 

early eighteenth-century decoration by the painters S. Galeotti and G. Righini (1716). From 

the holes made to remove the slab, it was possible to see that in the wall below, there were 

evident traces of a wall painting. To understand the size and state of the conservation of 

the underlying painting, two larger inspection windows were opened. Using a micro-

camera, lowered from the two inspection holes inside the interspace between the counter 

wall and the wall of the wall painting, about 15 cm apart, a high-quality image of the work 

was captured. From this moment on, the Superintendence of Archeology, Fine Arts and 
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Landscape of Parma e Piacenza (Italy) has intervened in a coordinated and in-depth man-

ner and established a scientific advisory Committee of chemists, architects, restores and 

art historians. It was only in late February 2023, that, after numerous meetings and de-

bates, the total demolition of the infill wall was approved. 

The iconographic theme of the mural painting is “The Madonna delle Grazie”, lo-

cated in the crypt of the Cathedral Basilica of Parma, and it is presumed to be from the 

15th century. The protagonists are the Madonna and Child, enthroned in the center, while 

Saints Peter and John are on her right. On the left side, there is an anomalous scene, which 

represents the Presentation of Mary at the Temple, accompanied by her parents Saint 

Anne and Saint Joachim, who move towards the High Priest (Figure 1). It has been ob-

served that in the painting under study, the figures of the Presentation of Mary at the 

Temple show a much more archaic appearance than the rest, with reduced dimensions, 

especially in relation to the background. It is believed that they are a slavish quotation, a 

real copy with the use of ‘patrons’, of the same scene painted in the early 1400s in the 

Ravacaldi Chapel (also in the crypt), and therefore, they are painted in that style. The High 

Priest, absent in the Ravacaldi Chapel, is in fact painted with a more ‘modern’ style, as the 

painter is free from constraints and prototypes and paints ‘in his own way’ [1]. 

Numerous scholars have noted differences between the two parts of this work of art, 

hypothesizing it is a multi-handed work with different execution times. 

An important observation by the restorer tells us that proof that the presentation in 

the temple is not an older execution lies in the fact that the layer of plaster on which the 

scene of the Presentation is made surmounts the throne of Mary, just like the layer of 

plaster on the left, where John and Peter are depicted, surmounting the central throne. 

From the research carried out, no document has been found attesting to the existence and 

history of this mural painting, and consequently, it is not possible to trace either the author 

or the client. 

 

Figure 1. The mural painting: Virgin Mary with Child and Saints Peter and John before restoration, 

crypt of Parma Cathedral, Italy. Sampling points numbered in red. 
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The work began with the commission from the Fabbriceria of the Parma Cathedral 

to identify the pigments and organic binders used, and to determine the painting tech-

nique in the different pictorial areas. The aim was, therefore, to understand which areas 

are characteristic of the fresco technique, expected for a mural painting, and which other 

parts, on the other hand, were made according to the a secco technique, through the use 

of an organic binder. Another aim was to identify any unusual substances and materials 

due to degradation phenomena. Other studies conducted in the Parma area have involved 

the mural painting of the Assumption of the Virgin Mary inside the Dome of the Cathedral 

(1526–1530) and the archway of the Del Bono Chapel of the Abbey Church of S. Giovanni 

Evangelista, datable to around 1523. The authorship of both these works is attributed to 

Correggio, one of the greatest painters of the 16th century [2,3]. 

The diagnostic investigation was the basis of the restoration project, not only because 

it guides methodological choices, but also because it allows for the sustainability of the 

intervention to be assessed at a preliminary stage. On the basis of this investigation, deci-

sions on appropriate interventions must be made to ensure that the conditions determined 

by them are substantially maintained over time. 

Through the observation of the pictorial surface, once the infill wall was dismantled, 

the presence of a surface patina was found, which became the subject of a subsequent 

analytical characterization [4]. Before the restoration intervention began, samples taken 

from representative areas of the mural painting were characterized by micro-Raman spec-

troscopy and SEM-EDS for the identification of pigments and by FT–IR and GC/MS for 

organic material characterization. Detached pictorial fragments found at the base of the 

artifact were used. Subsequently, after the results were obtained, sampling was carried 

out, divided into various phases of work. 

2. Materials and Methods 

2.1. Samples 

For this study, forty-six samples were analyzed, but in this paper, thirty-five samples, 

considered the most representative, have been considered. The pictorial fragments found 

at the base of the artifact (samples 4CRI ÷ 15CRI), whose provenance could only be as-

sumed, based on the point of fall of the fragment, were analyzed. This first phase was 

followed by the sampling of paint material taken from the work of art (samples 17CRI ÷ 

35CRI, 38CRI, 43CRI ÷ 46CRI). The samples to be analyzed in the laboratory (approxi-

mately 1 mm2) were taken from the marginal areas of the gaps or superficial cracks. Using 

a scalpel, it was possible to delicately rub the color off the surface or detach a small portion 

of the work of art (Figure 1). Table 1 shows the description of the samples. 

Table 1. Description of the samples analyzed. Fallen samples are indicated with an asterisk. 

Sample Name  Description 

4CRI * Mantle of the Madonna 

5CRI * Black with plaster, from the gap in the foot of St. Joachim  

6CRI * Gray with plaster, from the foot gap  

7CRI * Mantle of the Madonna  

8CRI * Brown with plaster, from the gap of the monochrome arch 

9CRI* Dark red with plaster, from a gap in the mantle of St. John 

10CRI * 
Green-brown, with plaster, as a boundary between the complexion-veil of the Ma-

donna’s neck  

11CRI * Green-brown, with plaster, between the complexion-veil of the Madonna’s neck  

12CRI * Traces of gold on blue, from falling gilded filets from the lower mantle of the Madonna  

14CRI * Brown, from the underarch 
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15CRI * Orange-red, from a gap in the robe in the lower yellow folds S. Joachim  

17CRI Brownish yellow material, on throne decoration 

18CRI Saline efflorescence, under the right foot of St. John 

19CRI Saline efflorescence, area below the brick near electrical panel 

20CRI Organic material, on decoration of the base of the throne 

21CRI Orange-yellow, flap of St. Peter’s robe, on the left leg 

22CRI Dark blue-greenish, robe of the Virgin Mary as a child. 

23CRI Dark red, priest’s robe 

24CRI Brown, under the arch on the right side 

25CRI Grayish blue, upper left part of the sky 

26CRI Red, robe of the arm of St. John 

27CRI Green-blue, landscape to the left of St. John 

28CRI Blue, lower part of St. Peter’s robe 

29CRI Green-blue mantle of the Virgin Mary, left knee 

30CRI Green-blue mantle of the Virgin Mary, left knee 

31CRI Red, step between the mantle of the Virgin and the frame 

32CRI Yellow, left underarch 

33CRI Dark blue, lower right part of the Virgin Mary’s cloak 

34CRI Brown, gap in the wall, to the right of St. Anne. 

35CRI Blue, sky upper left part. 

40CRI 
Monochrome background below the base of the throne. Brownish gray, with an opales-

cent appearance 

43CRI Purplish red dress of the Madonna, lower part 

44CRI Gap in the orange fold of S. Joachim’s lower robe 

45CRI Gap in the yellow fold of S. Joachim’s lower robe 

46CRI Gap in the High Priest’s Mantle 

2.2. Micro-Raman Spectroscopy 

The Jobin Yvon LabRam micro-spectrometer (Jobin Yvon Horiba, Kyoto, Japan), 

equipped with an integrated Olympus BX40 microscope (Olympus Corporation, Tokyo, 

Japan), was used to perform non-polarized Raman spectroscopy in a nearly backscattered 

geometry. The excitations were 473.1 nm from a solid state Nd:YAG laser (50 mW) and 

632.8 nm (He-Ne, 15 mW). The spectral resolution was about 4 cm−1 and 2 cm−1 at 473.1 

nm and at 632.8 nm, respectively. The exposures were 10–60 s, repeated 3–5 times, with a 

ultra-long working distance 50× microscope objective. The calibration of the system was 

based on the Raman band of silicon at 520.6 cm−1. The data analysis was carried out by 

HORIBA LabSpec built-in v.6 software. 

2.3. Scanning Electron Microscopy Coupled with Energy-Dispersive X-Ray  

Spectroscopy (SEM-EDS) 

The SEM-EDS investigation was carried out using a Thermo ScientificTM Phenom XL 

Scanning Electron Microscope (SEM) equipped with both an Energy Dispersive Spectros-

copy (EDS) system for the elemental analysis and a Secondary Electron Detector (SED) 

that enables surface sensitive imaging. The investigations involved both the acquisition of 

SEM–SE and of EDS elementary maps of smaller areas. The technical specifications of the 

instrument are as follows: Silicon Drift Detector (SDD); magnification range: 80–100.000×; 

acceleration voltages: 5–20.5 kV; resolution < 14 nm; X-ray window: ultra-thin silicon ni-

tride (Si3N4) window allowing the detection of elements B to Am. 
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2.4. Fourier Transform Infrared Spectroscopy (FT–IR) 

The Perkin Elmer Spectrum Two™ FT–IR spectrometer (Waltham, MA, USA), 

equipped with Universal ATR accessory (Single Reflection Diamond), was used to acquire 

the infrared spectra in Attenuated Total Reflectance (ATR) mode on the sample surface. 

The range was 4000 ÷ 400 cm−1, and the resolution was 4 cm−1. Each spectrum was sub-

jected to 16 scans and the data analysis was carried out with software OMNIC 7.1. 

2.5. Gas Chromatography-Mass Spectrometry (GC/MS) 

A GC/MS made-up 7820A GC system gas chromatograph (Agilent Technologies, 

Palo Alto, CA, USA), equipped with a Split/Splitless injection port and with a 5977B 

GC/MSD mass spectrometer (Agilent Technologies), was used to separate and identify the 

organic compounds. Samples taken from the mural painting were hydrolyzed and deri-

vatized following the method discussed in [5]. For the characterization of the wax mate-

rial, the mural painting fragments 7CRI, 17CRI and 40CRI were analyzed according to a 

method previously proposed by Bergamonti et al. [6]. 

Chromatographic separation was performed with a Capillary GC Column SLB®-5MS 

(L × I.D. 30 m × 0.25 mm, df 0.25 μm) purchased by Sigma-Aldrich, Supelco (Darmstadt, 

Germany). The carrier gas (He, purity 99.995%) was used in constant flow mode at 20 

mL/min. The mass spectrometer was operated in the EI positive mode (70 eV). The statis-

tical calculation analysis was performed using PAST (PAleontological STatistics) 4.02 soft-

ware. Chromatograms were reproduced using the Origin 8 program.  

3. Results and Discussion 

3.1. Identification of Pigments 

3.1.1. Raman Spectroscopy 

The investigations by means of micro-Raman spectroscopy highlighted most of the 

pigments and dyes present in the mural painting, summarized in Conclusion. 

Blue details were mostly realized with azurite (main peaks at 398, 1096 cm−1). Only 

in the mantle of the Madonna was indigo (main peaks at 253, 546, 599, 1573, 1584 cm−1) 

used, together with azurite. Occasionally, in blue areas (e.g., for the sky), the presence of 

smalt could be suggested by the typical fluorescence background (and absence of Raman 

signal), in accordance with the glassy appearance of the grains, with conchoidal fracture. 

In some areas with azurite, green grains were present, mainly consisting of malachite 

(main peaks at 270, 432 cm−1). Other green grains show the presence of Cu-sulfate in the 

form of brochantite, as also proven by the OH stretching signals (Figure 2A,B) [7]; Cu-

hydroxychloride as clinoatacamite was also detected (main bands at ~360, 510, 890, 930 

and 970 cm−1) [8]. Malachite can be formed by the degradation of azurite. Brochantite and 

clinoatacamite can be ascribed to the degradation of azurite and/or malachite due to the 

presence of moisture and chloride ions [9–11]. Furthermore, some green parts (e.g., in 

10CRI) were the product of green earth pigments (main bands at ~270, 390, 550 and700 

cm−1) [12]. 

White grains usually consist of calcite (main peaks at 280, 712 and 1086 cm−1) and in 

some cases baryte (main peaks at 451, 460, 616 and 986 cm−1) were found. In some samples, 

a signal at ~1050 cm−1 was observed; this could be ascribed to lead white or nitrates, but a 

more precise identification could not be suggested, as this signal is usually concomitant 

with those of other compounds and weaker bands attributable to it were not detected. 

Hematite (main peaks at 225, 292, 410, 610 and ~660 cm−1) and cinnabar (main peaks 

at 253, 286, 343 and 352 cm−1) were used for red hues. 

Goethite (main bands at 298 and ~390 cm−1) was identified in some brown, yellow or 

orange areas. Notably, some yellow details (in S. Joachim’s dress) were realized with 
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crocoite (lead chromate, PbCrO4) (Figure 2C), while the orange ones were achieved with 

hematite and cinnabar. The use of natural crocoite as a pigment was uncommon, since the 

presence of this mineral is very rare in nature, as a secondary chrome mineral, especially 

in Europe. Up to now, its presence in lead ore mines was not considered important enough 

to be a source of pigments. Actually, it was only recognized as a mineral species in 1763 

by Lomonosov. The element chrome was discovered from this mineral in 1797 by 

Vaquelin, and it was by the coloring properties of crocoite that chrome took its name. The 

synthetic production of lead chromate only started in the 19th century. The only place 

where it is locally abundant in nature is in Tasmania (Australia), which cannot be the 

source of the pigment used in this painting. So, the meaning of the presence of crocoite 

leaves an open question from the point of view of the history of chrome yellow. Only two 

other cases reported the use of natural crocoite in wall paintings before the laboratory 

synthesis of lead chromate [13,14]. 

Golden details show two different characteristics; some areas revealed the presence 

of SnO (romarchite) (main peak at 211 cm−1), which could be derived from the original 

presence of Sn, probably used as preparatory layer for the subsequent application of Au 

(Figure 2D) [3,15]. Additionally, the samples containing SnO usually also showed golden 

areas, which were not characterized by the Raman signal. Alternatively, other golden 

parts (i.e., the 43CRI sample) revealed the use of mosaic gold due to the presence of SnS2 

(main peak at 313 cm−1) (also elemental S was detected) (Figure 2D) [16]. 

Amorphous carbon was observed in black parts (main bands at ~1360, ~1600 cm−1). It 

was detected both as pigment in black or dark blue areas and as black patinas in efflores-

cences (i.e., 19CRI sample). 

Efflorescences contain gypsum (main peaks at 416, 493, 1008, 1136 cm−1), in addition 

to amorphous carbon. 

Traces of anatase (main peaks at 143, 398, 515 and 639 cm−1) were found in several 

samples with red (i.e., 9CRI sample), orange-yellow (i.e., 21CRI sample) or blue (i.e., 28CRI 

sample) tones. Its strong Raman signal may explain its occasional appearance in the spec-

tra. Its presence could be attributed as only an impurity in materials such as clays. The use 

of titanium white pigment, artificially produced after the beginning of the 20th century, is 

excluded. 

In several samples (i.e., 10CRI, 23CRI, 25CRI, 31CRI and 46CRI) a compound that 

cannot be identified was found (named Uk-1). The compound is not related to a particular 

grain color; it has been observed in white areas with the signals of calcite, and in red or 

reddish-orange areas, with those of hematite. Characteristic peaks were mainly observed 

in the range 1000–1600 cm−1 at 1197, 1227, 1355, 1461, 1490 and 1603 cm−1 (Figure 2E), sug-

gesting the organic nature of the compound. The same features were found in the litera-

ture, together with green earth pigments, but their identification is still unknown ([12] and 

reference therein). The identification of the latter features could suggest the presence of 

green earths, whose weak Raman signal is often masked by that of other compounds. 
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Figure 2. Raman spectra of (A,B) brochantite, (C) crocoite, (D) tin-based compounds and (E) uni-

dentified organic compound. C denotes traces of calcite. 
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3.1.2. Scanning Electron Microscopy Coupled with Energy-Dispersive X-Ray  

Spectroscopy (SEM-EDS) 

The samples 4CRI and 12CRI, found on the base after the removal of the wall, were 

embedded in epoxy resin and in the light blue area in the upper part of the stratigraphic 

section of the sample, revealing Cu is the element that characterizes the investigated area. 

This may mean that azurite was used as a pigment for the blue coloration of the wall sur-

face [17,18]. The cross-section of the 12CRI sample (Figure 3B), instead, highlights Sn and 

Au as the elements present in predominant quantities, evident in the two EDS spectra 

acquired on Points 1 and 2 of Figure 3B, representative of two different layers. The pres-

ence of tin is probably due to the preparatory layer for the subsequent application of gold 

[19]. As reported in the literature [20–22], the technique that allows this precious metal to 

last over time involves the use of very thin gold leaves that were adhered to sheets of tin 

of much greater depth. Drying oils were used between the two leaves as a binder, while 

the tin sheet and the plaster were bound using mixtures of terpene resins, oils and bees-

wax. On the surface of the 15CRI and 45CRI samples (Figure 3C,F), large quantities of lead 

chromate were found, and where present, they were uniformly distributed. Although the 

presence of crocoite is unusual for this historical period, it can certainly be ruled out as 

being caused by impurities and contamination [14,23]. On the surface of the 25CRI sample, 

in Figure 3D, the presence of elements such as Si, Al, K and Co could be traced back to the 

use of smalt (a double silicate of potassium and cobalt with metal oxides) for the blue color 

of the sky [24,25]. Lastly, together with calcite, whose calcium peak is very evident, hem-

atite and cinnabar are the pigments that emerge from the EDS spectrum of the surface of 

the 44CRI sample, while for the 46CRI sample, only calcite and hematite are found [26,27]. 

From the information obtained by SEM-EDS on the samples just mentioned, it can be con-

cluded that in the mural painting, both hematite and cinnabar were used for the red areas, 

crocoite was used as a yellow pigment and azurite and smalt were used for the blue areas. 

 
(A) 
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(E) 

 
(F) 

 
(G) 

Figure 3. SEM images and EDS spectra of the cross-section of the 4CRI (A) and 12CRI (B) samples, 

and on the surface of the 15CRI (C), 25CRI (D), 44CRI (E), 45CRI (F) and 46CRI (G) samples. EDS 

spectra acquired on the blue area. 

3.2. Characterization of Organic Materials 

3.2.1. Fourier Transform Infrared Spectroscopy (FT–IR) 

Most of the samples were analyzed by infrared spectroscopy revealing signals at-

tributed to calcium carbonate, silicate and calcium sulfate dihydrate [28–31] and the vi-

bration characteristics of the organic component bound to beeswax. In Figure 4, the FT-IR 

spectra of the 4CRI, 7CRI and 15CRI samples are reported, representative of the beeswax 

content and probably of the protein binder. The bands at 2916 cm−1, 2848 cm−1, 1472 cm−1 

and 1462 cm−1, characteristic of long aliphatic chains, are attributed to the typical asym-

metric and symmetric stretching and bending vibrations of -CH2. Furthermore, at 730 cm−1 

and 718 cm−1, a medium intensity doublet is found, attributed to the deformation of meth-

ylene groups (−(CH2)n) [6,32,33]. The region between 1350 cm−1 and 1200 cm−1 shows ab-

sorption bands assigned to the C-C-C bond vibrations of the skeleton and to the oscillation 

and torsion vibrations of the methylene groups, characteristic of long-chain acids such as 

C16 and C18 [6,34]. At 1737 cm−1, the band attributed to the carbonyl and the band, 
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centered at 1170 cm−1 and typical of the C-O-C stretching vibrations, are indicative of the 

long-chain fatty acid components of beeswax. By observing the acquired FT−IR spectra, 

the presence of egg as a protein binder can be assumed. Although its characteristic bands 

overlap with those related to wax (in the regions 2920–2850 cm−1 and 1350−1200 cm−1), 

which do not allow us to identify the binder with certainty, the band at 1640 cm−1 can be 

attributed to the CONH vibration of amide I. As reported in the literature [35], the use of 

yolk and albumen is detected by the presence of bands at about 2960–2850 cm−1 and 1730 

cm−1, attributed, respectively, to the stretching vibration of the double O bond and to the 

stretching of the protein/fat bond. 

 

Figure 4. FT–IR spectra of 4CRI, 7CRI and 15CRI samples. b: beeswax; c: calcium carbonate; s: sili-

cate; g: gypsum. 

3.2.2. Gas Chromatography–Mass Spectrometry (GC/MS) 

Following the data from FT–IR spectroscopy that indicated the presence of wax, it 

was decided to submit selected samples to the GC/MS survey to recognize any waxes 

present. The 7CRI, 17CRI and 40CRI samples have been chosen. By choosing the method 

reported in the experimental part, it is possible to reveal in a single gas chromatographic 

run the identifying markers of waxy substances (hydrocarbons, long-chain fatty acids and 

alcohols), as reported in the chromatograms illustrated in Figure 5. 

Comparing the GC patterns of standard waxes [6,36], it is evident that beeswax mark-

ers are present in all samples as follows: long-chain hydrocarbons (C19–C31), with C27 

being the most abundant; fatty acids, including C16, C24 and alcohols C24–C30 [37,38]. 

The 40CRI sample was derived from a cleaning swab used to remove the superficial black-

ish patina. As evident by the chromatogram in Figure 5, the typical signals of beeswax are 

present, albeit at weak intensity. This can lead to the hypothesis that wax was present as 

a final protective layer due to ancient interventions, presumably to consolidate the picto-

rial film and/or increase the saturation of the color. 

Table 2 shows the attributions of all the signals present in the chromatograms in Fig-

ure 5, identifying fatty acids, alcohols and hydrocarbons. 
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Figure 5. Chromatograms of the 7CRI, 17CRI and 40CRI samples. The number of the peaks reported 

are expressed in Table 2. 

Table 2. Identified compounds in the total ion chromatograms of 7CRI, 17CRI and 40CRI samples. 

Assignment No. RT (min) Analyte Fragment (m/z) 

IS 16.37 C20 STD Hydrocarbons 282 

1 17.04 C16 Acid 328, 313 

2 19.47 C18 Alcohol 327 

3 20.38 C18:1 Acid 339, 354 

4 20.72 C18 Acid 341, 356 

5 22.37 C20 Acid 369, 384 

6 22.75 C25 Hydrocarbons 352 

7 23.01 C22 Alcohol 383 

8 23.31 C26 Hydrocarbons 366 

9 23.52 C22 Acid 397, 412 

10 23.91 C27 Hydrocarbons 380 

11 24.20 C24 Alcohol 411, 75 

12 24.84 C24 Acid 425, 440 

13 25.38 C29 Hydrocarbons 408 

14 25.75 C26 Alcohol 439 

15 27.50 C31 Hydrocarbons 436 

16 28.02 C28 Alcohol 467 

17 31.53 C30 Alcohol 495 

18 36.96 C32 Alcohol 523 

For organic binder recognition, samples 4CRI, 12CRI, 15CRI, 33CRI, 34CRI and 35CRI 

were chosen and analyzed with GC/MS. The chromatographic profiles show amino acids 

and fatty acids. Figure 6 reports the amino acid chromatogram of the 12CRI sample. 

To characterize the proteinaceous binder of the 4CRI, 12CRI, 15CRI, 33CRI, 34CRI 

and 35CRI samples, the percentage composition of alanine, glycine, leucine, proline, hy-

droxyproline, aspartic acid, glutamic acid and phenylalanine with respect to the total con-

tent of the determined amino acids was considered, and it compared with that of a suitable 

series of paint proteinaceous binders of reference, made by the Opificio delle Pietre Dure 
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in Florence, Italy. Data comparison was conducted by multivariate statistical analysis us-

ing the principal component method (PCA), which was used to characterize the unknown 

binders of the samples [39–41]. The PCA score plot (Figure 7) shows that the samples ex-

hibited a similar composition due to the amino acids in the egg, believed to be the organic 

binder used to spread the color. 

 

Figure 6. Amino acids chromatogram of 12CRI sample. Ala: alanine; Gly: glycine; Thr: threonine; 

Ser: serine; Val: valine; Leu: leucine; Iso Leu: isomer leucine; IS: internal standard (Norleucine); Pro: 

proline; Asp: aspartic acid; Glu: glutamic acid; Phe: phenylalanine. 

 

Figure 7. PCA score plot of the relative percentage contents of eight amino acids in 65 paint samples 

from the collection of reference paint layers, stored at Opificio delle Pietre Dure in Florence, Italy, 

and the 4CRI, 12CRI, 15CRI, 33CRI, 34CRI and 35CRI samples. The first two principal components, 

PC1 and PC2, account for 57.40% and 25.57% of the total variance, respectively. G: animal glue; C: 

casein; E: egg; GE: animal glue and egg; GC: animal glue and casein. 

From the evaluation of the lipid content found in the samples examined, the presence 

of azelaic (nonanedioic acid and saturic dicarboxylic acid), myristic (C14:0), palmitic 

(C16:0) and oleic (C18:1) and stearic (C18:0) acids was detected. We calculated the azelaic 
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acid/palmitic acid ratio for all the samples examined. Since the result was always less than 

one, we were able to confirm the absence of a drying oil, thus eliminating the potential 

use of the oil technique [42,43]. 

In particular, it was considered that lipid content of the 4CRI, 7CRI and 15CRI sam-

ples was mainly due to the presence of wax, while in the 4CRI, 12CRI, 15CRI, 33CRI, 34CRI 

and 35CRI samples, the fatty acids were due to the lipid content of the egg. 

4. Conclusions 

The investigations carried out have highlighted the presence of numerous pigments 

that are compatible with the presumed age of the artwork. The Raman spectra suggest the 

use of a fairly traditional pigment palette. Most of them are traditional mineral pigments, 

including very expensive ones, such as cinnabar. Many different organic pigments and 

dyes are used to obtain similar shades (for example, different blue pigments and dyes). It 

has been observed that the blue pigments present both azurite and indigo, an organic dye. 

Moreover, in some places, the presence of smalt has been hypothesized, which does not 

present the characteristic Raman peaks, both for its fairly characteristic fluorescence and 

glassy appearance, with the conchoidal fracture of the grains under the microscope, as 

confirmed by the SEM–EDS investigation. 

Various alterations of copper-based pigments have been found (various sulfates and 

a hydroxychloride). The use of the dry technique has been confirmed by specific pigments, 

such as azurite and malachite. In addition, mosaic gold, consisting of SnS2, was also de-

tected. An interesting finding is the presence of crocoite or chrome yellow (PbCrO4), be-

cause this pigment was synthesized only after the 19th century. In nature, it is very rare, 

especially in Europe, and it was not, as a rule, used as a natural pigment. There are, how-

ever, two reports of crocoite found in works of art in Europe (Siena and Prague) before 

700. It has been hypothesized that small amounts of crocoite may have been accidentally 

present in pigments from African or Asian origins. Furthermore, we could not exclude its 

occurrence in small amounts in European mines where other chromium-containing min-

erals were present. The use of crocoite has been known from the 19th century onwards, 

but the presence of this mineral is a much-debated issue. However, this finding represents 

the third episode in which PbCrO4 has been used as a pigment in eras preceding that. The 

presence of precious and rare pigments used in this rich palette underlines the extraordi-

nary value of this work of art. It is expected that the results reported in this work (sum-

marized in Table 3) will be useful in establishing the painting technique used by the artist 

and possibly provide information to delineate the authorship of the mural painting in the 

crypt of the Cathedral of Parma. Due to the investigations by infrared spectroscopy, it was 

possible to characterize the substrate, essentially composed of carbonate and silicate, 

while in areas with efflorescence, calcium sulfate was identified. The GC/MS investiga-

tions relating to the identification of the binder used for the creation of this work of art 

highlighted the use of proteinaceous materials. From the determination of the amino acid 

content, the protein fraction is certainly due to the use of egg as a painting medium. In 

this case, it can be deduced that the painting technique is a secco. Finally, it is thought that 

a surface finishing layer of the mural painting based on beeswax was probably used to 

consolidate the pictorial film and/or increase the color saturation. 
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Table 3. Results related to the analytical techniques used. The indication of compounds in the SEM–

EDS column is also based on the cross-referencing with other techniques and on an evaluation of 

the stoichiometry. 

Sample 

Name  

FT–IR  

Spectroscopy 

Raman  

Spectroscopy 
SEM–EDS GC/MS 

4CRI  
Calcium carbonate, 

beeswax, silicate 

Indigo, azurite, malachite, 

calcite, quartz, hematite  
Azurite Egg 

5CRI  
Calcium carbonate, 

Silicate 

Calcite, carbon black, 

azurite, clinoatacamite 
  

6CRI  
Calcium carbonate, 

silicate 

Calcite, quartz, sulfate 

(prob. baryte) 
  

7CRI  
Calcium carbonate, 

beeswax, silicate 

Azurite, indigo, 

malachite, organic material 

(prob. wax), carbon black 

 Beeswax 

8CRI  
Calcium carbonate, 

silicate  
Calcite, azurite   

9CRI 
Calcium carbonate, 

silicate 

Hematite, calcite, quartz, 

white lead, anatase 
  

10CRI  
Calcium carbonate, 

silicate 

Green earth, calcite, white 

lead (or nitrate), sulfate 

(prob. baryte), Uk-1 

  

11CRI  
Calcium carbonate, 

silicate, beeswax 

Malachite, azurite, Cu-sul-

phate (brochantite) 
  

12CRI  
Calcium carbonate,  

silicate, beeswax 

Gold (no Raman), SnO, az-

urite, sulfate (prob. baryte) 
SnO, Au Egg 

14CRI  
Calcium carbonate, 

silicate, hematite 
Hematite, calcite, goethite   

15CRI  
Calcium carbonate, 

silicate, beeswax 

Cinnabar, crocoite (chrome 

yellow), gypsum 
Crocoite Egg 

17CRI Beeswax Wax  Beeswax 

18CRI 
Calcium carbonate,  

calcium sulfate 
Gypsum   

19CRI 
Calcium carbonate,  

calcium sulfate 
Gypsum, carbon   

20CRI 
Calcium carbonate,  

silicate, beeswax 

Cinnabar, SnO, gold (no 

Raman) 
  

21CRI 
Calcium carbonate,  

silicate, hematite  

Goethite, carbon black, ana-

tase, calcite 
  

22CRI 
Calcium carbonate, 

silicate 

Azurite, clinoatacamite, 

hematite, calcite 
  

23CRI 
Calcium carbonate,  

silicate, hematite 
Uk-1, hematite   

24CRI 
Calcium carbonate,  

silicate, hematite 
Hematite, calcite   

25CRI  
Calcite, smalt, sulfate (bro-

chantite), Uk-1 
Smalt   

26CRI 
Calcium carbonate,  

silicate, hematite 
Cinnabar, hematite, calcite   

27CRI  Azurite, smalt   

28CRI 
Calcium carbonate,  

silicate 

Azurite, clinoatacamite, an-

atase 
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29CRI 
Calcium carbonate,  

silicate 

Clinoatacamite, indigo, 

azurite, baryte, quartz 
  

30CRI  
Azurite, clinoatacamite ba-

ryte, malachite 
  

31CRI 
Calcium carbonate,  

silicate 

Hematite, carbon black, cal-

cite, white lead, azurite, Uk-

1 

  

32CRI  Goethite, calcite   

33CRI    Egg 

34CRI    Egg 

35CRI    Egg 

40CRI Beeswax   Beeswax 

43CRI  
Cinnabar, calcite, sulfur, 

SnS2 (mosaic gold) 
  

44CRI 
Calcium carbonate,  

silicate, hematite 
Hematite, calcite, cinnabar  Hematite   

45CRI 
Calcium carbonate,  

silicate 
Crocoite, gypsum, calcite Crocoite  

46CRI 
Calcium carbonate,  

silicate, hematite 
Hematite, Uk-1 Hematite   
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