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Abstract  

 

Materials belonging to the polychromy and gilding of the sculpture ‘Our Lady of Sorrows, 

which belongs to the collection of a church in Garopaba, Santa Catarina, southern Brazil, 

were analyzed by multiple techniques. The analysis by μ-Raman and FTIR indicated the use 

of the ultramarine blue pigment, confirmed by EDS, with calcium carbonate observed in the 

base of preparation. The results show the use of gold leaf based on a gold and silver alloy, and 

the use of Armenian bole with clay and traces of manganese, as the base for fixing the gold 

leaf was characterized. GC-MS analysis suggested the use of plant oil in the painting process. 

Finally, the EPR analysis showed the presence of Fe3+, Mn2+ and organic radicals from the 

degradation of the binder, suggesting the formation of complexes with the degradation 

products, this being one of the first reports in this type of painting.  
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Introduction  

 

The study of the materials used in pieces of cultural heritage plays a fundamental role in 

gaining a better understanding of the historical object and aiding decisions regarding its 

conservation and restoration development. The information obtained through this type of 

investigation may indicate the presence of past interventions, advanced degradation processes, 

or even verify the originality of the work [1-2] The application of chemical analysis to cultural 

heritage is a valuable tool, improving our understanding and interpretation of works of art [1]. 

Cultural assets belonging to churches in Brazil have a high historical value and represent 

the rich religious manifestation in the country. Faith in Our Lady of Sorrows (Nossa Senhora 

das Dores in Portuguese) is related to the set of Marian devotions, which are widespread in the 

scope of the Catholic Church. Folk and iconographic studies have revealed the existence of one 

hundred and twelve different Marian invocations in Brazil [3]. Devotion and festivities to Our 

Lady of Sorrows have a long history and were brought by the Portuguese during the 
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colonization of the country [4]. Therefore, there is a need to monitor artistic objects related to 

the image of Nossa Senhora das Dores, due to its high cultural value. 

The sculpture of Our Lady of Sorrows, the object of this study, can be seen in Figure 1. 

It’s part of the collection of a church dedicated to São Joaquim in the city of Garopaba, located 

in Santa Catarina State (southern Brazil). The church originated from the chapel of a whale 

fishing rig that was active between the years 1793 and 1824 and became the parish church of 

the city in 1830 [5]. The temple was recognized by the state government as part of the cultural 

heritage of Santa Catarina State in 1998, and the image of the Church of São Joaquim in 

Garopaba was acquired in the year of 1876 [5]. 
 

 
 

Fig. 1. Sculpture of Our Lady of Sorrows, belonging to the Church of São Joaquim in Garopaba, Santa Catarina State,  

Brazil. Production technique: wood with gilding and polychrome. Dimensions: 992 x 421 x 285 mm 

 

This sculpture has the typology of a retable image, devotional in nature, in a format that 

is characterized by an emphasis on its dramatic expression, designed to be seen from a distance 

and in the frontal position [5]. On top of that, the piece can be classified as erudite, following a 

canon or design related to a certain style, determined by the specific artistic and cultural 

environment of a time and place [5]. An analysis of the attitude and clothing represented in the 

image, characterized by the predominance of serenity and restraint, reveals that they are 

consistent with, according to researchers, the production of religious statues in the 19th century 

[5]. 

The aim of the study described herein was to analyze samples of the polychromy of the 

sculpture of Our Lady of Sorrows, aiming to identify the pigments and other materials present 

in the sculpture. For pigment analysis, Raman spectroscopy and Fourier transform infrared 

spectroscopy (FTIR) have become standard analysis techniques due to their sensitivity and 

applicability to complex matrices, as well they are often used in a complementary way [1, 6, 7]. 

Equally important, the elemental composition of materials was obtained through 

scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS), in order 

to corroborate the results of the Raman and FTIR spectroscopy, providing a detailed view of the 
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sample surface [8]. These three techniques are widely used together for the characterization of 

cultural heritage objects [9-11]. Furthermore, the GC-MS technique was also employed in the 

study, as it is commonly used for the identification of organic materials, such as binders and 

drying oils [12-14]. Finally, electronic paramagnetic resonance (EPR) spectroscopy was used to 

verify the paramagnetic species and the groups that bind to these species. 

 

Experimental part 

 

Materials 

All collections were carried out in places with the presence of residues of each material, 

on the support underneath the sculpture. During the restoration process of the work, the 

detachment of micro-samples was observed, which were also collected to perform the analysis 

described herein. Afterward, samples of the colors blue, white, gold, brown and pink were 

collected, this reflecting all the materials present in the polychromy of the sculpture. Images of 

the samples were taken with an Olympus SZ51 stereo microscope, as shown in figure 2. 

 

 
 

Fig. 2. Microscopic images of fragments of gilding, polychromy and preparation base that were characterized by 

instrumental analysis: (A) white sample; (B) sample containing gilding, blue polychromy and Armenian bole; (C) 

gilding sample; (D) pink sample collected from part of the Armenian bole 

 

Figure 3 shows the layers of paint observed in the sculpture. It is observed that the 

manufacturing of the layers can be divided into two different types of construction: the first is 

the gilding with polychrome, where the artist used two layers of preparation, plus the 

polychrome. However, in the base of the sculpture, the artist used only one layer. For more in-

depth associations, the materials used in each layer were characterized in this work as well. 
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Fig. 3. Layers of the paintings found in the sculpture 

 

Methods 

Micro-Fourier transform infrared (FTIR) spectroscopy - µ-FTIR 

The samples were analyzed directly on a Shimadzu spectrometer (model IRPrestige-21) 

coupled with an infrared microscope (AIM-8800), and the detector was cooled with liquid 

nitrogen. The parameters applied in the analysis were the following: accumulation time of 60 s; 

objective lens of 15x; wavenumber range at 4000-650cm-1 and spectral resolution of 4cm-1. 

μ-Raman confocal spectroscopy 

The μ-Raman spectra were collected with a Raman confocal WITec alpha 300R 

microscope using a green laser of 532nm (non-polarized wavelength). The main objective of 

employing this technique was to assist in the identification and elucidation of the molecular 

structure of inorganic components used in the sculpture painting. 

FEG-SEM with EDS  

The field emission gun - scanning electron microscopy (FEG-SEM) with energy 

dispersive X-ray spectroscopy (EDS) - analysis was performed on a JEOL SEM microscope 

(model JSM-6701F) with magnification ranging from 140 to 500 times. X-ray diffraction 

spectra were collected with excitation of 15KeV. This analysis allows the identification of the 

elements present, their morphology and their distribution in the sample. 

EPR spectroscopy  

Electron paramagnetic resonance (EPR) analysis was performed with a Bruker EMX 

spectrometer operating at ~9.5GHz, with 10 Gauss modulation amplitude, 100 kHz modulation 

frequency, and 5000G (500mT) field scan, at ambient temperature (~300°K). The spectra and g-

factor values were obtained using Win-EPR software. The analysis was used to identify 

paramagnetic metal centers present in the painting materials. 

Gas chromatography-mass spectrometry – GC-MS 

Chromatography analysis was performed to determine fatty acids using an Agilent 

chromatograph model 7829, equipped with an automatic injector (model 7683) with electronic 

pressure control and an Agilent mass detector (model 5975). The programmed temperatures for 

the detector were: 280ºC for the transfer line, 230ºC for the ion source, 280ºC for the interface 

and 170ºC for the quadrupole. The programmed mass variation was between 50-900, with a 

scan time of 20ms. The collision electrons were ionized with 75eV. The operating conditions of 

the chromatograph were: injection temperature of 250ºC, initial column temperature at 120ºC 

for 5min, followed by ramping at 10ºC/min up to the final temperature of 300ºC (10 min) with a 

flow of 1.0mL·min-1, pressure of 9.4 si and linear speed of 41.2m·s-1, using 1 mL of sample 

injected in splitless mode. A fused silica HP-5 capillary column with dimensions of 30.0m x 

0.25mm was used and the film thickness was 0.25mm.  

The samples went through a derivatization process as described in the literature with 

some adaptations: 100mL of the sample was added to a screw cap tube and 2.0mL of a 

0.5mol·L-1 of NaOH/methanol solution was added. The solution was kept in a boiling water 

bath for 5min with 2mL of saturated NaCl solution. At the end of this procedure, 2.5mL of 
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hexane was added, and the solution was stirred for 30s. After decanting, an aliquot of the 

organic phase was collected for analysis, as described by T.G. Costa et al. [15]. 

 

Results and discussion 

 

µ-Raman confocal  

The composition of the inorganic pigments used in the polychromy was determined from 

the Raman scattering characteristic of each molecular structure. The Raman spectra for the 

characterized pigments can be seen in Figure 4. The analysis for the blue layer showed a 

spectrum with bands at 271, 543 and 1095cm-1, attributed to the ultramarine blue pigment (Na6–

10Al6Si6O24S2–4) [1]. The absence of bands related to calcite can indicate that the pigment used 

for the painting is of synthetic than rather natural origin, which is consistent with the time that 

the sculpture was produced, as confirmed by FTIR [16].  

 

 
 

Fig. 4. Raman spectra for the inorganic pigments characterized in the polychrome layers of  

the sculpture, where (a) = blue; (b) = white, (c) = gilding and (d) = brown 

 

The white layer of preparation of the sculpture had four bands in the Raman spectrum: 

154, 282, 714 and 1087cm-1, corresponding to calcite. In the gilding layer, it is possible to 

observe the presence of only the calcite bands, visible at 154, 282, 714 and 1087cm-1, since the 

metallic gold alloy does not present bands in the spectrum analyzed [1]. 

The brown layer had one prominent broadband at 401cm-1 and another at 600cm-1. The 

first value results from the overlapping of the characteristic bands of hematite and quartz, as the 

second represents the characteristic band of hematite. Table 1 summarizes the bands obtained 

for the samples analyzed and the respective designations. 
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Table 1. Main bands found in the Raman spectra and their relationship with the characterized pigments 

 

Sample 
Raman 

assignment 

Raman shift 

(cm-1) 
Characterization Reference 

Blue Ultramarine 

271 Bending vibration (S3
-) 1,8,16 

543 Symmetrical stretching (S3
-) 1,16 

1095               Symmetrical stretching (S3
-) 1,16 

White 

 

Calcite 

 

154 External vibration (translational oscillation) CO3
2- 1,8,16-18 

282 External vibration (rotational oscillation) CO3
2- 1,16-19 

714 
Bending vibration in the plane: symmetrical 

deformation of CO3
2- 

1,8,16-19 

1087 Symmetrical stretching CO3
2- 1,8,16-19 

 

Gilding 

 

 

Calcite 

 

147 External vibration (translational oscillation) CO3
2- 1,8,16-18 

273 External vibration (rotational oscillation) CO3
2- 1,8,16-19 

714 
Bending vibration in the plane: symmetrical 

deformation de CO3
2- 

1,8,16-19 

1086 symmetrical stretch CO3
2- 1,8,16-19 

Brown Hematite  
401 Symmetrical vibration of Fe-O + vibration  1,8,19-20  

600 Symmetrical bending vibration Fe-O  1,8,19-20 

 

Micro-Fourier transform infrared (FTIR) spectroscopy - µ-FTIR 

The FTIR analysis, carried out to complement the Raman spectroscopy, confirmed some 

of the results described in the previous section. The spectra for the layers analyzed can be seen 

in Figure 5. For the blue sample, bands were observed at 910, 1008, 1031 and 1101cm-1, with 

the last three overlapping, which corresponds to the stretching of the Si-O bond and Si-O-Al of 

the blue pigment used in the blue layer.  

 

 
 

Fig. 5. FTIR spectra for the polychrome layers: (a) white, (b) pink, (c) gold, (d) blue and (e) brown 

 

The presence of characteristic bands of calcite at 690, 875 and 1431cm-1, related to the 

carbonate stretching, are possible to be observed as well. The presence of carbonate can be 

attributed to the white lead used to give different tones in painting, knowing that Pb was 

identified in the EDS spectrum. 

The white sample showed bands at 690, 875 and 1435cm-1, which correspond to the 

asymmetric stretching of calcite carbonate, being the presence of carbonate consistent with the 

basic components found in paint preparation surfaces. In the golden sample, it is not possible to 
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observe the presence of gold or silver that can be used for the gilding alloy, since absorption 

bands in the studied infrared region would not be present. 

The brown sample also showed bands associated with calcite at 689 and 875cm-1, along 

with bands in the region of 650-530cm-1, corresponding to hematite. It should be noted that 

absorption bands typical of hematite can also appear at wavenumbers smaller than 500cm-1, not 

obtained in this analysis due to instrumental limitations [11, 21-22]. The pink sample showed 

bands similar to the white sample at 686, 711, 873 and 1417cm-1, related to the carbonate 

stretching. Bands associated with hematite were not seen in the spectrum of this sample, which 

can be explained by the lower fraction of iron oxide present in this layer. Bands between 3000-

2850cm-1 were also observed in all spectra, which indicates the presence of organic material in 

the polychrome layers. Table 2 summarizes the bands obtained for the samples analyzed and 

their respective designations. 

 
Table 2. Attribution of bands observed on spectra obtained by the μ-FTIR 

 

Sample 
Wave-number 

(cm-1) 
Assignment Characterization Reference 

Blue 

690 Calcite ν4 asymmetric stretching of CO3
2– 1,8,11,19 

875 Calcite ν2 asymmetric stretching of CO3
2– 1,8,11,19 

910 Ultramarine Stretching of Si-O-Si 1,23 

1008 Ultramarine Stretching of Si-O 1,11-14 

1031 Ultramarine Stretching of Si-O 1,10-11,13 

1101 Ultramarine Stretching of Si-O-Al 1,11,13-14 

1431 Ultramarine ν3 asymmetric stretching of CO3
2– 1,8,11,19,23-25 

White 

690 Calcite ν4 asymmetric stretching of CO3
2– 1,8,11,19 

870 Calcite ν2 asymmetric stretching of CO3
2– 1,8,11,19 

1435 Calcite ν3 asymmetric stretching of CO3
2– 1,8,11 

Gilding 688 Calcite ν4 asymmetric stretching of CO3
2– 1,19,11 

Brown 

689 Calcite ν4 asymmetric stretching of CO3
2– 1,19,11 

650-530 Hematite Stretching of the Fe-O-Fe bond 11,23 

875 Calcite ν2 asymmetric stretching of CO3
2– 1,11,19 

1431 Calcite ν3 asymmetric stretching of CO3
2– 1,11,19 

Pink 

711 Calcite ν4 asymmetric stretching of CO3
2– 1,11,19 

873 Calcite ν2 asymmetric stretching of CO3
2– 1,11,19 

1417 Calcite ν3 asymmetric stretching of CO3
2– 1,11,19 

 

FEG-SEM with EDS 

FEG-SEM with EDS analysis was conducted to verify the elements present in the 

samples, in addition to relating them to the molecular structure characterized by μ-FTIR and μ-

Raman. The samples containing the layers of blue, white and gold were also analyzed to 

determine the elemental distribution in the interface regions between the three distinct shades. 

The EDS spectrum shows peaks associated with carbon, calcium, oxygen, aluminum, silicon 

and gold. The presence of calcium carbonate is confirmed by the identification of carbon, 

calcium and oxygen in the samples. Moreover, the blue pigment is characterized by the 

presence of aluminum, silicon and oxygen, while the presence of the gold peak indicates the use 

of gold leaf in the gilding region. Calcite and ultramarine blue were previously characterized by 

μ-Raman and μ-FTIR. The peaks in sodium, aluminum, silicon and oxygen are due to the 

presence of the ultramarine blue pigment, observing that peaks associated with sulfur and lead 

may be superimposed on the spectrum. 

The appearance of traces of chlorine and potassium in the EDS spectrum may be 

attributed to the presence of marine salts adsorbed in the structure of the painting, due to the 

proximity of the church to the sea. On the other hand, it is possible that the presence of 
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potassium in the medium is due to the type of calcium carbonate used, resulting of the 

potassium uptake by the calcite structure during its precipitation [9, 26]. 

The spectrum also allows the identification of lead in the sample, which may indicate the 

use of lead white in the painting. This is coherent with the presence of carbonate already 

demonstrated by the μ-FTIR analysis, once lead white contains carbonate in its composition. It 

was also possible to identify a punctual quantity of barium, whose origin has not been fully 

determined, and more in-depth investigations are required to evaluate the source of this element 

in the sample. Following the analysis, the presence of magnesium was identified, originating 

from calcium carbonate, considering that the literature reports magnesium can be found in 

calcite when it is not in its pure form [27]. The peaks referring to iron indicate the presence of 

the oxide as a pigment, and this could have migrated to the layers analyzed. A peak associated 

with gold was also present, which indicates the use of gold leaf in the gilding region. 

The FEG micrograph of the sample allows the observation of the morphological 

difference between the three shades. The micrograph and the EDS spectrum for gilding can be 

seen in figure 6. 
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Fig. 6. FEG micrograph and EDS spectrum for the sample containing gilding, blue polychromy and white region 

 

An elemental distribution map was obtained for the sample, showing the location of the 

elements previously mentioned. Lead is commonly found in white pigments (e.g., lead white or 

lead carbonate) and, due to its distribution in regions similar to sulfur and sodium, it may have 

been used in conjunction with the blue pigment in order to obtain lighter shades of blue in the 

polychrome. This confirms the results obtained from the μ-FTIR spectra, which indicated that 

another pigment is present in the blue samples, in addition to ultramarine blue. The elemental 

distribution map is shown in figure 7. 

The SEM-FEG micrograph and the EDS spectrum for the white sample can be seen in 

Figure 8. The peaks obtained show the presence of carbon, oxygen and calcium, confirming the 

elemental composition of calcium carbonate, in agreement with the results obtained by μ-

Raman and FTIR spectroscopy. The elemental distribution map for this sample was not 

obtained. 

The EDS spectrum for the gold-colored sample (Fig. 8) confirm the presence of gold and 

silver used in the gilding of the work, and not the presence of pigments that resemble gold. 

Silver is used in the gold alloy to prepare the leaf, improving the mechanical properties of the 

material. Thereby, this indicates the use of a more noble alloy for gilding, since the presence of 

other metals, such as copper, results in less noble alloys, with a tendency to present faster 

degradation of the material [28]. The SEM-FEG micrograph (Fig. 9) of the sample indicates a 

regular morphology, resembling a metallic surface, as expected for a gold leaf. 
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Fig. 7. Elemental distribution map of the blue, white and gold interfaces in the sample 

 

 
 

Fig. 8. SEM-FEG micrograph and EDS spectrum for the white sample 
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Fig. 9. SEM-FEG micrograph and EDS spectrum for the gilding 

 

From the elemental distribution map of the intersection between the golden and brown 

layers in Figure 10, it can be seen that the brown sample analyzed contains, in addition to iron, 

the ultramarine blue pigment. This is due to the concentration of aluminum, silicon and oxygen. 

The iron comes from the transfer of iron oxide present in the Armenian bole used for the 

fixation of the gold leaf, possibly during damage to the surface of the gold leaf. Not only, it is 

also possible to observe a pronounced presence of gold and silver in the smooth part 

corresponding to the gold leaf, as expected for this type of surface. 

 

 

 
 

Fig. 10. Elemental distribution map of the intersection of the gilding with the brown layer 
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In addition, it is possible to observe a diffuse distribution of magnesium, resulting from 

the transfer of the layer containing calcium carbonate. Likewise, the presence of titanium traces 

was identified, possibly due to an early restoration process. The presence of magnesium with 

calcium carbonate can be found in the dolomitic calcite. 

The spectrum and micrograph of the pink sample can be seen in Figure 11. Carbon, 

oxygen and calcium peaks are evident, verifying the presence of calcium carbonate in the 

sample. The absence of iron in the spectrum obtained for the pink sample, is due to the low 

quantity or a more diffuse distribution. The SEM-FEG micrograph reveals that the pink layer 

has a high porosity, a characteristic expected for Armenian bole, since it consists of clay 

materials together with iron oxides, being used as a fixation layer for the gold leaf. 

 

 
 

Fig. 11. SEM-FEG micrograph and EDS spectrum for the pink sample 

 

EPR spectroscopy 

In pigments, since they contain metals in the form of oxides or complexes, there are 

usually metal species that have unpaired electrons, a criterion that allows the characterization of 

this material by electron paramagnetic resonance (EPR) spectroscopy. Through this technique, 

it is possible to explore the possibility of the presence of metal ions with these requirements, as 

well as their oxidation states, ligand groups and the possible symmetry of complexes [29]. The 

spectra for the pink (point fragment of the Armenian bole), gilding and brown samples can be 

seen in Figure 12. 

In the EPR spectrum for the pink sample, a hyperfine split with six lines that are 

characteristic of Mn2+ centers related to the interaction with the nuclear spin (I = 5/2) can be 

observed. This type of spectrum is characteristic of Mn2+ complexes in their solid form, with 

octahedral geometry and axial symmetry [30-31]. The value of the hyperfine coupling constant 

identified was A ~ 10mT. 

 The six lines originated from the nuclear spin of Mn2+ in an octahedral site belonging to 

the Zeeman transitions –5/2 → +5/2, -3/2→ +3/2 e –1/2 → +1/2, respectively [32]. The 

intermediate lines, which are less intense and appear between these transitions, may be due to 

prohibited transitions [32], which manifest themselves as a set of doublets between each central 

transition | + 1/2, m I〉 ↔ | −1/2, m I〉[33]. This pink sample was collected from a region of 

Armenian bole (layer used to fix the gold leaf using earthy pigments with clay materials, a 

binder and water - a procedure known as water gilding [34]). In addition, the EPR technique is 

highly sensitive to Mn (II) traces [37] and thus, even in small quantities, its signal can be 

prominent in the presence of other metals and/or organic free radicals. 

In the gilding sample, however, there was a weak signal of organic free radicals with a 

narrow line, centered at ~ 351mT. In addition, the presence of Fe3+ (S = 5/2) is observed 

through a broad line in the domain concentrated at approximately 321 mT, with a g-factor of ≈ 

2.197. According to the literature [37, 38], g-factor values close to 2 indicate that the Fe3+ ion is 
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in the form of oxide or oxyhydroxides. This result represents the possible migration of the iron 

centers from the brown pigment or from the Armenian bole to the gold layer, with the presence 

of a radical from the organic binder used for the painting, identified as an oil by GC-MS. 

 

 
 

Fig. 12. EPR spectra, magnetic field in the region of 50-500 mT for pink, gilding and brown samples 

 

Finally, the brown paint sample showed signs of organic free radicals, through a narrow 

and sharp line centered at approximately 353mT, with a g-factor of ≈ 2.003. Following this 

perspective, the g-factor for these radicals indicates the position of the density of unpaired 

electrons in view of the chemical bonds between atoms originating from organic matter [29]. A 

g-factor close to 2.0030 indicates the presence of centered radicals close to carbon atoms and at 

around 2.0040, the radicals would be centered close to oxygen atoms [39]. There is also the 

presence of Fe3+ ions (S = 5/2) with a wide line in the domain concentrated at 322mT (g ≈ 

2.136), and the spectrum shows the presence of Fe3+ ions in the domain diluted at 166mT (g ≈ 

4.240). The g value close to 4.3 indicates that Fe3+ is in rhombic symmetry, while g close to 2 is 

probably due to the Fe3+ ion in the form of oxide or oxyhydroxide [38]. According to the 

literature [40, 41], these signals are characteristic of Fe3+ complexed in octahedral and/or 

tetrahedral coordination structures with rhombic distortion, whose complexes would be in the 

presence of organic matter that has functional groups, such as phenols or carboxylic acids. 

Characterized by the FTIR and µ-Raman analysis, there is the presence of iron oxide as a 

pigment used for this color. However, the presence of iron complexes that may be associated 

with the interaction of the iron centers with the residues of iron products was also identified, 

along with the degradation of the oils used as a binder, obtained by GC-MS [35, 36]. 
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Gas chromatography-mass spectrometry – GC-MS 

In order to investigate the presence of oils in the sculpture layers, the samples were 

analyzed by GC-MS to determine fatty acids, and the results obtained are summarized in Table 

3. The analysis indicates the presence of fatty acids, species that could originate from the use of 

oils as a binder in the paint when applied in the polychrome painting. The hypothesis that the 

oils used to be of animal origin can be disregarded due to the absence of fatty acids with odd 

numbers of carbons in the chain and of markers such as cholesterol [42]. 
 

Table 3. Composition of fatty acids in the samples and azelaic acid to palmitic acid (A/P) and  

palmitoleic acid to stearic acid (P/S) ratios 

 

Fatty acids 

Gilding, blue and 

brown 
Brown Gilding White Pink 

% of total fatty acids (w/w) 

Lauric acid C12:0 3.56 1.57 2.16 2.49 3.54 

Myristic acid C14:0 8.36 2.82 3.54 5.37 5.21 

Palmitic acid C16:0 - 48.33 43.08 48.38 57.11 

Palmitoleic acid C16:1 - 1.75 2.18 2.93 3.94 

Stearic acid C18:0 84.74 41.86 45.36 36.89 27.83 

A/P - 0.0501 0.0506 0.0312 - 

P/S - 1.15 0.950 1.31 2.05 

 

According to the percentages of palmitoleic acid (P) and stearic acid (S), the P/S ratios 

obtained for the samples are close to the values reported in the literature for linseed oil, even 

though the highest value obtained suggests a mixture of oils [12-14, 43-44]. However, the P/S 

value can undergo considerable variations due to the degree of degradation of the material and 

the presence of pigments and other binders. Knowing that it could also be linked to the 

chemical cleaning of the work [45]. 

The presence of fatty acids in the lower layers of the sculpture (white and pink) occurs 

due to the process of permeation of the polychromy for these layers because of its more porous 

surface, and significant adsorption of this material. This phenomenon, in addition to the 

degradation of the paint layer, reflects in the fact that fatty acids, for calculating the P/S ratio, 

were not identified in the sample containing the fragments of blue, known as the uppermost 

layer, and thus the values obtained for other samples were used to infer the use of oil in the 

polychromy. 

The presence of azelaic acid (A), a dicarboxylic acid resulting from the oxidation of oils 

applied in paints, was also identified in the samples, and its ratio with palmitic acid (A/P) may 

indicate the degree of degradation of the oil used [13]. For all samples in which this substance 

was identified, the A/P ratios had very low values, which indicates that the oil used is not 

severely degraded, that is, the constitution of the samples is well preserved. 

Because it is a regal image, there is a traditional custom among the faithful to touch it. 

This touching could lead to the transfer of fatty acids present in tallow and sweat produced by 

human skin to the surface of the sculpture and, as some lower layers of the work are exposed 

due to wear and have a porous surface, the adsorption of these acids can easily occur. The 

presence of fatty acids from this source is confirmed by the detection of palmitoleic acid in the 

samples, as this circumstance is commonly found in human skin [46, 47]. In such way, the P/S 

ratios obtained can be influenced by the contamination, by the composition of fatty acids found 

in these secretions [48-50]. 

 

Conclusions 

 

The study described herein provides an overview of the chemical composition of 

different regions of a polychrome sculpture with gilding called Our Lady of Sorrows. The μ-

Raman confocal analysis of the samples allowed the identification of the ultramarine blue 
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pigment applied to polychromy, suggesting a possible synthetic origin of the pigment, 

consistent with the date of manufacture of the statue. For the pink and white samples, the 

presence of carbonate from calcite was observed. Hematite was identified in the brown sample, 

of earthy origin, due to the presence of quartz. 

The FTIR analysis of the samples showed results similar to those obtained by μ-Raman 

spectroscopy, confirming the presence of ultramarine blue, calcite and hematite in the samples. 

It was possible to demonstrate that the pink and brown samples are both related to Armenian 

bole, used as a preparation base for receiving the gold leaf, but with different amounts of iron. 

The pink sample does not have bands related to hematite, which suggests the use of less 

hematite in this area of the sample, or even a diffuse distribution of metallic oxides in the 

preparation of the Armenian bole. 

The FTIR results also revealed the presence of organic material in the samples and this is 

consistent with the data obtained by GC-MS, which indicates the use of an oil in the paint, 

possibly of a vegetable origin. Due to the state of exposure of the layers analyzed and the 

tradition of touching sacred images, a factor that promotes the transfer of fatty acids present in 

the sebum and sweat of human skin, the definitive identification of the composition of the oil 

used is complex. Above all, the percentage of azelaic acid found in the samples indicates that 

the layers are in a good state of conservation. 

The elements identified by SEM-FEG with EDS for the blue sample (Na, Al, Si and O) 

correspond to the elemental composition of the ultramarine blue pigment. The presence of Pb 

was observed, an element that could originate from a pigment added to the color blue to obtain 

different shades, a hypothesis that has been made consistent with the results of the FTIR 

spectroscopy, indicating carbonate in the blue sample, since lead carbonates are commonly used 

as white pigments. In the case of the gold leaf, Au and Ag were identified as components of the 

metal alloy used, showing that a noble alloy was used for the gilding. The presence of Fe was 

observed in the brown layer, corroborating the results obtained by µ-Raman and µ-FTIR 

spectroscopy. 

The EPR spectra for the gilding and brown samples showed signs of Fe3+, originating 

from iron oxides, as confirmed by the μ-FTIR and μ-Raman techniques. The free radicals 

observed in the EPR analysis may result from the degradation of organic binders present in the 

paint. In the pink sample, Mn2+ was present, this being associated with manganese residues that 

may be linked to the degradation products of an organic binder present in the paint. Therefore, 

this was identified as an oil by GC-MS, leading to the possible interaction of iron oxide from 

pigments with the fatty acids present in the binding. The appearance of this metal was observed 

only by EPR, demonstrating the importance and sensitivity of this technique. 

Finally, the results reported herein provide important information on the sculpture 

studied, and they could be used to select suitable intervention processes to preserve the 

sculpture and guarantee its authenticity. In addition, the data contribute to gaining more 

knowledge regarding the techniques used by artists in the making of sacred works in the 19th 

century. This highlights the importance of applying chemical analysis in work related to the 

conservation and restoration of pieces of cultural heritage. 
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