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Abstract

The 17th-century stucco altar dedicated to St. Michael the Archangel is an interesting, but
very damaged, artwork located in the complex of St. Angel in the little town of Barbarano
Romano in Central Italy. During the recent and quite necessary restoration carried out
by University of Tuscia students on the Conservation and Restoration of Cultural Her-
itage Master’s program, some problems with the surface coating were encountered in the
cleaning phase. Diagnostic and scientific analyses were crucial to better understanding the
composition of these materials to perform the safest and most efficient cleaning procedures.
The first of many steps required by this approach was an in situ analysis, starting from
on-site analysis and diagnostic documentation through X-ray fluorescence spectroscopy
and ultraviolet fluorescence photography, followed by laboratory investigations. The latter
included µ-Raman and Fourier transform infrared spectroscopies, gas chromatography
coupled with mass spectrometry, and scanning electron microscopy equipped with an
energy-dispersive detector. Each technique provided useful data to determine the chemical
composition of the white surface coating, which was found to be a non-original overpaint
containing lead and organic binder. This overpaint had been applied to retouch the white
stucco during a previous restoration project. All this new information contributed to
achieving the final decision to remove this layer.

Keywords: restoration; diagnostics on-site; vibrational spectroscopies; gas chromatography-mass
spectrometry; scanning electron microscopy-energy dispersive spectroscopy

1. Introduction
Stucco altars are relevant architectural elements that, with their refined plasticity and

decorative quality, serve as a distinctive hallmark of Italian Baroque art. Nevertheless, they
are not studied as extensively as paintings or polychrome artworks [1,2] and consequently,
only a few scientific studies can be found on this topic [3–7], with even fewer on their
gilding [8,9]. The development of a robust diagnostic procedure is therefore essential,
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not only to enable a deeper understanding of the materials and execution techniques, but
also as a tool to support the planning of targeted restoration interventions, as in the case
of the present study. Based on this general premise, the main aim of the present study
is to illustrate the diagnostic and analytical procedure leading to the characterization of
the surface materials of a 17th-century stucco altar devoted to St. Michael the Arcangel
(Figure 1) and located in the Church of Saint Michael in the little town of Barbarano Romano
near Viterbo (northern Lazio, Central Italy). The analyses carried out in support of the
restoration project mainly aimed to define the cleaning process for the surface layer which
appeared anomalous and not original due to its composition.

 

Figure 1. A photograph of the stucco altar before the restoration and the positioning of the scaffolding
necessary for the various operations (Credits: Gaetano Alfano, University of Tuscia).

Moreover, during the restoration, the need arose to collect as much information as
possible about past interventions on the church complex, so we decided to analyze a few
samples from the Main Altar as a comparison (Figure 2), the only other altar in church with
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some stucco details. A comparison of the Main Altar surface materials with those of the
St. Michael Altar was considered relevant for the present study and, above all, to date the
superficial intervention on the altar of St. Michael.

 

Figure 2. A photograph of the Main Altar (Credits: Marta Cristofori, University of Tuscia).

The church housing the two altars is part of a large complex. Its current architecture
reflects successive transformations, the most recent of which, dating to the late 20th century,
converted the complex into a Historical–Archaeological Museum [10,11].

Looking at the church, the Altar of Saint Michael the Archangel is in the eponymous,
contemporary chapel on the far left of the spaces behind the apse, set back to the left of the
Main Altar. The entire church, particularly the chapel housing the Altar of Saint Michael the
Archangel, is shrouded in a sort of time void, making its origins difficult to reconstruct; the
only documented event is a major restoration at the end of the 18th century (Figure 1) [12]
(p. 193). The complex situation and history of the Altar, and of the entire church in general,
have been widely described in Marta Cristofori’s Master’s degree thesis [12]; in this paper,
only some general information is supplied. Prior to the conservation intervention, the altar
of Saint Michael the Archangel, originally decorated with white and gold moldings, was in
an advanced state of deterioration with extensive lacunae and cracks to both the structure
and surface. This was due not only to the long period of abandonment lasting for almost
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a century, attested to a few years before the major restoration, but also to high relative
humidity, capillary rise, and rainwater infiltration, all particularly harmful to stone objects.
In addition, unexpectedly, all the original white stucco moldings appeared hidden beneath
a greyish layer, showing tones that were more intense on the frontal areas, less intense on
the sides, and completely absent in the undercuts where brushstroke patterns are visible
in some areas. The advanced state of deterioration highlights the difficulties encountered
during the restoration treatment, particularly during cleaning, as it was hard to distinguish
between original materials, products of alteration and degradation, and later interventions.

Within this framework, contextualization of the greyish layer is challenging, since it
raised many questions during the planning of the cleaning intervention. For the reasons
described above, a solid analytical procedure was developed to support the recently
concluded restoration of the altar, in the hope it could serve as a model for complex
cases like this which are characterized by the absence of historiographical references
and the complete loss of the object’s formal unity [12]. The procedure first involved on-
site non-invasive analysis, indispensable in modern diagnostics of cultural heritage, and
continued with laboratory investigations focusing on the areas where the on-site data
highlighted points of interest [13]. The success of this study was guaranteed by an active
collaboration between restorers, art historians, and scientists, who, working together, have
addressed the results of each step of the path to solve the questions that arose during
the restoration [14,15]. The first step was devoted to in situ analysis by using ultraviolet
fluorescence photography (UVF) and X-ray fluorescence spectroscopy (XRF), two widely
used techniques in artwork examinations [16–23]. The on-site analysis revealed some
interesting details of the stucco surfaces that needed to be further investigated to inform the
final decision for the cleaning phase of the restoration. To reach this goal, scanning electron
microscopy coupled with energy-dispersive spectroscopy (SEM-EDS), micro-Raman and
Fourier transform infrared (FTIR) spectroscopies, and gas chromatography coupled with
mass spectrometry (GC-MS) were used for material characterization, all widely applied
techniques in the cultural heritage analysis of materials [24–31]. SEM-EDS was particularly
useful for locating the chemical elements in the stratigraphy of the stucco surface so as
to definitively establish the original/non-original uses of the surface coating [29–31]. The
chosen investigation procedure demonstrated effectiveness in solving the questions that
arose during the preliminary steps of the restoration activities, as detailed in this paper.

2. Materials and Methods
2.1. Ultraviolet Fluorescence Photography (UVF)

UVF photography was performed by using a Nikon (Nital SpA, Moncalieri Torino,
Italy) D5300 digital camera equipped with a 35 mm lens, in front of which two filters were
applied: a UV-IR cut filter and another named A that completely cuts the near-IR region.
The spectra of the used filters have been previously published [32]. The parameters set
on the camera were F-stop 20, exposure time 15 s, and sensitivity equal to ISO 250. The
fluorescence of the surface was produced by irradiating it with two LED lamps (CR230B-HP
10 W) with an emission peak at 365 nm. Due to the presence of the scaffolding, UVF images
were acquired from the upper portion of the stucco altar.

2.2. X-Ray Fluorescence Spectroscopy (XRF)

XRF spectra were acquired using a portable instrument supplied by Assing (Montero-
tondo, Rome, Italy) named Surface Monitor II. The spectrometer is equipped with a Ag
anode operating at 40 kV and 76 µA. The acquisition time was set as 60 s, the distance from
the analyzed surface equal to 94 mm, and the spot to 2 mm. The instrument was equipped
with an Amptek X-123 Si-PIN detector (Bedford, MA, USA), with a resolution of 145 to
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260 eV at 5.9 keV, and an optimum energy range of 1–40 keV. All spectra were collected
by Gonio software (Version 2.0) supplied by Assing™. XRF analyses were performed on
thirteen points, selected after the observation of the stucco surface by ultraviolet radia-
tion. XRF points are reported in the Supplementary Materials (see Figure S1, numbered
X1 to X14).

2.3. Micro-Sampling for Laboratory Analysis

By following the step-by-step process reported in the Introduction, selected micro-
samples were taken from the altar surfaces to aid the laboratory investigation in identifying
the materials and the eventual degradation products with the best level of certainty. As
it was performed during restoration, sampling might sometimes appear non-sequential
or confusing. However, work requirements made this process inevitable (see Table S1 in
the Supplementary Materials for micro-sample description and numbering). For example,
during work, it was necessary to sample in the same or similar areas for further analysis
aiming at ascertaining the material characterization.

Overall, thirteen micro-samples were gathered: eleven from the St. Michael Altar and
two from the Main Altar in the church to conduct a comparison of the surface materials. The
micro-sample locations are shown in the Supplementary Materials (see Figures S2 and S3).

Micro-samples were analyzed in the form of powders or fragments, and in the form
of cross-sections in the case of SEM-EDS analysis. These last ones were prepared by
embedding the sample micro-samples in an acrylic resin and, after hardening of the resin,
by cutting and polishing the little blocks to make them suitable for scanning electron
microscope observation.

2.3.1. µ-Raman Spectroscopy

A total of six micro-samples were investigated using µ-Raman spectroscopy: five
(namely P1, P3, P6, P7, and P9) from the altar of St. Michael the Archangel and one from
the Main Altar. Micro-samples P3, P6, and P9 correspond to the greyish layer covering the
stucco moldings, while micro-sample P7 refers to an area that was originally gilded. Micro-
sample P1 was taken from a whitish, powdery area visually identified as a salt formed by
efflorescence. The single micro-sample from the Main Altar consists of a molding strip
which appears to be affected by the same white layer found on the altar of St. Michael
the Archangel.

µ-Raman measurements were carried out at the Department of Science, Roma Tre
University, using a Renishaw (Wotton-under-Edge Gloucestershire, UK) inVia Raman
spectrometer equipped with diode lasers at 532 nm and 785 nm (with output powers of
100 mW and 180 mW, respectively), gratings with 1800 lines/mm for the 532 nm laser
and 1200 lines/mm for the 785 nm laser source, and a Peltier-cooled 1024 × 256 pixel
CCD detector. A Leica (Wetzlar, Germany) DM2700 M confocal microscope equipped with
objectives of different magnifications (20×, 50×, and 100×) was used to focus the laser beam
onto the micro-sample surface and to collect the scattered radiation. Spectra were acquired
at room temperature in the wavenumber range 100–3600 cm−1, with a spectral resolution
of approximately 1 cm−1 for the visible laser and ~5 cm−1 for the infrared laser, using a
long-working-distance 50× objective. The 520.5 cm−1 line of a silicon standard was used
for spectral calibration. WiRE 5.2 software (Renishaw, Wotton-under-Edge Gloucestershire,
UK) was employed for measurement setup, data acquisition, subtraction of systematic
errors, baseline correction, and data smoothing. Acquisition parameters were optimized to
prevent laser-induced micro-sample degradation and to improve the signal-to-noise ratio:
laser powers were kept <1 mW for the 532 nm source and <5 mW for the 785 nm source,
with exposure times between 1 s and 3 s and 40 spectral accumulations.
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2.3.2. Scanning Electron Microscopy with Energy-Dispersive Spectroscopy (SEM-EDS)

SEM-EDS analysis was performed on the micro-sample cross-sections at the Large
Equipment Center of the University of Tuscia using a Jeol (Tokyo, Japan) JSM 6010 LA
scanning electron microscope, operated at 20 kV as the acceleration voltage of the electrons.
Before the SEM-EDS analysis, the micro-samples were placed on aluminum stubs, secured
with carbon tape, and metalized with gold using a sputter-coater Balzers Union MED10
(Cae, Austin, TX, USA) operating under vacuum.

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed using a Nicolet Avatar 360 spectrometer (Thermo
Fisher Scientific, Waltham, MA USA) equipped with a diffuse reflectance accessory
(DRIFT), a Michelson interferometer, and a detector based on deuterated triglycine
sulfate (DTGS). Spectra were obtained by grinding about 10 mg of the micro-sample
with spectrophotometric-grade potassium bromide (KBr), which was also used as back-
ground material. Spectra were processed with Omnic 8.0 software supplied by Thermo
Fisher Scientific.

2.3.4. Gas Chromatography Coupled with 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 on micro-samples P4, P8, P9, P10, P11, P12, and P13. Micro-samples were
hydrolyzed and derivatized following the methods discussed in [33].

Chromatographic separation was performed with a Capillary GC Column SLBR-5MS
(L × I.D. 30 m × 0.25 mm, df 0.25 µm) purchased from 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 operated in EI-positive mode (70 eV).

The statistical calculation analysis was performed using PAST (PAleontological STatis-
tics) 4.02 software. Chromatograms were reproduced using the Origin 8 program.

3. Results and Discussion
A first investigation of the stucco surfaces was performed using UVF photography.

It is a fundamental technique in restoration since it gives information about the state of
conservation [20–23]. The UVF images confirmed the bad state of conservation of the
stuccoes, as observed by restorers from the scaffolding at the beginning of the work, and
showed a diffused blue fluorescence due to the main constituting materials of the stuccoes,
i.e., gypsum and probably organics. Moreover, an unexpected yellow fluorescence was
observed non-homogeneously on the surfaces (Figure 3).

The yellow fluorescence seemed associated with a superimposed white layer partially
interconnected, in some zones of the altar, with a dark or light grey surface color. This last
appeared anomalous and was interpreted as a probable deposit of carbonaceous material,
plausible if considering the presence of worshippers and lit candles in the chapel. The
presence of soot in places of worship such as churches and chapels is common due to the
use of candles (lit for devotion) that produce black deposits on surfaces [34–38]. However,
in some zones, the grey layer was characterized by the presence of brushstrokes, indicating
a possible intentional application, whereas in others it was completely absent (right side).
This was quite puzzling, as also hinted in the Introduction, and had to be solved before
proceeding with the cleaning operation.
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Figure 3. Comparison between RGB (upper) and UVF (lower) images of the upper part of the stucco
altar. A complete acquisition of the altar was not possible due to the presence of the scaffolding
positioned at the beginning of the restoration activities.

The subsequent step was XRF analysis of the surface layers that revealed the unex-
pected presence of lead along with calcium, strontium, sulfur, and other minor elements
such as iron. The other relevant element detected in the few remaining gilded zones was
gold (see Supplementary Materials, Table S2).

Ca, Sr, and S are elements generally associated with bulk stucco [1–8], but how could
Pb be associated?

Due to the white color, the presence of a white pigment, namely lead white, could
be hypothesized, but its presence on white stucco is not documented. For this reason, we
decided to deepen our investigation in the laboratory to confirm the presence of lead white,
and to understand if lead white was added to the original surface of the stucco altar as
a restoration intervention or if it was a constituent material of the artwork. Specifically,
two techniques were used to address the above-mentioned doubts, µ-Raman spectroscopy
and SEM-EDS, with the latter applied to the cross-sections in order to understand the
time-sequence of artwork formation.

SEM–EDS analysis on cross-sections of micro-samples P4 and P5 was specifically used
to investigate the chemical element distribution in the surface layer. In particular, attention
was focused on the greyish layer containing lead (as determined by XRF) to understand
where this element was located (Figures 4–7).
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Figure 4. Backscattered Electron Composition (BEC) of micro-sample P4 at different magnifications:
(A) 100×; (B) 1000×. (B) was used for microchemical analysis.

Figure 5. Results of EDS point analysis on micro-sample P4. (A) BEC image with the measured
points; (B) EDS spectra with the percentage (w/w) of the detected chemical elements; (C) EDS map of
Pb and (D) EDS map of Cl showing the clear correlation of the two chemical elements.

The chemical analysis was focused on the surface layer that appears brilliant white in
BEC, suggesting the presence of chemical elements with higher atomic numbers [29,31,39,40].
In the brilliant white areas (002, 005, and 006 of P4; 002 and 003 of P5), EDS analysis
indicates a strong Pb enrichment, enabling us to locate the lead-based compound on the
surface of the examined micro-samples and definitively confirming the hypothesis that
a white layer, probably based on lead white, was added in an ancient intervention on
the altar to restore the original white color that became grey or black as a consequence of
carbon deposits.
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Figure 6. Backscattered Electron Composition (BEC) of micro-sample P5 at different magnifications:
(A) 100×; (B) 500×. (B) was used for microchemical analysis.

Figure 7. Results of EDS point analysis on micro-sample P5. (A) BEC image with the measured
points; (B) EDS spectra with the percentage (w/w) of the detected chemical elements.

The presence of Cl in both micro-samples P4 and P5, in association with Pb (micro-
sample P4, Figure 5, EDS maps of Pb and Cl; micro-sample P5, Figure 7), suggests the
potential formation of alteration products of lead white. In the point analysis (Figure 5A,B),
chlorine was not detected, probably because it was absent in the selected points of analysis
(002, 005, and 006). This result is compatible with the presence of Pb-Cl compounds
produced by inhomogeneous lead white degradation patterns.

To confirm this hypothesis and to characterize the lead and chlorine compounds, the
subsequent step used micro-Raman analysis.

This technique was applied on micro-samples from the white/greyish layer (namely
P3, P6, and P9) and, in addition, one micro-sample from the originally gilded area (P7) and
one from an area identified by the restorers as affected by salt formed by efflorescence (P1).

In the white/greyish layer over the stucco moldings (micro-samples P3, P6, and P9),
as well as in the originally gilded area (micro-sample P7), Raman spectroscopy identified
four phases, calcite, gypsum, lead white, and amorphous carbon, reinforcing the conclu-
sions of previous analyses. Calcite showed bands at 156, 280, 713, and 1087 cm−1 [41]
(Figure 8A), gypsum at 413, 493, 1008, and 1136 cm−1 [41] (Figure 8A), and lead white
at 1050 cm−1, corresponding to the symmetric stretching of the carbonate group [41]
(Figure 8A), and amorphous carbon was detected through the D- and G-bands located at
1333 and 1600 cm−1 [42] (Figure 8B). In addition, micro-sample P6 contains a basic lead
salt, namely laurionite, PbCl(OH), formed by lead, chloride-rich solutions, and alkaline
conditions with bands at 112, 123, 272, and 328 cm−1 [43] (Figure 8C), while micro-sample
P7 shows clear evidence of hematite, with bands at 227, 248, 294, 412, 612, 662, and

https://doi.org/10.3390/coatings16010142

https://doi.org/10.3390/coatings16010142


Coatings 2026, 16, 142 10 of 21

1320 cm−1 [41] (Figure 8D). In micro-sample P1, Raman spectroscopy identified calcium
oxalates with bands at 914 and 1480 cm−1 [44,45] (Figure 8E) and carotenoid pigments by
the main bands located at 1509, 1152, and 1003 cm−1 [46] (Figure 8F).

Figure 8. µ-Raman spectra of the phases identified in the micro-samples from the white/greyish layer,
the once-gilded decorated area, and an area extensively affected by salt formed by efflorescence on
the Altar of St. Michael the Archangel. (A) Calcite, gypsum, and lead white (micro-samples P3, P6, P7,
and P9); (B) amorphous carbon (micro-samples P3, P6, P7, and P9); (C) laurionite (micro-sample P6);
(D) hematite (micro-sample P7); (E) calcite and calcium oxalate (micro-sample P1); and (F) carotenoid
pigment with and without baseline subtraction (micro-sample P1).

In addition, one micro-sample from the Main Altar, showing the same white/greyish
layer and brushstroke pattern observed on the Altar of Saint Michael the Archangel, was
investigated. Raman analysis allowed the identification of the same compounds: calcite
(band at 1089 cm−1), lead white (band at 1052 cm−1) [41], and carbon black (band at
1320 and 1600 cm−1) [42] (Figure 9A). In addition, calcium oxalate was detected (band at
1480 cm−1 [44,45] (Figure 9A), and lazurite, with bands at 157, 282, 547, and 714 cm−1, was
also observed [41] (Figure 9B).

A further investigation of the already available micro-samples was performed by FTIR
spectroscopy and GC-MS analysis.

FTIR, applied on micro-samples P1, P2, P3, P4, P6, and P7, revealed the constant
presence of gypsum (signatures at 3538–3545, 3395–3402, 2229–2236, 2104–2137, 1683–1687,
1621–1622, 672–680, 602–605, and around 450–480 cm−1) and calcite (signatures at
2511–2519, 1795–1799, around 1450, 875, and 713 cm−1) that are the main constituents
of the stucco body (Figures 10–15) [47,48].

Micro-samples P1 and P2, described by restorers as a salt formed by efflorescence, are
mainly composed of gypsum and calcite with some signatures that could be attributed
to oxalates (1384 cm−1, Figure 10) and others to organic compounds (2964, 2927, 1726,
1651, and 1321 cm−1; Figure 11), probably proteins (due to the C=O stretching band of the
amide group at 1651 cm−1) and lipids (carbonyl band at 1726 cm−1) [49]. The presence of
oxalates is also revealed in micro-samples P4 (signature at 1325 cm−1 in Figure 13), P6 and
P7 (signatures at 1316–1320 and 1384 cm−1, Figures 14 and 15) [49].
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Figure 9. µ-Raman spectra of the phases identified in the micro-samples P10 from the white/greyish
layer on the Main Altar. (A) Amorphous carbon, calcite, lead white, and calcium oxalate; (B) lazurite,
(C) the black analyzed grain, and (D) the blue analyzed grain.

 

Figure 10. FTIR spectrum of micro-sample P1.
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Figure 11. FTIR spectrum of micro-sample P2.

 

Figure 12. FTIR spectrum of micro-sample P3.

Some signatures may be associated with lead white, particularly those at 3520 and
1413 cm−1, visible in the spectrum of Figure 14 (micro-sample P6). Traces of organic
compounds can be observed in the micro-sample P7 spectrum (Figure 15), also in this case
attributable to proteins (signatures at 2932, 2856, and 1658 cm−1) [47–49].

The FTIR analysis revealed the presence of organic materials, but it was not resolutive
in the precise characterization of the protein and lipid typology. For this reason, we decided
to use GC-MS investigation to determine the exact kind of organic binders, such as lipids
and proteinaceous materials, by examining seven micro-samples (P4, P8, P9, P10, P11, P12,
and P13) (Supplementary Materials, Table S1). The first very interesting result is that the
lipid fraction detected was not attributable to drying oils, allowing us to state that the
surface layer applied was not oil-based (Figure 16). In fact, we have identified the presence
of azelaic (nonanedioic acid, saturated dicarboxylic acid), miristic (C14:0), palmitic (C16:0),
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oleic (C18:1) and stearic (C18:0) acids, but in particular the azelaic acid/palmitic acid ratio
is much lower than 1, thus excluding the presence of any siccative oil, as visible in Figure 17
relative to micro-sample P4 [50]. In the chromatograms relative to the amino acid fractions,
the detection of alanine, glycine, leucine, proline, hydroxyproline, aspartic acid, glutamic
acid, and phenylalanine suggest the presence of a proteinaceous binder. Figure 18 shows
the chromatographic profiles of the micro-samples. To better highlight the signals in the
chromatograms, the signals of the micro-sample P4 are detailed in Figure 19.

 

Figure 13. FTIR spectrum of micro-sample P4.

 

Figure 14. FTIR spectrum of micro-sample P6.
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Figure 15. FTIR spectrum of micro-sample P7.

 
Figure 16. GC-MS chromatograms of the lipid fraction of the micro-samples P4, P8, P9, P10, P11, P12,
and P13. 1: C7Dioic; 2: C8Dioic; 3: C12; 4: C9Dioic; 5: C14; 6: C11Dioic; 7: C15; 8: C16; 9: C17; 10:
C18:1; 11: C18; IS: Tetracosane.

To distinguish the binding media, the percentage content of amino acids in each micro-
sample was compared to those from a dataset of 65 reference samples of egg (whole, egg
white, egg yolk), casein, animal glue, and mixtures from the reference collection of the
Opificio delle Pietre Dure in Florence, Italy [51]. The comparison of the amino acid data was
conducted through multivariate statistical analysis, employing the principal component
analysis (PCA) method, used to characterize the unknown micro-samples. Principal com-
ponent analysis was carried out on the correlation matrix of the relative percentage contents
of eight amino acids (aspartic acid, glutamic acid, proline, hydroxyproline, phenylalanine,
alanine, glycine, and leucine) [52]. The results are shown in Figure 20.

https://doi.org/10.3390/coatings16010142

https://doi.org/10.3390/coatings16010142


Coatings 2026, 16, 142 15 of 21

Figure 17. GC-MS chromatogram of the lipid fraction of the micro-sample P4. 1: C7Dioic; 2: C8Dioic;
3: C12; 4: C9Dioic; 5: C14; 6: C11Dioic; 7: C15; 8: C16; 9: C17; 10: C18:1; 11: C18; IS: Tetracosane.

Figure 18. GC-MS chromatograms of the proteinaceous fraction of the micro-samples P4, P8, P9, P10,
P11, P12, and P13. Ala (Alanine); Gly (Glycine); Leu (Leucine); Pro (Proline); HPro (Hydroxyproline);
Asp (Aspartic Acid); Glu (Glutamic Acid); Phe (Phenylalanine); IS: NorLeucine.

The first two components, PC1 and PC2, account for 57.33% and 18.86% of the total
variance, respectively. PCA showed that the micro-samples have a similar composition,
due to the amino acids from animal glue and egg. It is assumed that the lipid fraction found
in all micro-samples is due to the lipid content of the egg yolk, and not to the presence of
drying oils.
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Figure 19. GC-MS chromatogram of the proteinaceous fraction of the micro-sample P4. 1: Alanine;
2: Gly-cine; 3: Leucine; 4: Proline; 5: Hydroxyproline; 6: Aspartic Acid; 7: Glutamic Acid; 8:
Phenylalanine; IS: NorLeucine.

Figure 20. PCA score plot of micro-samples P4, P8, P9, P10, P11, P12, and P13 and the relative
percentage contents of the selected amino acids in 65 paint samples from the reference collection
of the Opificio delle Pietre Dure, Florence, Italy. G = animal glue; GE = animal glue and egg;
GC = animal glue and casein; C = casein; E = egg. The variance for each PC is also reported
in the figure. Asp = aspartic acid, glu = glutamic acid, pro = proline, hyp = hydroxyproline,
phe = phenylalanine, ala = alanine, gly = glycine, and leu = leucine.

4. Conclusions
Starting from the on-site analysis using UVF imaging and XRF spectroscopy, an

anomalous coating was found on the St. Michael Altar exhibiting yellow fluorescence and
characterized by the presence of lead.

This raised important questions during the restoration, namely understanding whether
the layer was original, whether lead was also present in the stucco mix, and how to proceed
with the cleaning intervention.

To solve the question, we decided to proceed with a series of analyses aiming to
characterize the materials of the coating and their distributions on the surface. The micro-

https://doi.org/10.3390/coatings16010142

https://doi.org/10.3390/coatings16010142


Coatings 2026, 16, 142 17 of 21

samples obtained from the artwork surface during the restoration activities were examined
using various techniques to gather as much information as possible. First, SEM-EDS was
applied to map the lead found using XRF spectroscopy, revealing that it was not mixed
with the original stucco, but was strictly limited to the surface coating.

A further step was used to characterize the chemical compounds associated with lead,
with Raman spectroscopy applied. This technique confirmed the presence of a superficial
lead white layer combined with black and greyish grains made of amorphous carbon.
Laurionite was also detected within this white/greyish layer. In agreement with the inter-
pretation proposed by Ermanno Avranovich Clerici et al. (2023), laurionite is read as an
oxidation–chlorination product of lead white, formed through the interaction with reactive
chlorine species present in the substrate [53]. We propose two main pathways for laurionite
formation: (1) Environmental chlorination of lead white, favored by prolonged exposure to
rainwater infiltration during the abandonment of the site. These conditions would enable
the migration of soluble chloride salts via capillary rise [53]; subsequent evaporation could
generate the pH and chloride concentrations required for laurionite precipitation [54,55].
(2) Anthropogenic introduction of chlorine, resulting from historical conservation actions,
such as cleaning or biocidal treatments employing Cl-based solutions, which are docu-
mented as commonly used in past restoration practices [56]. In addition, Raman investiga-
tions combined with SEM-EDS analyses clarified the execution technique in the originally
gilded areas, where the extensive use of hematite was identified. Even if the literature on
Italian Baroque stucco gilding is limited, two main execution techniques are known: water
gilding over bole based on the application of thin gold leaf over a red iron-rich clay primer
mixed with animal glue [57]; and oil-mordant gilding, using an oil–resin primer often
combined with red lacquers and/or lead-based pigments [58]. Although water gilding
over bole is usually applied to paintings on canvas or wood, and oil-mordant gilding is
typical for sculptural works, the SEM-EDS data coupled with FTIR, and GC–MS, which
show no evidence of oil–resin compounds but rather of protein-based binders, indicate
that water gilding over bole was used. In more detail, we hypothesize the use of a hybrid
technique, involving a ground layer made of a mixture of red earth and lead white [59].
Concerning the protein-based binders, hypothesized from the results of FTIR spectroscopy,
GC-MS identified a combination of animal glue and egg in all samples from both the Main
Altar and St. Michael Altar.

To summarize, the stratigraphic pattern in the gilded areas may be described as
follows: (1) over the stucco bulk, a mordant composed of lead white and bole mixed with
binders based on egg and animal glues was applied; (2) adhering to this mordant layer,
the gold leaf was applied; and (3) finally, a discontinuous layer of carbonaceous deposit
partially hides the gold leaf layer.

As concerns the stucco bulk composition, the presence of calcite, as the main com-
ponent, and gypsum, confirmed by Raman and FTIR spectroscopies, suggests the use
of a “bastard stucco mixture” where the addition of gypsum to lime and marble dust
had the functions of ensuring the greater plasticity of the mixture and accelerating the
superimposition of the various phases, while maintaining all the consistency characteristics
of the stucco [60–62]. Although no sample has been investigated with all the proposed
analytical techniques, integrating the experimental data with the visual observation during
the restoration allows us to hypothesize the stratigraphy of the artwork. The originally
white stucco portions, later altered to a darker color, are characterized by the constant
presence of two superimposed layers above the stucco bulk: a discontinuous layer of
carbonaceous deposit of lampblack, present just above the stucco, and a layer of whitewash
composed of white applied with a protein binder (egg and animal glue).
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Finally, Raman and FTIR spectroscopies clarified the conservation state of the altar,
revealing clear degradation products. In areas extensively affected by salt formed by
efflorescence, both calcium oxalate and carotenoid pigments were detected, the latter only
with the 532 nm excitation source due to the resonance effect [63]. Calcium oxalates and
other types of oxalates are frequently found on artwork surfaces, as testified by a recently
published review [64]. The coexistence of oxalates and carotenoids indicates biological
colonization, either past or ongoing. In this context, high relative humidity, rainwater
infiltration, and the probable use of an organic binder may have significantly favored
biological activity. Similarly, on the Main Altar, although carotenoids were not detected,
extensive calcium oxalate formation was observed. Here, in addition to lead white, lapis
lazuli was identified, likely associated with the painted figure of Saint Vitus, which features
a blue background and is located next to the sampling point.

Combining the results of the analyses with the information gathered from the archives
and from the careful observation performed during the restoration, we derived that the
lead white layer may be traced back to maintenance works contemporaneous with the
chapel’s use during the 18th century [12] (p. 193). Given the presence of the same material
in the renovation of the Main Altar, it is possible that the two interventions coincided. The
repainting of the two altars could be dated to the renovation work carried out in 1785,
when the church had already been in poor condition for over a decade, as reported in the
archive documents referring to Pastoral Visits [12] (p. 285–296). The chapel is last described
in the Pastoral Visits dated 1773 and its use was then suspended in 1785–1786 due to its
deterioration [12] (p. 288).

It is therefore possible that before its final abandonment, an attempt was made to
revitalize the chapel’s exterior appearance by applying the lead white layer, with the aim of
concealing the stains of ongoing decay. The lead white layer, applied with a brush over the
black deposit, would therefore have been used selectively in the most deteriorated areas.
This explains why it was laid out in the areas most affected by pollution from black carbon
produced from religious use. Lead white was certainly the most used white pigment with
high covering power in the 18th century [65], and its use for coloring stucco was suggested
in a 16th manuscript [66].

In conclusion, the combination of the results from the various analyses allowed us to
definitively assess that the lead white layer was applied by a brush with an organic protein
binder during a renovation work carried out around 1785–1786 to hide the blackened
deteriorated surface. These results were discussed with the restorers, and it was finally
decided to remove the non-original white/greyish coating.
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mdpi.com/article/10.3390/coatings16010142/s1: Figure S1: Image of S. Michael Altar with the XRF
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of the Main Altar with the two sampling points P10 and P12 used for comparison with micro-samples
from the St. Michael Altar; Table S1: Micro-sample numbering and description; Table S2: Result of
XRF analysis in terms of the detected chemical elements listed in order of decreasing counts (cps).
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