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Abstract: The painting studied, featuring the Virgin contemplating the sleeping Child, is a well-
known composition in the religious context, especially popular since the 16th century. The technique,
oil on copper plate, and materials were examined applying a multimethodological non-invasive
approach. The main goal was to quantitatively characterize the layer composition and thickness. To
obtain them, X-ray fluorescence spectroscopy coupled with Monte Carlo simulation was used for the
first time, to the best of our knowledge, for this kind of object. This technique was also integrated
with more conventional photographic and spectroscopic techniques such as multiband imaging
(MBI), Raman spectroscopy, external reflection Fourier transform infrared spectroscopy (ER FI-IR),
and optical microscopy. The obtained data showed the use of a background based on lead white, a
wide palette, which includes azurite, vermilion, lead white, and some ochers, and documented the
conservation status. Although the investigations contended with the object’s complexity, the results
demonstrate the efficacy of the XRF-Monte Carlo simulation approach in characterizing the materials
constituting the artwork in a totally non-invasive way.
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1. Introduction

The artwork analyzed belongs to the class of peculiar paintings on a copper plate. The
distinctive features of these oil paintings, which became popular in the 16th century in Italy
and then were largely adopted by northern European artists, lie in the metal support, a slab
of almost pure copper [1].

The painters believed that the copper substrate was less susceptible to expansions
and structural movements compared to canvas and wood panels and therefore less in-
clined to create the fine pattern of cracking on the surface, called craquelure [2]. This
technique, apart from a few famous artists such as Bronzino, Carracci, and Reni, was used
for medium-small formats, targeted for private devotional use, and is still used for small
artisanal workmanship.

The painting, by an anonymous artist probably from the north of Italy, is dated
back to the first quarter of the 17th century and belongs to a private collection (Figure 1).
The small dimensions of the painting (16.5 x 12.0 cm) suggest a personal purpose as a
devotional object.

The composition shows an intimate scene with the Virgin contemplating the Child
while sleeping in a bed on a uniform background.
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Figure 1. The Virgin and the sleeping Child.

The iconography recalls a well-known representation which finds, among its first
famous example, the Virgin and the sleeping Child in the Pala Montefeltro, also called Pala
di Brera, by Piero della Francesca [3] painted between 1472 and 1474 [4].

Before the famous Pala Montefeltro, the presence of the same iconography in other
paintings by less famous artists cannot be excluded. However, due to the fame of Piero
della Francesca, the composition became very popular and found different elaborations
among later painters and was used both in paintings and graphics. The sleeping Child is
related to the symbolic value of Christ’s fate. In this context, sleep is related to death but
also the reawakening and Christ’s resurrection after death. This symbolic connection with
Christ’s fate is once more emphasized in Piero della Francesca’s painting, by the red coral
on the child’s neck symbolizing the red blood of crucifixion.

The subject was then elaborated, in the 16th century, giving it a more intimate conno-
tation: the Child sleeping on a bed or crib, with the head oriented to the left or right side
and covered with a blanket or a bedsheet, with a decoration that can vary from simple up
to a golden one. The Virgin usually has a central role in the composition, but she is placed
in the background while contemplating the Child with hands joined in prayer.

Multiple versions exist, showing the sleeping Christ Child, and the subject was widely
spread by Ordine dei Gesuiti in the New World, especially in South America where these
kinds of representation still take hold in the traditional painter school of Cuzco (Peru) [5].

From the point of view of the composition, the painting analyzed recalls the works
of the Flemish engraver Hieronymus Wierix [6-8] made before 1619 and stored at the
British Museum of London [9]. The Wierix work, which revisited the iconography of
the Virgin Mary contemplating her son repeatedly, was probably the inspiration for the
anonymous painter.

A first examination with raking light showed the presence of an irregular surface due
to the thin copper plate and the presence of mechanical damages probably due to an impact,
especially noticeable at the corners, where the loss of pigment was easily detectable [10]
(Figure 2). However, excluding the edges, the surface showed only small gaps and scratches,
while diffuse corrosion brown spots were visible in the lighter areas highlighted by the
observation of the NIR image (Figure 2).
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(a) (b)

Figure 2. The presence of an irregular surface is highlighted by (a) raking light image, while retouches
are visible in (b) the NIR 1 image of the painting.

A few small retouches were visible when observing the surface with the portable
optical microscope, excluding the edges where extended retouches were evident to the
naked eye and mapped with the NIR images.

2. Materials and Methods
2.1. X-ray Fluorescence with Monte Carlo Simulation

Our study is based on a novel approach for this type of painting, utilizing X-ray
fluorescence measurements (referred to hereafter as XRF) integrated with a Monte Carlo
simulation of the same experiment. This technique enabled us to characterize the painting's
structure (support, preparatory layer, and painting) in terms of both elemental composition
and layers thickness. Furthermore, to characterize the spatial distribution and composition
of the compounds and degradation products, this technique was integrated with other
non-invasive techniques: MSI, ER FT-IR, and Raman spectroscopy.

The peculiarity of the support, with its completely different hardness compared with
the painting layer, and the thickness of the painting layer itself, discouraged the use of
invasive techniques involving sampling. Additionally, employing a multimethodological
protocol allowed us to address the potential limitations of each technique by correlating
different data and leveraging their complementarity, namely XRF, Monte Carlo simulation,
and micro XRF.

To quantify the composition of the sample, several analytical approaches have been
developed, where the fundamental parameters method [11-14], is the most used. In the
case of the metallic multilayered approach, an alternative method has been proposed based
on the relative changes in the attenuation of some specific elements [15-17]. This approach
is easy and fast to use but it is strongly dependent on the sample. However, in the case
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of complex samples with multilayered structures and/or irregular surfaces, an analytical
approach is not always the best solution for the quantification of their chemical content.

In the last decades, alternative approaches have been proposed, mainly based on the
use of a Monte Carlo simulation of the real experiment [18-23]. A Monte Carlo simulation
is based on a probabilistic approach to the phenomenon to be reproduced. It is used when
a problem has a high number of variables, and the analytical approach is computationally
too intensive or impractical to implement. As a result of this simulation, an X-ray spectrum
is produced. The real and the simulated spectra are compared. The simulation protocol
can be divided into two parts: the first part (verconcerns the modeling of the experimental
setup and is carried out once, while the second part involves the quantification procedure
itself. The setup characterization includes:

e  Determining the real X-ray emission, which is arguably the most important step due
to its influence on the performance of the simulation.
Describing the measurement geometry.
Determining the X-ray detector response in terms of both energy efficiency and energy
resolution, with the latter including the shape of the peak.

The quantification protocol consists of the following steps:

1.  Creating a preliminary model of the sample, considering both its layer structure and
composition. This step is primarily based on the peaks observed in the XRF spectrum
and a visual inspection of the sample, including its colors in the picture or the results
of multiband photographic analysis.

2. Performing a simulation of the measurement.

Comparing the experimental and simulated spectra.

4. If any discrepancies are observed, adjusting the sample’s structure or composition
and repeating steps b and c. The estimation of the “discrepancy” is initially based on
visual inspection and is then refined using a chi-squared test.

The Monte Carlo code used here is a fast one named XRMC [20,21], based on the
Xraylib atomic database [22,23]. It can produce a spectrum with quality comparable to
that measured in less than 20 s when running on a standard laptop. A more complete
description of the Monte Carlo technique applied to cultural heritage can be found in [24].
The main advantage of using a Monte Carlo simulation, besides the possibility of simulating
complex structures, lies in the absence of the need to remove the background from the X-ray
spectrum in order to estimate the areas of the peaks, as required by standard quantitative
techniques such as the aforementioned fundamental parameter method. Background
removal implies the use of analytical methods, such as fitting functions or other mathematical
operators [25-27]. As a result of the removal process, the peak areas superimposed on
the background can be altered, potentially leading to incorrect, either overestimated or
underestimated, values for the corresponding chemical element. The error in estimating
the background beneath the peak affects smaller area peaks, which correspond to chemical
elements with lower concentrations, reducing the minimum detectable concentration. For
this reason, even with portable XRF instruments, the use of a Monte Carlo simulation
with XRF measurements allows for an improvement in the detection limit, from about
100-200 ppm down to about 20 ppm depending on the chemical element considered.
Regarding the error in the estimation of the chemical contents, it depends not only on
the error in fitting the X-ray spectrum, but also on the error in the values of the atomic
parameters used for quantification. As a rule of thumb, it ranges from 2% to 10%, where the
worst values are for the low concentration elements and/or for the external fluorescence
line, i.e., from M-lines onwards. To validate the performance of the Monte Carlo software
(ver. 6.4.1), we evaluated it by comparing it with another Monte Carlo code that has been
tested in simulating experimental measurements of certified samples [24].

The experimental apparatus was composed of an SDD detector (1-2-3 SDD by Amptek,
Bedford, MA, USA) and a rhodium anode X-ray tube working at 40 kV 5-15 pA (Amptek,
USA). The X-ray tube output was collimated by a 1 mm wide cylindrical collimator while

»
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the detector was used without any collimation/filter. The detector was placed vertically
on the surface and the X-ray tube formed a 30° angle with respect to the detector, both
positioned 2-3 cm away from the surface. This arrangement allowed to minimize the
effects on the measured spectrum due to the roughness of the painted surface. The spot
size was about 2 mm? in diameter. All the measurements were performed in the air. The
choice of the working voltage depended on two constraints: the power of the X-ray tube
and the availability of a model of the X-ray spectrum emitted by the X-ray tube and used
in the simulations. The X-ray spectrum was not filtered in order to use the information
contained in the background that was mainly connected to the sample’s composition part
without any detectable fluorescence signal, such as the elements with low atomic numbers.
Each spectrum was acquired for about 4-6 minutes or until a good statistic spectrum was
obtained. Both the acquisition/control and the Monte Carlo software (XRMC ver 6.7.0) ran
on an Intel I7-based laptop, thus making the instrumentation completely portable.

For the type of object examined in this paper, a multilayered model was chosen and
several combinations tested. However, the best results were obtained with a three-layer
model: a painting layer, a preparatory layer, and a copper support.

It is important to emphasize the influence of voids (pores) caused, for example, by
corrosion phenomena, on the determination of thickness. In fact, the attenuation of X-rays
traveling through a medium follows the Lambert-Beer law:

I(E) = Ip e HEAX

where:

E is the photon energy and Z the atomic number;

I'is the number of photons detected;

Iy is the number of photons emitted by the X-ray source;
W(E,Z) is the so-called linear absorption coefficient;

x is the path traveled inside the sample.

The presence of pores inside a material virtually changes the value of the linear
absorption coefficient p, because part of the material is replaced by air that has a lower p
value. If the Monte Carlo model of the sample considers a uniformly filled layer instead of
a real porous layer, this will produce a thicker estimation of the model (a longer path); thus,
when the model is created, this aspect must be considered.

To obtain information on the distribution of elements in the tiny decorative areas,
u-XRF with M4 Tornado (Bruker, Ettlingen, Germany) was used. The X-ray Rh tube
can operate between 10 and 50 kV and 100-600 pA, with the option to also choose a
polycapillary lens to obtain a spot size down to 25 um. Detection of fluorescence radiation
was performed by an energy-dispersive SDD with a sensitive area of 30 mm? and an energy
resolution of 142 eV for Mn Ka. The analysis was conducted under vacuum conditions
(20 mbar) to collect X-ray fluorescence from elements with low atomic numbers, at 50 kV
and 30 pA. The instrument also allows for the acquisition of maps of selected areas. The
maps were acquired with a scan resolution of 600 x 600 pixels. No primary filter was used,
and acquisitions were set to 300 s. In this case, Monte Carlo simulations were not applied
due to the absence of a model for the polycapillary lens and, more importantly, because
the error in the focusing distances of the instruments was of the same order of magnitude
as the maximum distance of origin of fluorescence photons. Thus, a multilayer structure
would have been unhelpful.

2.2. Multiband Imaging

The techniques used included ultraviolet reflected (UVR), ultraviolet false color
(UVFQ), ultraviolet-induced visible luminescence (UVL), visible (VIS), visible-induced
luminescence (VIL), reflected near-infrared (NIR), and infrared reflected false color (IRRFC)
photography [28-31].
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In addition, for the investigation of the surface of the painting, acquisitions with raking
light at different angles were conducted.

For the analyses, a digital camera D850 (Nikon, Tokyo, Japan), featuring a CMOS
sensor 35.9 x 23.9 mm, with the removal of the inner ICF/AA filter [32] and 45.7 Mpixel,
equipped with a Nikkor (Nikon, Japan) AF-5 24-120 mm /4G ED VR lens, and mounted
with different filters provided by MaxMax (LDP-LCC, Carlstadt, NJ, USA) was used. For
the image calibration, a ColorChecker Passport Photo 2 (X-Rite, Grand Rapids, MI, USA)
was used. The images were acquired in neutral mode to avoid all the enhancements
provided by the camera’s software (ver 1.0).

Since the replacement of photographic films, infrared false color and ultraviolet false
color have become post-production techniques, elaborated through a graphic editor program.

In this study, NIR images were acquired with two different filters. The first im-
age, called NIR 1, was acquired with a filter with full transmittance from 715 nm on-
wards, and the second image, NIR 2, using a filter with full transmittance starting from
850 nm onwards.

The combinations of filters mounted on the camera lens and the lamps used as the
source of radiation are listed in Table 1.

Table 1. Combinations, for every technique, between radiation sources and filters mounted on the
lens to obtain each photographic technique.

MBI Technique Filter on Lens Source of Radiation
UVR XNite 330C 4x TL-D BLB 18W (Philips, Amsterdam, The Netherlands)
UVL XNite CC1 + Zeiss T* UV 4x TL-D BLB 18W (Philips, The Netherlands)
VIS XNite CC1 2x SuperLED 16W (6500 K) (Beghelli, Valsamoggia, Italy)
VIL XNite 715 nm 2x SuperLED 16W (6500 K) (Beghelli, Italy)
NIR 1 XNite 715 nm 2x BR125 IR 150W (Philips, The Netherlands)
NIR 2 XNite 1000 nm 2x BR125 IR 150W (Philips, The Netherlands)

Images were acquired in *.NEF format, which contains low-processed data and allows
entirely preserving the information recorded by the camera sensor when exported on
graphic editor programs. The images after the elaboration were saved in *.TIF (tagged
image file) format, with a resolution of 6529 x 4524 pixels at 24 bits.

2.3. Infrared Spectroscopy

ER FT-IR spectra were recorded using a portable Alpha spectrometer (Bruker Optics,
Ettlingen, Germany) equipped with the external reflection module, operating in the range
7500-375 cm . Spectra were acquired over an area of 3 or 5 mm (diameter of the probe head
used) with 128 or 256 scans and a resolution of 4 cm~!, depending on the characteristics
of the surface under investigation. For instance, blue and brownish areas, which showed
a more enhanced roughness of the surface, required the use of the 5 mm probe and the
acquisition of 256 scans, to obtain a more satisfactory signal-to-noise ratio. The Kramers—
Kronig algorithm was applied only in the 4000-375 cm ! range to correct the derivative-like
bands, while a general correction was avoided due to the variability of optical properties
and morphological characteristics of the surface [33-35].

2.4. Raman Spectroscopy

Raman spectra were acquired with a portable Bravo Raman spectrometer (Bruker Op-
tics, Ettlingen, Germany) with two laser excitations (DuoLaserTM), a technology (SSETM)
to reduce fluorescence, a CCD detector, and laser power range < 100 mW. The measuring
spot was 10-15 um and the plastic head provided an original focal distance with the laser
ideally focused when the instrument worked in contact [36-38].
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2.5. Optical Microscopy

Images of the surface were taken with a portable microscope, Dino-Lite (Dino-Lite
Europe, Almere, The Netherlands) 1,3 Mpixel with polarized light, to document the state
of conservation, supporting the punctual analyses and highlighting the composition of
the materials.

3. Results and Discussion

The combination of data obtained through the techniques described in Materials and
Methods allowed for the identification of almost all the pigments used by the artist, and
the mean thickness of the paint layers, increasing the knowledge of the technique used
with this peculiar support. In Figure 3 all the measurement spots and map areas acquired
are indicated.

27 - back of the painting

Figure 3. Image with the positions of the measurements. The capillary single spots and maps made
with the Tornado are reported in red color (circle: single point, squared zones: maps). The XRF
(custom instruments), Raman, and ER FT-IR measurement areas are reported in yellow.

3.1. Conservation Status

Observing the Virgin’s mantle and the blanket on the bed, they seemed to be painted
in a dark blue and in a grey color, respectively. Upon closer investigation, both surfaces
appeared to have been achieved using a blue pigment. In particular, the mantle, in addition
to the blue pigment, showed altered compounds ranging from green to brown, distinguish-
able under microscopic observation. On the contrary, the blanket showed only a thick
brown layer containing many blue crystals (Figure 4).
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Figure 4. Optical microscope details of (a) the mantle, magnification at 60x, and (b) the blanket,
magnification at 220x.

The raking light image, besides the irregular surface, also showed the thickness of
some painted areas such as the mantle and the pillow, as opposed to the thin background
layer. Usually, in these types of paintings, the paint layer is very thin due to the surface
characteristic of non-porous copper, although sometimes, more compact brushstrokes can
be found, as in the case of draperies [2].

On the gap edges of these thick layers, such as the Virgin’s vest, a white background
was visible, but it did not seem to be equally distributed on the entire surface. For example,
when observing the gaps on the gray background, only the copper was visible. This can
suggest the use of a mixed technique, with some areas supported by a thicker layer of white
background and other areas where the painter may have taken advantage of the copper’s
optical proprieties by using only the binding media or a very diluted paint [39].

The microscopic observation of the surface also showed a brown translucent material,
more or less visible across the entire surface, especially in the painting hollows, which
contained small dark particles trapped inside.

All these conservation issues made it difficult to quantify the real thickness of each
layer. Thus, the thickness estimation given here shall be read as mean values. According to
the XRF measurements and Monte Carlo simulations, all the zones were modelized as a
three-layer zone: the painting layer, preparatory layer (lead white), and copper substrate.
The brown translucent material was not considered in the model because of its inhomo-
geneous presence on the surface. The UVL image confirmed that, at least one previous
restoration campaign had been performed on the artwork. The image showed the presence
of an organic material on the edges, especially on the left and on the upper and lower sides.
The substance did not appear on the folded corners, which indicates that its application on
the surface certainly occurred before the damaging of the corners (Figure 5).

The hypothesis of the presence of this varnish as an original layer on the entire surface
was excluded, due to the technique used for the painting. The use of copper as substrate,
combined with an o0il medium, immediately gave a shining aspect to the surface. The most
likely scenario is that the varnish was applied on the entire surface, following a restoration
procedure, and then partially removed, probably due to its degradation. Finally, the varnish
could have been applied only on the edges to restore and prevent the falling of the painting
layer. The UVL also excluded the presence of organic lakes, such as madder lake, which
might have been used as a finish layer for the Virgin’s robe, lips, or cheeks (Figure 5).
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Figure 5. UVL image of the painting.

The ER FT-IR spectrum acquired on one of the luminescence areas confirmed the use
of a varnish media. Although the spectrum was quite noisy, with the help of the reference
spectra, it was possible to identify some absorption bands attributable to a dammar/mastic
varnish [40-43]. The bands at 2950-2850 cm ™! (aliphatic CH stretching), 1710 cm 1 (C=0
stretching), 1457 and 1382 cm ™! (CH; and CHj3 bending), and 1120 cm ™! (as C-O-C stretch-
ing) are perfectly in agreement with the presence of a dammar/mastic varnish.

Unfortunately, the painting came from an antique market and no certain information
was available on its conservation history.

3.2. Metallic Support and Preparation Layer

The XRF analyses on the back of the copper plate showed the presence of pure copper,
with a few minor elements such as calcium, iron, lead, and sulfur. This was consistent with
the analyses of other paintings on copper [44] where the high quality of the plate reflected
the carefulness of the craftsman and the high level of technical development to create thin
metal plates.

The analyses acquired on the painted surface showed the presence of lead in each
measure. The ubiquity of the lead suggested the use of a ground layer formed by lead
white and oil as described in the literature [10,45] to isolate the paint layer from the copper
substrate, avoiding corrosion phenomena.

To try to identify the aged binding medium of the painting, the red area (the Virgin's
vest) was chosen, because of the characteristics of vermilion, identified in the Raman and
XRF spectra, which does not absorb IR radiation in the MIR range and does not induce the
formation of detectable products through interaction with the binder, providing a spectrum
closely similar to an unpigmented layer of binding medium [46].

The spectrum showed two bands at 4335 and 4260 cm ™! attributable to the combi-
nation bands of stretching and bending of the methylene group [42,47]. Although with
low intensity, the bands due to the methylene group (CH,) stretching were visible in the
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range 2950-2850 cm~!. The band at 1740 cm~! was attributable to the stretching of a
carbonyl group in an ester [34]. All these data agreed with the presence of a siccative oil as
a binding medium.

The spectrum also showed small bands at 1620 and 1324 cm~! due to the presence of
calcium oxalate and at 1420 and 670 cm ! attributable to lead white [40—43].

The presence of a white preparation layer would have been expected to enhance the
presence of preliminary drawing, especially if it was made with charcoal; nonetheless, both
near-infrared images, up to 720 nm and 850 nm, did not show any preliminary drawing.

3.3. Pigments

A first indication of the pigments used in the painting was provided by the study
of near-infrared reflected false color (IRFC) and ultraviolet false color (UVFC). With both
techniques, it was possible to recognize the use of vermilion for the Virgin’s vest and for
the lips (yellow/orange in the IRFC image). In the IRFC image, the skin appeared with a
slight yellow hue suggesting the use of vermilion as a red component. The presence of a
dark color on the Virgin’s mantle implies the probable use of Azurite as a blue pigment.
The UVFC observations were in accordance with what was revealed by IRFC (Figure 6).

(a) (b)
Figure 6. (a) IRFC; and (b) UVEC of the painting.

3.3.1. Flesh Tones

Flesh tones were obtained with a mixture of vermilion and lead white as suggested by
the XRF spectrum where mercury and lead were the main elements present. In particular,
the lead counts were higher than in the background, suggesting the use of lead white also
as a white pigment in the paint layer (see Figure 7). The Raman spectrum showed the
presence of vermilion with a strong band at 255 cm~! and bands at 285 and 345 cm ™! in
accordance with the literature [46]. A band at 1052 cm ™!, attributable to the v(CO32™) of
lead white, was also detected (Figure 8). The ER FT-IR spectrum, instead, showed only
bands that could be assigned to lead white.
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Figure 7. XRF spectrum of a flesh tone (Virgin’s neck) compared to the background. The background
exhibits higher iron and copper contents, whereas the pigment shows a higher lead concentration.
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Figure 8. Raman spectrum of an area on the Virgin’s neck.

The case of both of the cheeks was different, where two retouched areas were high-
lighted in the MBI images and documented by the microscope. The XRF measurements
coupled with Monte Carlo simulations on these retouched areas showed the presence of
titanium, iron, and copper as the main constituents, while mercury and lead were com-
pletely absent (see Figure 9). Moreover, the lead content in the preparation layer was lower
than in other areas. This confirms the presence of some retouching using titanium white
(TiO;) and iron oxide (Fe;O3), with the removal of almost all of the preparation layer. The
thickness of the layers, with a very low density indeed, was, respectively, 420 pm for the
painting layer and 10 um for the preparation layer.
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Figure 9. X-ray spectrum of the Virgin’s cheek displaying several peaks, notably indicating the

presence of titanium (in red).

3.3.2. Red

XRF analyses were acquired in several areas of the red vest, some in fully red and
some in dark red areas. The measurements were intended to clarify if a difference in hue
followed a difference in composition.

Figure 10a,b show two XRF spectra and the corresponding spectra obtained with a
Monte Carlo simulation, acquired in two different red areas.

Qualitatively, both spectra had the same composition, mainly vermillion, but data
obtained by the Monte Carlo simulations showed that, in the outer layer, the copper was
practically absent in the red area while it had a 3% relative concentration in the dark red
area. More important, mercury was almost 50% higher in the red area (37%) compared
to the darker one (26%). The estimated thickness of the red layer was 410 pum while it
decreased to 260 pm in the darker part. At first glance, the thickness of these layers can
appear too high, but it can be explained by thicker brush strokes and a probably large
content of voids (represented by oxygen in the Monte Carlo model of the red layer), and
light elements (sulfur and binder material).

XRF and Raman spectra confirmed that vermillion was used to paint the red areas, as
suggested by IRFC [46]. The ER FI-IR spectrum, as reported before, showed only peaks
related to the presence of calcium oxalates and a possible siccative oil.

3.3.3. White

XRF measurements, with a Monte Carlo simulation, were performed in several areas,
such as the veil and the pillow. The elements detected in the white pigment were lead
(35%), copper (1.5%, probably due to a migration from the metallic support to the surface),
iron (0.15%), and titanium (0.15%), plus other elements in traces. Its mean thickness was
50 um. The preparation layer was always about 10 um.

The ER FT-IR spectrum of the white area on the pillow showed the typical absorption
bands due to the presence of lead white. Applying the KK algorithm at the MIR region
of the spectrum, the bands at 1415 (as CO32~ stretching) and 683 cm~! (CO3%~ bending),
attributable to lead white, became clearly detectable [46,47].

Besides the bands at 4328 and 4270 cm ™! (combination bands of methylenic C-H
stretching and bending), 2950-2850 cm ! (C-H stretching), and 1749 cm~! (C=0 stretching)
due to the aged siccative oil, the spectrum showed the presence of a little amount of calcium
oxalates (bands at 1650 and 1330 cm 1) [40-43].
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Figure 10. (a) XRF spectrum corresponding to the area with a red color in the Virgin’s vest and
MC simulation; (b) XRF spectrum of an area with a darker red color in the Virgin’s vest and MC
simulation. In the latter, the Hg concentration is higher than in Figure (a), as evidenced by the
comparison between the Hg peak and the Pb peak.

The Raman spectrum, recorded on the same point, confirmed the presence of lead
white [48] and the presence of a small amount of carbon black, as suggested by the broad
bands at 1585 and 1300 cm~!. The presence of a broad peak at 2900 cm~! was probably
attributable to the C-H vibrations of a non-identified organic material [49].

The ER FT-IR spectrum of the Virgin’s veil appeared quite similar to the other white
areas analyzed. The Raman spectrum of the veil showed the peak for lead white and a
small amount of vermilion (259 cm 1) and goethite (389 em 1) [40-43].

3.3.4. Brown

The only brown areas not attributed to degradation processes were those of the
headboard and the crown. MBI techniques, on the headboard, suggested the presence of an
earth pigment such as ocher and a vermilion for the red decorations. Observation, by means
of the portable microscope, of the area showed the presence of small red particles mixed
with a yellow-brownish color beside the decoration details painted in red. ER FT-IR analysis
allowed to identify lead white, goethite («—Fe(O)OH, 904, 795 and 400 cm’l), hematite



Heritage 2024, 7

314

(x—Fe,03, 570 and 475 cm 1), and calcium oxalate. Very small bands at 3695, 3620, 1120,
1040, 550, and 470 cm ™! suggested the presence of a small amount of an aluminosilicate,
kaolinite [50].

The Raman spectrum showed, in addition to the peaks due to vermilion, a peak at
388 cm ! and a shoulder at 295 cm !, which are characteristics of goethite [51,52]. Some
small signals attributable to hematite were also detected.

Monte Carlo simulations showed that the brown headboard was formed by a 100 pm
thick layer composed of copper (40%), lead (13%), iron (8%), calcium (5.5%), mercury (2%),
chloride (5%), and sulfur (3%). The presence of lead, iron, and mercury was in accordance
with the results obtained from the ER FT-IR, as well as calcium, while chloride and sulfur
suggested the presence of superficial compounds related to air pollution.

The other brown area, the crown, was investigated with XRF mapping and a polycap-
illary lens due to its small size. The maps of each element showed the presence of copper
on almost the entire surface, except for the area where lead was detected, and the copper
signal suffered from the attenuation effect, due to the presence of lead atoms in the upper
layer. Iron and mercury were visible in the brown areas, confirming that the brown color
was obtained by mixing ochers and vermilion (Figure 11).

(d) (e)

Figure 11. (a) Visible image with the indication of the area analyzed in green and detail of the area to
50x of magnification; (b) map of copper; (c) map of iron; (d) map of mercury; (e) map of lead.



Heritage 2024, 7 315

In the light yellow area, the micro XRF analysis indicated the presence of a small
amount of tin combined with the lead which suggested the use of a lead-tin yellow [53]

(Figure 12).
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Figure 12. XRF spectrum with a polycapillary lens of the yellow decoration on the crown.

3.3.5. Gold

The XRF analysis on both aureoles, the Child and the Virgin, showed the presence of
gold. In this case, close observation through the microscope suggested the use of shell gold
or powder gold, as shown in Figure 13.

Figure 13. Detail at high magnification of (a) the Virgin aureole, magnification at 220x; (b) detail of
the Child's aureole, magnification at 220 x.

Observing the Child’s head, it was also possible to identify some areas where the gold
was painted over the red outline of the head, suggesting the application of gold as the
last refinement (Figure 13). However, the dimension of the gold parts was comparable or
smaller than the X-ray measurement spot size, and so they may include information from
surrounding areas. For this reason, the Monte Carlo simulation was not applied.

uXRF was used to map the area corresponding to the rays on the left of the Virgin’s
aureole (Figure 14). The maps for each single element showed the presence of gold in the
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rays. In addition, the presence of a lead-white-based background and the presence of iron
on the entire brown-grey background was also confirmed, suggesting the use of a very
diluted paint for this area.

3000 pm

1000 pm

1000 pm

(d)

Figure 14. (a) Visible image with the indication of the area analyzed in green and detail of the area at
50x magnification; (b) map of the concentration of gold; (c) map of the concentration of iron; (d) map
of the concentration of lead.
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3.3.6. Blue and Dark Areas

Unfortunately, the blue pigment used for the mantle was very degraded. Observation
at high magnification showed the presence of a base with blue crystals and at least two
layers of degradation products, one green and the other brown, as visible in Figure 15.

Figure 15. Two details of the degradation visible on the blue surface (a) Virgin’s mantle with green
and brown degradation products, at 60 x magnification; (b) the blanket with a thick layer of brown
material on the top, at 220 x magnification.

Several areas were analyzed by ER FI-IR, but all the spectra presented a low S/N ratio,
caused by the rough surface, that disguised the main peaks useful for the characterization
of the materials. Despite this, the technique enhanced the combination and overtone bands,
which have been used for characterization. The second overtone of CO32~ stretching at
4376 cm~1, the combination band of stretching and scissoring of O-H at 4244 cm ™!, the
OH stretching at 3435 cm ™!, and the CO32~ asymmetric stretching at about 1435 cm™!
allowed to confirm the presence of azurite [54,55]. The ER FT-IR spectra also showed small
bands attributable to low amounts of calcium oxalate, kaolinite, lead white, and calcite
(Figure 16).

Raman spectra showed only a small peak corresponding to lead white, which con-
firmed the presence of this pigment in a mixture with the original blue paint.

Observing some of the images at high magnification, spotted particles of black materi-
als embedded in the superficial brownish layer were visible. The presence of this material
could be related to the residual combustion from candles or oil for lamps.

XRF was performed on both of the Virgin’s shoulders’ blue areas. Even in this case,
the optical microimages showed a very irregular surface with strong alterations or absence
of the pictorial layer.

With all the limitations listed above, XRF measurements and a Monte Carlo simulation
were performed.

Of course, the results must be considered as mean values, even for the same spot.
The mantle color was mainly formed by elements such as lead (40%) and copper (23%),
with calcium (4.7%) and iron (2.3%). Sulfur was also detected (6.2%), probably due to the
deposition of air pollution from the environment. Its thickness was 50 um, considerably
thinner than the red areas.
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Figure 16. ER FT-IR spectrum of a measure on the mantle, in blue, and the correspondence KK
transformation spectrum in red.

Another area, which was originally blue, was the blanket on the bed. Observations
at high magnification showed the presence of small crystals of blue, almost completely
covered by a thick layer of unidentified material, with two different brown hues.

As was the case of the red area, the light-colored part appeared to have been applied
on the darker one. The light part was estimated, by Monte Carlo simulation, to be 130 pm
thick while the darker was 80 pum thick. The composition of both areas was quite similar,
but the light part showed higher lead contents (35% instead of 30%), and lower calcium
(0.30% against 0.60%), and iron (0.17% against 0.40%).

Some attempts to recognize the degraded materials on the surface were made without
any results.

3.3.7. Grayish-Brown Background

The background of the painting was not a well-defined color; it showed a grayish
hue but with a brown shade. Even the observations under the microscope did not allow a
better definition of the color. Some hypotheses were made regarding the appearance of the
background which did not fit the expected color, considering the data obtained from the
analyses. One of these involved the presence of a degradation process, not well-identified
with the methodologies applied, which changed the final appearance of the paint layer.

The XRF analyses showed the presence of Cu (27%), Fe (7.3%), Pb (26%), and traces
of Mn (0.05%) (Figure 17). Regarding the thicknesses, the painting layer was 27 um-thick
while the lead white substrate was 5 pum thick.
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Figure 17. XRF spectrum of the brown-green background compared with the XRF spectrum of
the rear.

The presence of iron and traces of manganese suggested the presence of an earth
pigment (Figure 14) and this hypothesis was confirmed by ER FT-IR.

Indeed, the IR spectra acquired on the background, as well as lead white and a large
amount of calcium oxalate, clearly showed the presence of goethite (x-Fe(O)OH, 900, 792
and 409 cm 1), of a small amount of hematite (x-Fe,O3, 570 and 473 cm 1), and, probably,
of manganese dioxide (MnO, in the range 600-400 cm ! overlapping that of hematite),
the usual main components of a natural earth umber earth (Figure 18).
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Figure 18. Detail from 1700 to 400 cm~! of KKT of spectrum on the grey-brownish background.

However, only further analyses could help in the attempt to identify with certainty the
pigment or the mixture used for the background, or the degradation materials produced
which have resulted in this undefined color.

Table 2 summarizes the results obtained with the Monte Carlo simulation for each
color analyzed.



Heritage 2024, 7

320

Table 2. The thickness of each layer on measured points expressed as micrometers. The error
estimation is about 10%.

Spot Painting Layer (um) Prep. Layer (um) Copper Subst. (um)
Dark blue on the blanket 80 10 600
Light blue on the blanket 130 10 600
Brownish-gray background 27 5 600
Blue, Virgin’s mantle 50 10 600
Brown, headboard 100 10 600
Light red, Virgin’s vest, chest 410 10 600
Dark red, Virgin’s red vest, chest, 260 10 600
Virgin’s veil 180 10 600
Flesh tone 420 10 600
White pillow 50 10 600

The error in the thickness estimation was about 10% of the reported one. The 10%
variance stemmed from the minimum noticeable difference in the background levels
observed when comparing the experimental and measured spectra.

4. Conclusions

The paper analyzed a small painting from a private collection whose distinguishing
feature is the copper plate used as a support. The use of this metal support found its
popularity in the 16th century, especially for small formats and with subjects such as
religious images. In this case, the subject of the painting is the Virgin contemplating the
sleeping Child, widely spread during the XVII century.

The first-time use of Monte Carlo simulations on this type of artefact allowed us to
estimate the average thickness and composition of the different layers, including the thin
layer of lead white used as the preparation layer. The simulations suggested that the
thickest layers were the red areas, in particular the bright red layer, while the other paint
layers roughly had an average thickness of 80 um, except for the background color, which
was the thinnest layer. This technique, as part of a multimethodological approach, was
integrated with other nondestructive techniques: multiband imaging, Raman and ER FT-IR
spectroscopy, and optical microscopy.

This multimethodological approach allowed us to recognize almost all the pigments
used by the artist. The major difficulties in the characterization of the materials arose from
the origin of the painting, made by an anonymous painter, and the lack of information on
its conservation history and possible subsequent interventions.

Nevertheless, the analyses showed the presence of a siccative oil as a binding medium
and the use of a color palette in which all the identified pigments (azurite, vermilion, lead
white, ochers, and gold) agreed with the supposed period of production of the artwork.

The analyses also led to the characterization of some retouches, obtained with a
mixture of titanium white and red ochers. UV luminescence and ER FT-IR spectroscopy
highlighted the presence of a dammar/mastic varnish, probably applied during previous
restoration work, and of degradation and pollution materials such as calcium oxalates
(decomposition of organic products) and carbon particles (probably due to the exposure to
burning candles).

Some questions remain uncertain, such as the color in the background, but the paper
aimed to identify the materials while completely avoiding sampling from this fragile and
unique artefact, and the results obtained will extend the knowledge of these peculiar works
of art.
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