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Abstract: This research aimed to characterise pigments used to decorate a polychrome earthenware
bas-relief of the 15th century entitled “Madonna with Child, Saint Catherine of Siena, and a Carthusian
Prior”, attributed to Giovanni Antonio Amadeo (Pavia, 1447–Milan, 1522) and owned by the Sforzesco
Castle Museum of Milan. The artwork underwent a cleaning procedure whose aims were the removal
of the dark coating that obscured its surface and restoration work that could bring back its original
features. Before the cleaning, six microsamples were collected and analysed using optical microscopy
(OM), scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDXS),
and Fourier-transform infrared microspectroscopy in ATR mode (ATR-FTIR), providing the restorers
with decisive information on the materials underlying the coating. After the cleaning, the terracotta
appeared vibrantly coloured, mainly with bright red, blue, green, black, and white tones. Then,
some in situ, non-destructive, spectroscopic measurements were performed by a portable Raman
spectrometer on some of the areas that could not otherwise have been sampled. The analyses
revealed the presence of natural pigments, including lead white, azurite, yellow ochre, carbon black,
calcite, cinnabar, and gypsum. For Madonna’s mantle, cobalt and Prussian blue were employed.
Furthermore, the presence of barium sulphate was widely evidenced on the bas-relief. Albeit cobalt
blue is of synthetic origin, its presence is compatible with the 15th-century palette, whereas Prussian
blue and barium sulphate could be imputed to a previous restoration. Finally, the use of true gold for
the background of the earthenware attests to the artwork’s importance and value.

Keywords: polychrome earthenware; FTIR; SEM-EDXS; Raman; renaissance; pigments; gold;
cultural heritage

1. Introduction

One of the widely recognised purposes in the study of painted artworks is the identifi-
cation of the materials employed in their production since it could be an inestimable source
of information on the colour palette and the painting techniques [1–6].

In most cases, this kind of research deals with problems of dating, restoration proce-
dures, attribution to certain artist’s studios, identification of previous restoration works, or
even the authentication of artwork [7–11]. All the aforementioned issues can take advan-
tage of the application of modern instrumental analytical techniques for the identification
of the composing materials of the work of art. This is because that information, linked
and combined with the ones coming from researchers of historic and artistic expertise,
could respond to the different questions and requirements of authorities, museums, private
collectors, etcetera [12–14]. Furthermore, in the scope of those kinds of research, it is also
crucial to detect and characterise degradation processes, often due to the interaction of the
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materials within themselves and/or to the action of environmental agents to develop the
most appropriate conservation procedures [15–19].

The present research wedges into the great number of studies related to the identifica-
tion of materials and techniques used in the production of works of art. The paper’s main
goal was the chemical-physical characterisation of pigments employed for the decoration
of a Renaissance polychrome earthenware bas-relief. Moreover, the characterisation of
the dark coating that covered the artwork was approached to obtain information on the
presence and type of organic substances.

The bas-relief has a long and complex story, characterised by many transfers of own-
ership, which were documented from the end of the 19th century until it arrived in its
current place [20,21]. Therefore, besides the iconographic interpretations of the represented
scene (Catherine of Siena accompanies the Carthusian monk to the Virgin and Child), the
majority of the collecting history and that concerning its provenance are also well-known.
Additionally, the attribution issues appear to have been eventually resolved. The compar-
ison of several works dating from the early days of the young Amadeo led to a clarified
correspondence of style, definitively reconfirming the position of the relief within the
corpus of the sculptor’s works, about which critics have debated for over a century [20,21].

The artwork definitely attributed to the workshop of the great Italian master Gio-
vanni Antonio Amadeo is now owned and stored by the Ancient Art Museum of Castello
Sforzesco in Milan.

Recently, the bas-relief underwent an important and required cleaning treatment to
remove a dark layer of material that settled over the decades [12,22,23]. To support the
conservation procedures, a diagnostic campaign of the artwork was also engaged. It aimed
at the identification of the pigments and the possible presence of non-original materials
resulting from previous, non-documented repainting works on the earthenware.

It is also worth mentioning that, during this research, it so happened that a private
collector, who owns a very similar piece of earthenware, wanted to delve deeper into the
study of his artwork. Indeed, when he heard about the restoration and diagnostic research
on the Antonio Amadeo bas-relief, the topic of this paper, he wanted to begin a historical,
iconographic, and scientific study of the materials of his own artwork, which is ongoing.
Therefore, the analyses performed on the actual Amadeo artwork acquired even more
important since they will be part of the complicated path toward the possible recognition of
the artwork from the private collection as an original Giovanni Antonio Amadeo work [20].

Before cleaning, the restorer chose a few spots on the painting to collect microsamples
from. These included a white sample, two blue samples, a reddish-brown sample, a
red sample, and a tiny golden splinter. Subsequently, the samples were analysed in
the laboratory by optical/UV microscopy, scanning electron microscopy coupled with
energy dispersive X-ray fluorescence spectroscopy (SEM-EDXS), and micro-FTIR. Each
of these techniques has been extensively used for the characterisation of pigments and,
more generally, art materials [24–27]. Moreover, the synergic use of different analytical
methods is usually the most effective way to identify samples coming from painted artwork
since they are usually complex mixtures of diverse substances, both inorganic and organic
nature [24,26,28–32]. Indeed, both the identification of the pigments and, where possible,
the stratigraphies were achieved.

After the cleaning process, portable Raman spectroscopy was used to perform a second
round of non-invasive analysis on the earthenware. The latter is one of the most suitable
techniques in this kind of research since it is completely non-destructive towards the
artwork in addition to being extremely effective at pigment identification [31,33–37]. Indeed,
it made possible the in-situ characterization of the compounds utilised for decorating
red, white, and black areas, in addition to the mixture of substances employed for the
complexions and the one used for creating the darker shades on the cushion where the
baby sits.



Appl. Sci. 2023, 13, 3924 3 of 21

2. Materials and Methods
2.1. The Bas-Relief

The work traditionally attributed to Giovanni Antonio Amadeo (1447–1522) and to
his workshop is made of cold-painted and gilded terracotta. The bas-relief presents some
portions executed in tutto tondo, like the child’s left arm, almost entirely his head, and that
of the monk kneeling in front of the Madonna.

It portrays a traditional subject of Renaissance painting of the Carthusian area, with
particular reference to one of the corbels on the north side of the large cloister of the Certosa
of Pavia. According to the literature, the young Carthusian monk could be Saint Bruno or
even, due to the absence of the halo, Blessed Stefano Maconi, formerly prior to the Pavia
convent. However, the saint turned out to be Saint Catherine [21].

Before the restoration, the work appeared utterly covered with a heavy and dark coat-
ing (Figure 1a). In particular, it can be seen how the light tones of the saint’s tunic and veil
had irremediably absorbed the dirt, a process probably conveyed by the heavy protective
layers present on the surface, probably applied during previous restoration interventions.
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Figure 1. The bas-relief in polychrome terracotta by G. A. Amadeo (1465–1470) (a) before and
(b) after the cleaning. In Figure 1a, the sampled points are also evidenced as follows: 1—the
Carthusian priest’s robe; 2—Madonna’s blue mantle; 3—Madonna’s blue robe; 4—A dark-ochre
background; 5—A gilded area on the background; 6—Madonna’s red sleeve. In (b), the points where
the colours were characterised by in situ Raman spectroscopy are indicated.

The polychrome terracotta Madonna and Child with Saint Catherine of Siena and
a Carthusian monk, today in Castello Sforzesco, comes from the antique market, from
which it was purchased in 1892 by Achille Cantoni (1844–1914). It then passed into the
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collections of many important Italian and German collectors until returning to Lombardy in
the collection of Cristoforo Benigno Crespi (1833–1920) and donated by them to the Museo
Patrio di Archeologia di Brera; from here, on 28 May 1903, it moved to its current location
at the Museum of Ancient Art of Sforzesco Castle in Milan.

In the Certosa di Pavia, in the outside lunette of the old north portal of the refectory,
there is a copy of this old and valuable terracotta. It is probably a cast copy made with
impalpable cocciopesto powder and a hydraulic binder. The copy relates, regarding produc-
tion technology and style, to the important transformations and maintenance undergone by
the monumental complex after the suppression of the Carthusian order, which happened
between the Napoleonic period and the early years of the twentieth century [20].

2.2. The Samples

A first in-situ observation under the microscope showed that the colours seemed to
be applied to a thin white preparation. Moreover, some gildings were present, especially
on the yellow background and on the baby’s hair. The sampling was made only at those
points that were already a little detached from the surface.

Overall, six samples were collected, by using a scalpel from the Carthusian priest’s
robe, Madonna’s blue mantle and blue robe, the dark-ochre background, the golden area
on the background, and Madonna’s red sleeve (Figure 1a).

After an accurate observation was performed by an optical stereomicroscope, some of
the pieces were selected based on their number and size in order to both prepare polished
cross-sections of the samples and be able to preserve a residual portion. Microsamples 1,
2, 3, and 6 were embedded into epoxy resin (Epofix Struers and Epofix hardener with a
ratio of 15:2) and then polished with silicon carbide fine sandpaper (2400–1200 mesh). The
exposed cross-sections were observed using an Olympus (Tokyo, Japan) BX51TF polarised-
light optical microscope equipped with visible (Olympus TH4-200) and UV (Olympus
U-RFL-T) illuminants.

2.3. Analytical Techniques
2.3.1. Scanning Electron Microscopy Coupled with an Energy-Dispersive X-ray Spectroscopy

Before embedding, the samples were analysed by a SEM-EDX, a Hitachi (Tokyo, Japan)
TM-1000 scanning electron microscope equipped with a SwiftED energy-dispersive X-ray
spectrometer (Oxford Instruments, Abingdon, Oxfordshire, UK). For each sample analysed,
a minimum of three EDX analyses have been acquired on different areas of approximately
1 mm2 by moving the probe to different positions on the sample surface.

Then, a Hitachi TM-4000 scanning electron microscope equipped with a 4-quadrant
BSE detector, a low-vacuum S.E. detector, and an Oxford AztecOne EDX system was used.
The latter have been basically employed to assess the distribution of the whole samples
of the previously identified elements, especially where the polished sections could not
be prepared.

All the SEM-EDX analyses have been initially carried out on the samples as such at
low vacuum conditions, and no coating application was required [38,39].

The polished cross-sections 1, 2, 3, and 6 were observed and analysed by a Thermo
Fisher Scientific (Waltham, MA, USA) PHENOM XL G2 set with an accelerating voltage of
15–20 kV in a low vacuum equipped with an energy-dispersive X-ray (EDX) spectrometer.

2.3.2. Vibrational Spectroscopy

A Nicolet 380 spectrometer with an ATR accessory called Smart Orbit and a diamond
crystal was used to perform ATR-FTIR analyses on tiny pieces of the samples. The spectra
were taken on microsamples of about 1 mm2 in the spectral range 4000–400 cm−1 with
4 cm−1 resolution. All the spectra were obtained as the result of at least 64 up to 256 scans
in order to achieve a satisfying signal-to-noise ratio.
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ATR-FTIR measurements on polished cross-sections were performed using a Thermo
Scientific NICOLET iN10 micro-spectrometer (Waltham, MA, USA) equipped with a Ge
micro-tip ATR crystal. All infrared spectra were recorded within the range 4000–675 cm−1

with 4 cm−1 resolution and 32 scans. The OMNIC 7.2 software package was employed for
the study of bands produced by the effect of the treatments on ATR non-corrected spectra.

Raman analyses were performed using a BWTek i-Raman EX portable spectrometer
equipped with a fibre optic probe of 85-micron diameter and a Nd-YAG laser (excitation
wavelength: 1064 nm).

The measurements were carried out in situ, i.e., at the restorer's laboratory, directly on
the earthenware’s surface, after the cleaning procedure. The analysed points are shown in
Figure 1b.

Raman spectra were recorded with 4 cm−1 resolution in the spectral range 100–2500 cm−1

and obtained as the average of 20–40 scans. The spectrometer was also provided with a
convenient control that permitted the fine-tuning of the laser power on the terracotta.

The identification of pigments was accomplished by comparing the FTIR and Raman
spectra obtained from samples to those available in the laboratory’s database or disposable
in the literature [29,32,40].

3. Results
3.1. Analyses of Microsamples
3.1.1. White Sample 1

Sample 1 was taken from the white habit of the Carthusian priest, visible on the left
side of the artwork. It was composed of a whitish fragment of about 3 × 2 mm and of a
little powder of the same colour.

The macroscopic visual observation of the sample, particularly the one performed
by using the stereo microscope with 3× magnification, showed that the sampling also
removed part of the underlying substrate, a condition that often occurs at this stage, as we
will see in subsequent cases. The size of the sample permitted dividing it; therefore, part of
it was embedded and cross-sectioned to highlight and characterise each overlapped layer.

The SEM-EDX analyses performed on the sample surface clearly revealed that lead
was the main element, whose presence was attributable to the use of lead white, the so-
called biacca (2PbCO3·Pb(OH)2). Moreover, the presence of sulphur and barium were
attributed to the possible presence of barium sulphate (also known as barium white or
barite), whereas a small amount of calcium was thought to be associated with the presence
of calcite (CaCO3). All those white substances could have been used as white pigments,
even though, as we will also discuss further, it is more likely that biacca was the original
material and barium white was added afterwards. Indeed, the latter is a white pigment
of artificial origin whose use in artwork dates to the 19th century [41–43]. Other elements
such as silicon, aluminium, chlorine, bromine, iron, and potassium, also present in the
sample, were attributed to the earthenware substrate.

Then, ATR-FTIR tests on a small grain of the same sample confirmed some of the results
that had already been found. In particular, the analysis brought to light the unequivocal
presence of lead white because of the characteristic bands around 1400 cm−1, 1042 cm−1,
and 678 cm−1 [44].

The additional bands at 3300 (br), 2920, 2849, 1651, and 1538 cm−1 were attributed to
the presence of a kind of proteinaceous organic substance, especially because amide I and
amide II bands were detected [8,30,45].

The micro-invasive analyses carried out on the embedded and cross-sectioned white
sample 1 provided crucial information on the layering and the distribution of materials.
The microscopic observation under visible and UV light highlighted a complex stratigraphy
composed of several overlapped pigmented layers, as visible in Figure 2.
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Figure 2. (a) SEM image and (b) optical microscopic image under UV light of cross-sectioned sample 1.
The red square in (a) highlights the area shown at a higher magnification in (b). The overlapped
layers from A to F composing the stratigraphy are marked in (b) by the red dotted lines.

The micro-ATR-FTIR and EDX results confirmed the presence of biacca as the main
white pigment in the entire stratigraphy. In particular, the FTIR spectra acquired in
correspondence with layers B (Figure 3a) and F revealed the strong absorption band at
1400 cm−1 together with the characteristic bands at 3435, 1045, and 770 cm−1 [46]. Addi-
tionally, the EDX was performed on several particles dispersed in the same layers and the
results revealed high counts of Pb. As for layer D, the ATR-FTIR spectra also suggested
the presence of barite because of the bands at 1180, 1085, and 985 cm−1, and the shoulder
at 1120 cm−1 [25,47,48]. The EDX analysis confirmed this hypothesis thanks to the signals
of sulphur (S) and barium (Ba) related to barite pigment. In addition, signals of calcium
(Ca), were identified in some particles dispersed into layers A, C, and E. This pointed
to the presence of calcite and signals of silicon (Si) could indicate the presence of some
silicate compounds in layers A and C, which were not clearly revealed by ATR-FTIR. In
correspondence to layers A and E, the well-defined bands at 1650 and 1550 cm−1, together
with the typical sharp bands at 2930 and 2860 cm−1 (Figure 3b), confirm the presence
of proteinaceous material. While the proteinaceous material in layer A was likely to be
part of the dark coating, the one in layer E could have possibly been used as a binder or
adhesive [49]. No traces of oil-based binders were identified.
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3.1.2. Blue Sample 2

Sample 2 was taken from Madonna’s mantle, and it was composed of three intense
blue micro-fragments (about 5 mm in diameter each).

Lead was the most common element in all of the point-like SEM-EDXS analyses. This
was again due to the use of lead white. Additionally, copper was found widespread on
the surface of the sample. This is probably because of the presence of a blue copper-based
pigment that explained the sample’s colour as well. The signals of sulphur and calcium
suggested the presence of gypsum and calcite, whose use could be related to the preparation
of the artefact’s surface before applying the paint film. The presence of silicon was instead
considered part of the terracotta substrate. It is worth noting that high percentages of iron
marked that blue sample. This fact was initially attributed to the earthenware substrate.

Then, the elements present on the sample’s blue surface were mapped using the other
SEM-EDX instrument. Copper and lead were found to be the most common elements and
were confirmed to be the main ones. Furthermore, the presence of cobalt was evidenced.
This was attributed to cobalt blue, also known as smaltino. It is a blue glassy pigment
composed of silicon oxide, potassium oxide, and cobalt oxide, whose use started in the
Renaissance and whose blue colour is due to the presence of cobalt [24,50].

Subsequently, the ATR-FTIR analysis was performed on a small portion taken from
one of the samples. The main bands of lead white were detected around 1400 cm−1 and
at 680 cm−1, whereas the characteristic bands of azurite were found placed at 3420, 1400
(overlapping with those of biacca), 1091, 952, 833, 815, 740, and 446 cm−1 [47,51]. Only
FTIR analysis enabled conclusive confirmation of the presence of the copper-based blue
pigment in the sample, as detailed further on. Additionally, the very strong bands at
2080 and 602 cm−1 allowed the identification of another blue pigment, i.e., Prussian blue
(Fe4[Fe(CN)6]3) [52,53]. The latter result was likely to be correlated to the high percentage
of iron detected by SEM-EDXS analysis [54]. The other main band in the spectrum, namely
the ones at about 3300 (br), 2920, 2849, 1650, and 1538 cm−1 could be associated with
proteinaceous organic substances, but it was not possible to attribute them to any specific
compound. The additional band at 1025 cm−1 pertains to silicates, and they are possibly
due to chrysocolla Cu2H2Si2O5(OH)4·nH2O [46,47]. Chrysocolla is a blue–green, or at
times black, silicate mineral with an exceptional variety of formulae and properties used
since antiquity in the soldering of gold, in jewelry, and as a pigment [55,56]. Its correlation
with azurite can be made clear because of the frequent contemporary presence of the two
minerals in nature [57].

As for that sample, a multi-layer stratigraphy, composed in this case of four overlapped
layers, was observed (Figure 4).

The ATR-FTIR analysis performed on the cross-section revealed that in layer A, a
mixture of white pigments made of calcium carbonate and barium sulphate was present.
They were identified thanks mainly to the absorption bands at around 1410 cm−1 [58] and
1180, 1110, and 1060 cm−1 [47,48] and to the related presence of calcium- and barium-based
particles. Some particles mainly composed of titanium (Ti) were also identified in layer A
by SEM-EDXS. Moreover, the results of both ATR-FTIR and SEM-EDXS techniques revealed
the widespread presence of lead white in layer B, as well as that of organic material that
was not clearly identified.

About layer C, smalt and Prussian blue were recognised by the characteristic FTIR
bands (Figure 5a), respectively at 1060 and 790 cm−1 [59] and 2080 cm−1 [52,53]. SEM-
EDXS results partially confirmed this hypothesis: the existence of numerous silicon- and
potassium-based particles supported the assignment to smalt, even though only traces of
cobalt were detected, and the presence of rare iron-based particles indicated the distributed
presence of Prussian blue in the layer.
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Concerning the lower layer D, it is mainly composed of azurite, as revealed by the
strong absorption bands at 1400, 950, and 820 cm−1, together with those at 3420, 1465, 1090,
and 1026 cm−1 (Figure 5b) [60]. The attribution was also confirmed by SEM-EDX analysis,
which revealed high counts of copper in the particles composing layer D.

3.1.3. Blue Sample 3

Sample 3 was taken from the lower area of Madonna’s robe and placed on the right
side of the work (Figure 1). The sample was made of two tiny fragments, whose size was
around 2 × 1 mm. Under 3× magnified optical observation, the shards appeared painted
with a homogeneous dark blue colour, but with a duller shade compared to the previously
discussed blue sample 2. Moreover, those fragments showed a whitish hue on the other
side, probably caused by the presence of the preparation layer.

The SEM investigation showed the presence of a few dark spots spread here and there
in the sample area (Figure 6).
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The “globular”, not crystalline, shape of those spots and the fact that they were not
characterised by any metal led to thinking that they were probably mainly made of carbon,
either in its elemental form or present as some organic compound. It is to be stressed
that the SEM instrument used to take this picture is equipped with an EDX detector that
does not allow the detecting elements less heavy than sodium (23 u). Therefore, it was
not possible to acquire an EDX spectrum that showed the major presence of carbon in
those spots.

Furthermore, when the SEM-EDXS analyses were performed with the other instru-
ment, we could not find the same spots to validate our hypothesis. Notwithstanding, it
seemed plausible that some carbon-based particles were on the analysed surface since,
as mentioned earlier, the earthenware was covered by a dirty coating when the samples
were collected.

Apart from that, the most abundant element was copper, which again suggested the
use of copper-based pigment for the blue colour (Figure 7d). Additionally, it is important to
mention that barium was found widespread on the sample’s surface and that the correspon-
dence of the areas where both barium and sulphur were found (Figure 7d) is compatible
with the presence of barium sulphate (BaSO4).

The subsequent ATR-FTIR analysis brought to light several components. The charac-
teristic features of azurite are visible at 3425, 1492, 1463 1412, 952, 833, 815, 770, 740, 490, and
446 cm−1 [51]. Those features confirmed the use of this specific copper-based pigment in
this case, as well. The presence of barite, previously suggested by the SEM-EDXS analyses,
was then confirmed since the characteristic bands at 1185, 1080, 635, and 603 cm−1 [47,48]
are clearly distinguishable in Figure 8.

The bands at 2922 and 2850 cm−1 were attributed to a kind of organic substance,
and their detection accorded with the hypothesis that the spots in Figure 6 were due to
the presence of a kind of unidentified carbon-based material on the surface. Finally, the
presence of the strong band at 1637 cm−1 and the peak visible as a shoulder at 1318 cm−1

in Figure 8 are typical of calcium oxalate [59].



Appl. Sci. 2023, 13, 3924 10 of 21Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 21 
 

 
Figure 7. SEM-EDXS analysis of sample 3: (a) BSE image; (b) SEM-EDS map in false colours obtained 
from the analysis of the sample surface; (c) EDS spectrum obtained from the analysis of the sample 
surface and relative table with the percentage weight of the detected elements; (d) SEM-EDS map 
in false colours of Cu, C, Pb, S, Ba. 

The subsequent ATR-FTIR analysis brought to light several components. The charac-
teristic features of azurite are visible at 3425, 1492, 1463 1412, 952, 833, 815, 770, 740, 490, 
and 446 cm−1 [51]. Those features confirmed the use of this specific copper-based pigment 
in this case, as well. The presence of barite, previously suggested by the SEM-EDXS anal-
yses, was then confirmed since the characteristic bands at 1185, 1080, 635, and 603 cm−1 
[47,48] are clearly distinguishable in Figure 8. 

 
Figure 8. ATR-FTIR spectrum obtained on a small grain of the blue sample 3. Marker bands of az-
urite (+), barium sulphate (◇), organic material (o), and calcium oxalate (•) are highlighted. 

The bands at 2922 and 2850 cm−1 were attributed to a kind of organic substance, and 
their detection accorded with the hypothesis that the spots in Figure 6 were due to the 
presence of a kind of unidentified carbon-based material on the surface. Finally, the pres-
ence of the strong band at 1637 cm−1 and the peak visible as a shoulder at 1318 cm−1 in 
Figure 8 are typical of calcium oxalate [59]. 

Figure 7. SEM-EDXS analysis of sample 3: (a) BSE image; (b) SEM-EDS map in false colours obtained
from the analysis of the sample surface; (c) EDS spectrum obtained from the analysis of the sample
surface and relative table with the percentage weight of the detected elements; (d) SEM-EDS map in
false colours of Cu, C, Pb, S, Ba.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 21 
 

 
Figure 7. SEM-EDXS analysis of sample 3: (a) BSE image; (b) SEM-EDS map in false colours obtained 
from the analysis of the sample surface; (c) EDS spectrum obtained from the analysis of the sample 
surface and relative table with the percentage weight of the detected elements; (d) SEM-EDS map 
in false colours of Cu, C, Pb, S, Ba. 

The subsequent ATR-FTIR analysis brought to light several components. The charac-
teristic features of azurite are visible at 3425, 1492, 1463 1412, 952, 833, 815, 770, 740, 490, 
and 446 cm−1 [51]. Those features confirmed the use of this specific copper-based pigment 
in this case, as well. The presence of barite, previously suggested by the SEM-EDXS anal-
yses, was then confirmed since the characteristic bands at 1185, 1080, 635, and 603 cm−1 
[47,48] are clearly distinguishable in Figure 8. 

 
Figure 8. ATR-FTIR spectrum obtained on a small grain of the blue sample 3. Marker bands of az-
urite (+), barium sulphate (◇), organic material (o), and calcium oxalate (•) are highlighted. 

The bands at 2922 and 2850 cm−1 were attributed to a kind of organic substance, and 
their detection accorded with the hypothesis that the spots in Figure 6 were due to the 
presence of a kind of unidentified carbon-based material on the surface. Finally, the pres-
ence of the strong band at 1637 cm−1 and the peak visible as a shoulder at 1318 cm−1 in 
Figure 8 are typical of calcium oxalate [59]. 

Figure 8. ATR-FTIR spectrum obtained on a small grain of the blue sample 3. Marker bands of azurite
(+), barium sulphate (3), organic material (o), and calcium oxalate (•) are highlighted.

It is important to mention that one of the two minuscule pieces, of which sample 3
consisted, was embedded and prepared as a polished section. However, the results of both
SEM-EDXS and ATR-FTIR were too poor, as they were dominated by the signals of the
epoxy resin. This is probably because of the extremely limited size of the original fragment.
As a consequence, it was then decided not to prepare polished sections with samples 4 and 5,
which were even tinier.
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3.1.4. Dark-Yellow Sample 4

Sample 4 was taken from the brownish background of the terracotta, from a point just
next to Madonna’s veil (Figure 1). The sample was composed of several ochre-coloured
tiny fragments, each measuring about 1 mm in diameter.

The elemental composition was especially characterised by a high percentage of iron,
whose average value was about 10%. Moreover, the contemporary presence of silicon,
potassium, and aluminium and, also, the colour of the sample, led to thinking of the use
of a yellow-brown ochre in this case. As in other samples, a high percentage of lead was
found, suggesting once more the presence of biacca. According to the ATR-FTIR spectrum
obtained on one of the fragments, it was possible to reveal the characteristic features of
lead white (bands at 1393 (br) and 678 cm−1), of a proteinaceous organic compound (bands
at 2920, 2849, 1651, and 1550). This is while the component at 1318 cm−1 was attributed
to the presence of calcium oxalate (the component at about 1630 is probably obscured by
the amide II peak) [59]. Moreover, the bands at about 1088, 1032, 913, 798, 779, 530, and
470 cm−1 should be ascribed to the presence of silicate containing iron oxide. The whole
spectrum is ascribable to goethite, i.e., an iron oxyhydroxide, mixed with quartz and other
silicates [1,61,62]. Since elemental analysis indicated iron as the only possible chromophore,
and because of the just mentioned bands of yellow iron oxide, the pigment was recognised
as yellow/brown ochre. Finally, it is also worth mentioning the presence of a little bit of
gypsum, identified by the features at 3525, 3400, 1460, 667, and 598 cm−1 [46,63], and traces
of calcite, whose characteristic bands stand at 874 and 713 cm−1 [58].

3.1.5. Gilded Sample 5

Sample 5 was taken from the right part of the bas-relief’s background, very close to
sample 4, but in correspondence to one of the areas that seemed to be more light-reflecting.
The sample is composed of several very tiny fragments of about 1 × 0.5 mm, some of which
are intensely golden coloured.

In Figure 9, one of the gilded fragments can be observed. The lighter area of the
micrograph in Figure 9a, acquired in backscattering mode, gave unmistakable signals of
gold. Figure 9b depicts a magnified image of the applied gold leaf in which its extreme
thinness may be observed but not measured.

The analyses were also performed on the ungilded areas, and the signals of lead,
calcium, sulphur, silicon, iron, and aluminium were detected in such proportions that,
except for iron (whose percentage was around 1%). They were comparable to the dark-
yellow sample 4. In this case, it was not possible to prepare a polished section. Nevertheless,
one of the maps acquired for the sample (Figure 9e,f) shows partially where the main
elements are positioned in the sample’s section. It is important to note that the fragment
was placed in a way that permitted seeing part of the section since the gilded/coloured
layer was not perfectly parallel to the sample holder. Apart from gold, clearly visible in the
upper-left side of the BSE image and its map (Figure 9d,e), what emerges is that lead is the
main component of the preparation layer (Figure 9f), whereas silicon, calcium, aluminium,
and sulphur are spread over the ungilded surface. Moreover, it is important to notice that
sulphur and, to a lesser extent, calcium seem to be mainly present at the interface of the
painting layer with the underlying one. This leads to the idea of an additional layer (mostly
composed of calcium- and sulphur-based compounds) placed in between the painting and
the biacca preparation layer. Far from being the result of a complete stratigraphy, those
observations allowed stating that the sample’s surface was composed of just clay decorated
with gold leaf; a mid-layer containing barite and calcite, and a substrate made especially of
lead white were also present.

The ATR-FTIR spectrum of the sample, taken on an ungilded grain, was very poor
with regard to its signal-to-noise ratio, probably because of the extremely tininess of the
particle. However, lead white, calcite, silicates, gypsum, and barite were detected together
with an organic component that was not better identified.
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Figure 9. SEM-EDXS analysis of sample 5: (a) micrograph in backscattering mode; (b) magnified
image of (a); (c) EDS spectrum obtained from the analysis of the sample surface and relative table
with the percentage weight of the detected elements; (d) BSE image; (e) SEM-EDS map in false colours
obtained from the analysis of the sample surface; (f) SEM-EDS map in false colours of Au, C, Pb, Ca,
Ba, Si, Al, and S.
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3.1.6. Bright-Red Sample 6

Sample 6 was taken from the red arm of the Madonna (Figure 1). The sample was
composed of two intense red–coloured fragments of about 4 × 2 mm. As in previous cases,
in this one, the whitish substrate was present on the reverse part of the samples.

The elemental analysis of the fragment as a whole revealed, in addition to lead, calcium,
silicon, aluminum, and traces of barium, as in the other samples, a high concentration of
mercury and sulphur, indicating the presence of cinnabar (HgS) on the red surface [64].

FTIR analyses performed on the same sample could just confirm the presence of lead
white, barium sulphate, silicates, and proteinaceous organic material. Analyses conducted
on the polished part revealed further information.

As visible in Figure 10, the stratigraphy of sample 6 is composed of two layers. ATR-
FTIR and SEM-EDX analyses on the red layer A revealed the main presence of cinnabar,
lead white (biacca), and barium sulphate.
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Figure 10. SEM image (a) and optical microscopic image under UV light (b) of cross-sectioned
sample 6. The overlapped layers A and B composing the stratigraphy are marked in (b) by the red
dotted lines.

In particular, cinnabar was identified thanks to the high EDX counts of sulphur (S)
and mercury (Hg) [60].

Lead white and barium sulphate pigments were recognised respectively through SEM-
EDX analyses because of the presence of lead- and barium-based particles, and by FTIR
because of the typical bands at, respectively, 1390, 1180, and 1060 cm−1 (Figure 11) [47]. In
addition, as visible in the spectra shown in Figure 11, the characteristic bands of an organic
binder or a residue of an external varnish were identified at 2925, 2860, and 1715 cm−1 [65].
The underlying layer B was identified as calcium carbonate by the FTIR bands at around
1400 and 870 cm−1 [58], in addition to the high calcium counts observed in the EDX spectra
collected on its surface.

3.2. In Situ Raman Measurements

After the cleaning, it was possible to perform some in-situ Raman analyses at the
restorer’s place. This was necessary to confirm the results obtained from the collected sam-
ples as well as from larger portions of the earthenware and also to attempt to characterise
the colours that were not analysed in the laboratory.

All the colours were then investigated, and the main results are presented in
the following.
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On the white areas, i.e., the Carthusian priest’s cloth and the S. Caterina’s veil, above all,
lead white was recognised, in some cases as a mixture with other pigments. In Figure 12a,
for example, the spectrum of the Carthusian priest's sleeve showed that the main colour
was white lead. This was shown by the strong band at 1050 cm−1. Furthermore, the
presence to a lesser extent of barium white and cinnabar, characterised respectively by
the band at 988 cm−1 [66] and by a couple of peaks at 254, 282, and 343 cm−1, was also
evidenced [29,32].

Concerning the skin tones, the right cheek and the left hand of S. Caterina and
Madonna’s right hand were extensively analysed. As can be seen in Figure 12b–d, the
skin’s colour was obtained by mixing different proportions of white lead and cinnabar.

The white ribbon and the black inscription were also analysed. As regards the white
colour, just white lead was found. The letters, instead, were performed with a carbon-
based pigment, since their Raman spectra are characterised by the broad, intense bands of
amorphous carbon at 1590 and 1320 cm−1 [67,68].

The red areas, such as Madonna’s sleeve and the cushion where the baby is sitting,
were mainly characterised by cinnabar. It is worth mentioning that on the darker red areas,
for instance, on the bottom side of the cushion, some carbon black was found, whereas, on
the lighter ones, some lead white was here and there. Additionally, some barium sulphate
was found almost everywhere on the terracotta (Figure 12).

It should be pointed out that, in general, Raman analyses performed with the 1064 nm
excitation line are suitable for a variety of pigments [29].

Nevertheless, no results were obtained on the blue, green, and brown areas, probably
on account of the concurring effects due to the presence of a high fluorescence background
and the relative weakness of the bands of the pigments that covered the examined areas.
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Figure 12. Raman spectra (λext 1064 nm) were collected on: (a) the Carthusian priest’s sleeve;
(b) S. Caterina’s right cheek; (c) S. Caterina’s left hand; (d) Madonna’s right hand; the inscription in
the ribbon and in detail; (e) the letter T; and (f) the white background.

4. Discussion

In Table 1, the results of the analyses for each sample are shown, along with the
recognised pigments. Moreover, where the stratigraphy was made, the materials identified
for each layer were indicated.
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Table 1. Summary of the results obtained and composition of the samples.

Sample Layer Colour
SEM-EDS

(Characterising
Elements)

ATR-FTIR
(Peaks, cm−1) Composition

1

A white/grey Ca, Si 2930, 2860, 1650, 1550, ~1400 (br),
~1000 (br), 873

calcite, silicate, proteinaceous
compound

B white Pb 3435, 1400, 1045, 770 biacca
C white/grey Ca, Si ~1400 (br), ~1000 (br), 873 calcite, silicate
D whitish Ba 1180, 1120 (sh), 1085, 985 barite

E white/grey Ca, Si 2930, 2860, 1650, 1550 calcite, proteinaceous
compound

F white Pb 3435, 1400, 1045, 770 biacca

2

A white/grey Ca, Ba, S 1410, 1180, 1110, 1060 Calcite, barite

B white Pb 2930, 2860, 1650, 1550, 1400 biacca and
proteinaceous material

C blue Fe, Co, 2080 (PB), 1060, 790 smaltino and Prussian blue
D blue Cu 3420, 1465, 1090, 1026, 1400, 950, 820 Azurite

3 - blue Cu, Ba, S
3425, 1492, 1463, 1412, 952, 833, 815,

770, 740, 490, 446
1185, 1080, 635, 603

Azurite,
Barite

4 - dark
yellow Fe, Si, K, Al, Pb, Ca

1393 (br), 678
2920, 2849, 1651, 1550

1318, 1088, 1032, 913, 798, 779, 530,
470, 3325, 3400, 1460, 667, 598,874, 713

Lead white, yellow ochre

5 - gold Au, Si, Al, Pb, Ca, S,
Ba

1400, 874,713
1185, 1080, 635, 603 (ba), 1088, 1032,

913, 798, 779, 1393 (br), 678 (lw)

Gold, Lead white, Calcite,
Barite, silicate

6
A red Hg, Pb, Ba, S 2925, 2860, 1715, 1390, 1180, 1060,

1400, 678
Cinnabar, lead white, barite,

organic material
B white/grey Ca ~1400, 870 Calcite

Basically, the sectioned and analysed samples 1 and 2 presented a whitish layer, or
better yet, a coating, on top that was made of a mixture of lead white, barite, and calcium
carbonate. Moreover, the coating contained a kind of proteinaceous substance that was
not better identified. As neither carboxylic acids nor esters were detected, the substance is
likely animal glue.

It is also worth mentioning that white sample 1 was made of multiple layers where it
is quite evident the alternation of pigment (biacca) with the mix of barite/calcite/glue as if
it was painted and coated more times.

Sample 2 instead presented two coloured layers under the whitish coating: the lowest,
i.e., the older one, was made of azurite, whereas the earlier one was painted with smaltino
and Prussian blue.

The bright red sample’s 6 surfaces had a completely different composition. Indeed,
besides barite and lead white, in this case, the top layer contained the pigment (cinnabar) as
well as the residue of varnish or resin, whereas the lower layer is just a white preparation
made of calcite.

In the samples that were not prepared in polished sections, a composition of the matrix
similar to samples 1 and 2 was found. In this case, it was not possible to establish whether
it was an analogous layer, but it seems likely that above the azurite of sample 3, the yellow
ochre of sample 4, and the gold leaf of sample 5, there was a coating made of barite, calcite,
and animal glue. Lead white, also present in these samples, was attributed to the presence
of a white preparation layer.

As for the samples, it is important to notice that in all of the cases, there was the
contemporary presence of materials compatible with the Renaissance and materials of
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synthetic origin, due to later interventions in the artwork. In particular, barite appeared
spread all over the artwork, denoting a wide intervention between the end of the 18th and
the beginning of the 19th century.

In more detail, the original white pigment was probably white basic lead carbonate.
This hypothesis was suggested by its presence in the layer that was closer to the terracotta’s
surface in white sample 1.

As barium sulphate (barite) started to be employed as a pigment and as an extender
around the end of the 18th century, the presence of consecutive layers of barite indicates
previous restoration work. Particularly for lead white, in the early 19th century [69], when
its use became more common because of the availability of synthetic pigment [25].

With regard to sample 2, in this case, the stratigraphy clearly indicates that the blue
layer was restored as well. Indeed, the coating layer contained barite together with calcite
and glue, and the immediately underlying layer was Prussian blue, whose use in artwork
began after 1704 [70]. Therefore, the latter pigment does not have to be considered part of
the original painting.

The presence of smaltino could instead be considered controversial. It is an inor-
ganic pigment, a potassium and cobalt double silicate with metal oxides, which has been
used in painting since the Renaissance [24]. However, since the layer with the smaltino
also contained Prussian blue, it was assumed to be the result of the same restoration
and not part of the original painting as well. It seems possible that the mixture of Prus-
sian blue with smaltino was made to better imitate the colour of the original pigment,
i.e., azurite. Ultimately, sample 2 shows how the lowest layer, i.e., the oldest one, was
made with one of the most precious pigments, which was also established in the workshop
of Giovanni Antonio Amadeo: azurite. This thin blue layer was applied cold, retouched,
and chromatically revived in the modern era, first with subtle blue colours and then with
common Prussian blue. Therefore, the stratigraphy seems also to confirm the passages
documented in the historical-artistic research on the artwork, namely both the provenance
from the Amadean workshop in Certosa di Pavia and some of the modern passages in
the antique market in Milan. Until now, the durability of the work in the German region,
where the tradition of using blue smalt as a pigment endured longer than in the rest of
Europe, where cheaper Prussian blue was already the predominant hue, was the most
important factor.

Sample 6, the bright red one, seems to confirm the origin of the masterpiece as probably
Carthusian, or, in any case, consistent with the Lombard tradition in terms of executive
technology and artistic practice. In fact, cinnabar appears to spread out on a calcite base and
not on a protein medium as, for example, in the Tuscan tradition or painting on wooden
panels. The Lombard workshops, especially Amadeo's, stayed true to the classical tradition
and then the Campionese tradition of spreading this rare red mineral on a preparation that
was also made of minerals, such as calcite. In this way, the chemical-physical interaction of
the pigment with its base was able to better bring out the red brilliance of the layer.

As regards the gilding, the analysis did not indicate the presence of a plaster or
Armenian bole preparation, thus excluding the gouache gilding. A mission gilding is
therefore hypothesised, which was a technique traditionally used in Lombard Renaissance
modelling, especially on stucco, wood, metal, and stone, and less commonly on terra-
cotta. More precisely, the absence of mission varnishes or oils suggests a simple water
mission. This could justify the rather poor state of conservation of the artwork’s gilded
background, too.

Finally, it should be emphasised that the removal of the dark coating has revealed a
generally lively chromatic range also accompanied by a rather unusual accord, such as the
green veil of the Virgin (Figure 1b).

Unfortunately, since no samples were collected from the green area and the Raman
measurements were not able to recognise that pigment, it still remains uncertain.
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5. Conclusions

The presented research was devoted to the characterisation of the pigments utilised
for the decoration of a valuable artwork attributed to the workshop of the esteemed and
well-known Italian artist Giovanni Antonio Amadeo.

The diagnostics of the pigments used to paint the earthenware attributed to Antonio
Amadeo revealed themselves to be not only an important step in characterising the master-
piece from the valuable collection of Castello Sforzesco in Milan but also a significant help
for the possible attribution of another artwork to the same workshop.

The colour palette was almost entirely identified, and what was evident above all was
the presence of original materials, such as azurite, cinnabar, biacca, yellow ochre, smaltino,
and gold leaf, together with synthetic substances, i.e., barium sulphate and Prussian blue.

This attests to extended and presumably repeated restoration work. Specifically, the
presence of six layers in sample 1 and the three blue pigments in sample 2 seems to be the
result of more consolidation and painting interventions throughout the centuries.

It is worth mentioning that one of the weirdest characteristics of the earthenware
decoration just came out after the cleaning process: the green veil of the Madonna is indeed
quite unusual and something into which one should delve deeper.

The preliminary Raman measurements were not suitable for the identification of that
green layer. However, given the good results of this work, a further analysis campaign is
already planned that just requires the as-yet-to-be-received permission from the Castello
Sforzesco’s Museum to proceed.

Moreover, a study of the coatings has also been planned to determine the environmen-
tal circumstances that caused such a thick, dark layer of dirt on the terracotta and, therefore,
help the conservators find the best prevention procedures.
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