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ABSTRACT

In this work, the X-ray fluorescence technique was employed to characterize the pictorial materials used in two sculptures
from the 18™ century. In addition, Raman spectroscopy was used to characterize the preparation layers used in the
sculptures. The analyzed sculptures are carved in wood, with gilding and polychrome, and represent the biblical
characters, Bathsheba, and King David. The sculptures are property of the Church of Nossa Senhora do Pilar, in Duque
de Caxias, RJ. XRF analyzes were performed using a portable ED-XRF system, which has a low-power X-ray tube
(Amptek) with a silver target (Ag) and an SDD detector (Amptek). Raman spectroscopy analyzes were performed
using the DXR2 Raman microscopy equipment (Thermo Fisher Scientific) with a 785 nm laser source. The results
obtained from the XRF and Raman spectroscopy techniques suggest the presence of Gypsum, Calcite, Calcium Sulfate.
In addition, the results obtained suggest the presence of the following pigments in the sculptures: Lead white, Titanium
White, Lithopone, Ochre, Vermilion, Red Lead and gilding with gold leaf. The studies also showed that the Bathsheba
sculpture was probably subjected to some processes of chromatic reintegration over the years due to the heterogeneity
of pigments found in the same region.
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RESUMO

Neste trabalho, a técnica de fluorescéncia de raios X foi empregada para a caracterizacdo dos materiais pictéricos
utilizados em duas esculturas do século XVIII. Além disso, a espectroscopia Raman foi utilizada para caracterizar a
camada de preparagdo utilizada nas esculturas. As esculturas analisadas sdo entalhadas em madeira, com douramento
e policromia, e representam os personagens biblicos Betsaba e rei Davi. As esculturas sdo propriedades da Igreja de
Nossa Senhora do Pilar, em Duque de Caxias, RJ. As andlises de XRF foram realizadas utilizando um sistema portatil
de ED-XRF, que possui um tubo de raios X de baixa poténcia (Amptek) com alvo de prata (Ag) e um detector SDD
(Amptek). As andlises de espectroscopia Raman foram realizadas utilizando o equipamento de microscopia Raman
DXR?2 (Thermo Fisher Scientific) com uma fonte de laser de 785 nm. Os resultados obtidos a partir das técnicas de
XREF e espectroscopia Raman sugerem a presenca de Gesso, Calcita, Sulfato de calcio na camada de preparacdo. Além
disso, os resultados obtidos somente com XRF sugerem a presenca dos seguintes pigmentos nas esculturas: Branco de
Chumbo, Branco de Titanio, Litopone, Ocre, Vermilion, Vermelho de Chumbo e douramento com folhas de ouro. As
andalises mostraram também que a escultura de Betsaba provavelmente foi submetida a alguns processos de reintegracoes
cromaticas ao longo dos anos devido a heterogeneidade de pigmentos encontrados numa mesma regiao.
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Introduction meessss————

The use of non-destructive techniques has been decisive
in the scientific analysis of cultural heritage and works
of art. Due to the unique features and historical im-
portance of cultural heritage objects, the research must
be carefully planned to preserve the analyzed artifact
and obtain as much information as possible about the
piece.

Scientific investigations can be conducted using multi-
ple non-destructive or minimally invasive analytical tech-
niques. In some cases, an important factor in choosing the
techniques used is their portability, as many works of art
cannot be removed from the museum, requiring an on-site
analysis (Vandenabeele & Donais, 2016).

Information about the chemical composition of art-
works and cultural heritage is important for the better
conservation and preservation of the artifact since cer-
tain materials can be sensitive to light, moisture, or damp
conditions, heat, and air pollutants (Ali & Mansour, 2018;
Bonizzoni et al., 2018; Spring & Gorout, 2002).

Characterization of the pigments helps to understand
the history of that period, the technologies used in the man-
ufacture, and whether the artifact has already gone through
some intervention process (Adriaens, 2005; Sanches et al.,
2022).

X-ray fluorescence (XRF) and Raman spectroscopy
are useful tools for characterizing historic pigments. The
associated use of these techniques has been confirmed by
numerous authors, and successful field applications have
been reported in Felix et al. (2018), Freitas et al. (2016),
Ricci et al. (2004), Sanches et al. (2022), and Sawczak
et al. (2009).

XRF provides information about the elemental com-
position of the material. The characterization of pictorial
materials by XRF is identified by the presence of key el-
ements in the XRF spectra associated with the color of
the analyzed region. However, not all elements detected
in the XRF spectra are characteristic of the pigment used.
Commonly appears contributions of XRF spectral lines
come from the preparation layers, from the overlapping of
pigments, from support (wood) and from trace elements
or contaminants, whose presence does not contribute to
the optical properties of the pigment (Clark, 2002; Zuena
et al., 2021).

Raman spectroscopy offers molecular information
about the material analyzed. The technique allows the
identification of organic and inorganic compounds, such
as crystalline and amorphous structures, by analyzing a
small amount of samples (Coccato et al., 2015; Tomasini
et al., 2012).

In this work, the X-ray fluorescence technique was em-
ployed to characterize the pictorial materials used in two

sculptures from the 18" century. In addition, spectroscopy
Raman was used to characterize the preparation layers
used in the sculptures.

Materials and methods me—

Analyzed artifacts

The two sculptures analyzed represent the biblical char-
acters of King David and Bathsheba and belong to the
Mother Church of Nossa Senhora do Pilar, located in
Duque de Caxias, Rio de Janeiro, Brazil. The church was
built in 1720 and was listed by the National Heritage in
1938 (Rodrigues & Mello, 2020).

According the to historian Fabrino (2012), the Church
of Nossa Senhora do Pilar was the target of many criminal
actions over the years, and many of its sacred art pieces
were stolen. Including the sculptures of King David and
Bathsheba, which were stolen in 1974 and remained miss-
ing for four decades. The sculptures were recovered thanks
to the efforts of the Diocese of Duque de Caxias together
with the Brazilian competent authorities (Alves, 2021).

The two analyzed pieces are sculptures carved in wood,
gilded, and polychrome. Figure 1 shows images of King
David and Bathsheba. Both sculptures are approximately
1.20 m long. King David is approximately 75 cm wide
and 40 cm deep, and Bathsheba is approximately 50 cm
wide and 55 cm deep.

The author of the sculptures of Figures 1(a) and 1(b)
is unknown, as is the date of execution. It is only known
that they were executed in the first half of the 18" century,
with characteristics of the Joanine Baroque, in polychrome
wood and gilding.

Experimental

The pigments and preparation layers of the statues of King
David and Bathsheba were analyzed using a portable En-
ergy Dispersion X-Ray Fluorescence (ED-XRF) system
developed at the Laboratory of Electronic Instrumentation
and Analytical Techniques (LIETA/IFADT/UERJ).

The portable ED-XRF system consists of a low-power
(4 W) silver target X-ray tube model mini-X (Amptek)
and a silicon drift detector model X-123 (Amptek) with
an energy resolution of 122 eV at 5.9 keV. The measure-
ments were performed under the following experimental
conditions: voltage of 40 kV, current of 50 pA, during
an acquisition time of 100 s. XRF measurements were
distributed in the wood, preparation layers, carnation pig-
ments, hair, and gilding in the two sculptures.

All XRF spectra were evaluated using the open-
source Python Multichannel Analyzer (PyMCA) software
package (Solé et al., 2007).

Semin.,, Ciénc. Exatas Tecnol. 2023, v.44: e47972



Characterization of Pictorial Materials of Two 18th Century Sculptures: King David and Bathsheba

Figure 1 - Sculptures: (a) King David, and (b) Bathsheba.

(a)

Samples from the preparation layer were analyzed ex-
situ using the Raman spectroscopy technique, which was
performed using Raman DXR2 - Thermo Scientific mi-
croscopy equipment (Thermo Fisher Scientific). A 785-
nm laser source with a set power of 4 mW, and a focused
20x objective excited the samples. Spectra were collected
over a range of 100-2000 cm !, with an acquisition time
of two seconds and four accumulations.

Results and discussion m—

King David

Figure 2 shows the XRF spectra of the wood and the prepa-
ration layer of the King David sculpture.

The first XRF measurement was performed in a region
without pigment to identify the key elements related to
wood, illustrated in Figure 2(a). The elements detected in
the wood were S, K, Ca, Ti, Fe, Zn, Br, and Sr.

In the XRF analysis of the preparation layer, Figure 2(b),
elements S, Ca, Fe, and Sr were detected. The elements
S and Ca can be considered to be the key elements of the
preparation layer. A complementary analysis with Raman
spectroscopy was also performed, and the detected bands
were: 416 cm™!, 495 cm~! and 1010 cm !, which are
related to calcium sulfate dihydrate, suggesting that the
preparation layer was made by gypsum (CaSO,-2H50)
(Prieto-Taboada et al., 2014).

The production of polychrome wood sculptures in
Brazil during the Baroque period (18" and 19" centuries)
has similar characteristics in the composition of the prepa-

ration layer. Before receiving the polychrome, the artist ap-
plied successive layers of plaster to correct imperfections
in the carving and produce a smooth surface to receive the
pictorial layer (Coelho, 2005).

Figure 3 shows the XRF spectra from brown pigments
(hair) and carnation areas (arm and knee) of the King David
sculpture.

The XRF spectra of the brown pigment, Figure 3(a),
showed the the following elements: S, Ca, Fe, and Pb.
The element Fe can be identified as the key element for
brown pigment, which suggests a mixture of an ocher pig-
ment (Fe;Og3) with carbon black (C), which is not detected
by XREF, associated with lead white (2PbCO3.Pb(OH)s)
as an extender.

In the XRF carnation’s spectra, Figures 3(b) and 3(c),
it was possible to detect the key elements Hg and Pb. The
element Hg in this region of the carnation suggests the
presence of pigment vermilion (HgS). Vermilion is a red
pigment that has been used since antiquity, however its use
was drastically reduced after the introduction of cadmium
red (CdS) in 1919 (Spring & Gorout, 2002). The element
Pb indicates the presence of lead white (2PbCO3.Pb(OH)2)
or minium (Pb304), that are sometimes used in mixtures
(Bruni et al., 1999).

The presence of lead white suggests it was used as an
extender for the red pigment. It is possible to notice the
difference in the Hg intensity between the XRF spectra
of Figures 3(b) and 3(c). In the carnation area where
the red tone is lighter (arm), the Hg element intensity
decreases.
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Figure 2 - XRF spectrum of the King David sculpture: (a) wood, and (b) preparation layer.
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Figure 3 - XRF spectrum of the King David sculpture: (a) brown pigments; (b) arm carnation, and (c) knee carnation.
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Figure 4 shows the XRF spectrum of the gilding of the
King David sculpture. The elements detected in the gold
leaves, used especially on the clothing areas, were Ca, Ag,
Fe, Cu, Au, Sr, Ba, and Pb.

Figure 4 - XRF spectrum of the gilding of the King David
sculpture.
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The high count of Fe, in Figure 4, suggests that the
gilding technique used in the King David sculpture was
water gilding, which uses an Armenian bole to fix the
gold leaf to the support (Gulotta et al., 2012; Hradil et al.,
2017).

Despite the X-ray tube target being silver, the in-
crease in silver L-line counts suggests that silver is
also present in the gold leaf alloy. Thus, the metal-
lic alloy of Au sheets can be composed of Au and Ag
(Le Gac et al., 2009).

Bathsheba

Figure 5 shows the XRF spectra of the wood and prepara-
tion layer of the Bathsheba sculpture. In the XRF spectrum
of the wood was detected the elements Si, S, Ca, Ti, Fe,
Br, Sr and Pb, Figure 5(a). While, in the XRF analysis
of the preparation layer, Figure 5(b), it was detected the
elements S, Ca, Fe, Br and Sr.

It is possible to notice that the XRF spectra of the wood
and the preparation layer are similar. In the Bathsheba
sculpture, it was not possible to perform XRF measure-
ments of the wood on the back of the sculpture (region
without the addition of pigments). The analyzes of the
wood and preparation layer were carried out in regions of
pigment loss.

The elements S and Ca can be considered the key ele-
ments of the preparation layer and indicate the presence
of calcium sulfate (CaSQO,).

However, Raman spectroscopy analysis of the prepa-
ration layer detected the bands 156 cm~!, 281 cm™!,
712 cm~! and 1086 cm~!, which are related to
calcite (CaCOjs) (Kontoyannis & Vagenas, 2000).

These results suggest that the preparation layer can contain
both materials.

Figure 6 shows the XRF spectra of the brown pigments
(hair), mouth and knee carnations.

In the XRF spectrum of the brown pigment, Figure 6(a),
Bathsheba’s head, elements S, Cl, Ca, Ti, Fe, Zn, Sr, and
Pb were identified. The key element for this pigment is
Fe, which is associated with earth pigments such as ocher
(Fe20Os3). The presence of Ti with high intensities indicates
that the pigment used as an extender in this region could
be titanium white (TiO5).

Titanium white pigment became available for wide
commercialization at the beginning of the 20" cen-
tury and is the most common white pigment today
due to its bright color, opacity, and non-toxic charac-
ter (Lauridsen et al., 2014). This suggests that there
was a repainting process after the beginning of the
20" century.

In the pigment analyzed in the region of the mouth
and knee, Figures 6(b) and 6(c), it was possible to
detect the elements S, Ca, Ba, Fe, Zn, Hg, and Pb.
The key elements are Hg and Pb. The element Hg in
this region of the carnation suggests the presence of
the pigment vermilion (HgS). The presence of Pb sug-
gests that the lead white pigment (2PbCO3.Pb(OH),)
was used as an extender for the vermilion pig-
ment.

According to the XRF spectra in Figures 6(b) and 6(c),
it is possible to notice that the concentrations of these
elements vary according to the chosen tone. The Pb count
increases significantly in lighter tone areas, such as the
knee of the Bathsheba sculpture.

Figure 7 shows the right and left arms of the XRF spec-
trum of carnation.

In the carnation area (arms) of the Bathsheba sculpture,
the XRF spectra showed different chemical compositions,
Figure 7(a) and 7(b). This non-homogeneity of the pig-
ment used in the carnation is an indication that the piece
has undergone chromatic reintegration processes over the
years.

In the XRF spectrum of the left arm carnation,
Figure 7(a), the elements S, Ca, Ti, Fe, Zn, and Pb were
identified. In this XRF spectrum, the element Ba was
not detected. The presence of Pb suggests the presence
of minium (Pb3Q0,), and the high intensities of Ti may
indicate that the titanium white pigment was used as an
extender in this region.

The elements S, Ca, Ba, Fe, Zn, and Pb were de-
tected in the right arm carnation, Figure 7(b). The Hg
element was not detected, and the high Pb count sug-
gests the presence of red lead, also known as minium
(Pb304).
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Figure 5 - XRF spectrum of the Bathsheba sculpture: (a) wood and (b) preparation layer.

(a)

40
Ca-Ka
304
20 -
w
2 12§ o
s o 1§ £
g A . [0}
s 3 =
> 4+ |I¥
g <
O 3
£ |
21 %
0 T T T T T T T T
1 3 5 7 9 1 13 15 17

Energy (keV)

intensity (pnotons/sj

(®)

Ca-Ka

Energy (keV)

Figure 6 - XRF spectrum of the Bathsheba sculpture: (a) brown pigments; (b) mouth carnation and (c) knee carnation.
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Figure 7 - XRF spectrum of the Bathsheba sculpture: (a) left arm carnation; (b) right arm carnation.
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Minium was used from antiquity until the 19" century.
Its use was common in carnation zones in Portuguese
sculptures executed in wood from the Baroque period
(Barata et al., 2013).

The red lead (Pb3O4) and lead white
(2PbCO3.Pb(OH);) pigments can be responsible
for the carnation color, both of which were discontinued
in the 19 century.

The presence of Ba and Zn elements suggests the litho-
pone (BaSO,4.ZnS). This pigment was synthesized for the
first time in 1850 and is a mixture of barium sulfate and
zinc sulfide (Palamara et al., 2021).

Figure 8 shows the difference between the XRF spectra
from the original and reintegration gilding. In the original
gilding regions, it was possible to verify the presence of
Ca, Ti, Fe, Zn, Str, Ag, Au, and Pb elements.

In the XRF spectrum of the gold leaf, it was possible to
see high intensities of Ca, Fe, and Sr. These elements may
be associated with the Armenian bole, which was found
as to be a preparation base for the application of gold leaf,
but the XRF technique was appropriate to characterize it.
The presence of Ag suggests that the Au leaf is composed
of a metallic alloy of Au and Ag, such as in the gilding of
King David’s sculpture.
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Figure 8 - Bathsheba’s XRF spectra from the original and
reintegrated gilding.
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It was also possible to identify the regions of chromatic
reintegration of the gilding. The elements found were S,
Ca, Ti, Fe, Zn, and Sr. This chromatic reintegration may
consist of a mixture of different colors to obtain a golden
tone. Unfortunately, the XRF technique was unable to
characterize the pigment.

Table 1 shows all the key elements found in each region
analyzed in the King David and Bathsheba sculptures and
the suggested pigments.
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Table 1 - Key elements found in each region analyzed in the King David and Bathsheba sculptures and the suggested

pigments.
Sculpture Analyzed area Key elements Suggested pigments
King David
Wood S, K, Ca, Ti, Fe, Zn, Br, Sr -
Preparation layer S and Ca Gypsum
Brown (hair and beard) Fe Ocher
Carnation Hg and Pb Vermilion and lead white
Gilding Agand Au Gold leaves
Bathsheba
Wood Si, S, Ca, Ti, Fe, Br, Sr, Pb -
Preparation layer S and Ca Calcite and calcium sulfate
Brown (hair) Fe and Ti Ocher and titanium white
Mouth and knee carnation Hg and Pb Vermilion and lead white
Arms carnation Ti, Zn, Ba, Pb Red lead, lead white, lithopone,
and titanium white
Original gilding Ag and Au Gold leaves
Reintegrated gilding S, Ca, Ti, Fe -

Conclusions |

Using the XRF technique and Raman spectroscopy, it
was possible to characterize the pictorial materials and
the preparation layer of the King David and Bathsheba
sculptures.

In the King David sculpture, the results obtained suggest
the presence of gypsum in the preparation layer, vermilion
and lead white in the carnation areas, and ocher pigment
in the hair and beard. In addition, the gold leaf used in the
gilding of the sculpture of King David is composed of a
metallic alloy of Ag and Au.

On the other hand, in the analysis of the Bathsheba
sculpture, the results obtained suggest the presence of
gypsum and calcite in the preparation layer. In the mouth
and knee carnations, the suggested pigments were lead
white and vermilion. However, the pigments red lead, lead
white, lithopone, and titanium white are suggested for
the arms carnation region. The analysis also showed that
the Bathsheba sculpture was probably subjected to some
processes of chromatic reintegration over the years due to
the non-homogeneity of pigments in the same region and
the presence of modern pigments such as titanium white.

The gold leaf used in the gilding of the Bathsheba sculp-
ture is composed of a metallic alloy of Au and Ag. In
addition, in the regions of loss of gold leaf, it was possible
to identify chromatic reintegration.
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