E coatings

Article

Photonic Applications for Restoration and Conservation of 19th
Century Polychrome Religious Wooden Artworks

Victoria Atanassova !

check for
updates

Citation: Atanassova, V.; Dinu, M.;
Polizu, S.-R.; Radvan, R. Photonic
Applications for Restoration and
Conservation of 19th Century
Polychrome Religious Wooden
Artworks. Coatings 2023, 13, 1235.
https://doi.org/10.3390/
coatings13071235

Academic Editor: Marko Petric

Received: 17 May 2023
Revised: 16 June 2023
Accepted: 7 July 2023
Published: 11 July 2023

, Monica Dinu 1'*{0, Sultana-Ruxandra Polizu 2 and Roxana Radvan !

National Institute of Research and Development for Optoelectronics—INOE 2000, 077125 Mégurele, Romania;
victoria.atanassova@inoe.ro (V.A.)

Department of Systematic Theology, Practice and Sacred Art, Faculty of Orthodox Theology “Justinian the
Patriarch”, University of Bucharest, 040155 Bucharest, Romania

3 IORUX Restorations, 040155 Bucharest, Romania

Correspondence: monica.dinu@inoe.ro

Abstract: The present paper reports the multi-analytical approach for the removal of thick layers of
metallic overpaints from a Brancovan iconostasis of the “Holy Trinity” church in Magureni, Romania,
which was built in 1694. After a restoration procedure at the beginning of the 20th century, the
polychrome sculpture of the frame, which was initially gilded with a thin silver foil, was covered
with a thick metallic overpaint layer imitating silver and gold. Currently, the conservation project of
the church is focused on restoring the original aspect; thus, the overpainting that presented strong ox-
idation and soiling was removed. The adopted conservation methodology involved physicochemical
characterization of the pictorial layers via optical microscopy, laser-induced breakdown spectroscopy,
and Fourier-transform infrared spectroscopy, followed by the removal of the overpaints. The cleaning
tests were performed by evaluating several methods in order to find the proper regime that would
help preserve as much of the underlying polychrome layers as possible. Based on the tests, it was
decided that the best solution was to use laser cleaning for the rough removal of the metallic paint
overlayers and finalizing with chemical cleaning.
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1. Introduction

The “Holy Trinity” church (also called the Cantacuzini church) is placed in the locality
of Magureni, which is a part of Prahova County in Romania. It was built during 1671-1674
as a chapel on the east side of the Cantacuzini estate in Magureni. The painting of the
church was executed in 1694. In 1838, a strong earthquake destroyed the vaults and the
upper parts of the church, which were rebuilt again in 1839, but only in 1925, it was painted
and the icons of the iconostasis were replaced [1].

The iconostasis, with a width of 549 cm and a height of 520 cm reaching the upper
limit of the molenia icons, has four registers of icons arranged in a classical form, as can
be observed in Figure 1. The iconostasis was manufactured in a manner specific to the
end of the 17th century, the era of Constantin Brancoveanu, but influenced by the Baroque
style as well, considering the oval shape of the icons from the register of the prophets and
the abundance of polychrome decorations with plant ornaments. To achieve more special
chromatic effects, the areas in the background of the sculpted decorations were painted in
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Licensee MDPI, Basel, Switzerland. vivid shades of orange and blue.

The metallic leaf is usually very thin (0.1-10 um) and the embellished surfaces can be
easily damaged, resulting in losses of the metal or cracking, which is due to environmental
factors and aging of the underlying materials [2,3]. Probably due to the fact that it appeared
degraded, the polychrome sculpture of the iconostasis was covered with paint imitating
gilding (liquid bronze), hiding the details of the sculpture and affecting the overall aes-
40/). thetic. The first coat of metallic paint was applied most probably during the conservation
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procedures in 1925, and the second was applied later, also using gold metallic paint. Such
practice was well known and adopted not only in the Eastern Orthodox churches [4], but
all around Europe, as reported in similar cases [2,5-8]. Since the last intervention, the
appearance of the iconostasis has changed over time, manifested by the accumulation of
adherent and non-adherent deposits on the surface, strong oxidation of the silvery paint
applied to the sculpture, cracks, dislocations, and loss of sculptural elements. Considering
all the facts, it was decided that the best approach, from a conservation point of view, is
to remove the degraded overpainting and reveal the original polychrome pictorial layer.
The methodology involved a multi-analytical approach consisting of documentation and
examination of the morphology of the surfaces, stratigraphic layers, and constituent mate-
rials, followed by the overpaint removal by combining the action of a laser and chemical
solvents.

Figure 1. The iconostasis of the “Holy Trinity” church (left). In the red rectangle, the fragment of
the 4th register cleaned with a laser is shown. Closer details and the analysed areas of the altarpiece
(right).

Photonic technology has become an important part of the conservation and restoration
of cultural heritage. Lasers have gained popularity in the field, especially as polychrome
multi-layered artworks pose many challenges for conservation and restoration due to their
complex composition, structure, and degradation mechanisms. Comprehensive analyti-
cal techniques, such as laser-induced breakdown spectroscopy (LIBS), complemented by
Fourier transform infrared spectroscopy (FTIR), are particularly useful for studying and
characterizing these materials. The combination of FTIR and LIBS can provide complemen-
tary information about the composition and structure of the artwork. FTIR can provide
information on the organic components of the materials, such as binders, whereas LIBS
can provide information on inorganic elements present in the materials, such as pigments
and fillers. The use of these techniques can help determine the original paint composition,
identify areas of restoration or overpainting, and provide information on the materials and
methods used in the artwork’s structure.

Laser cleaning, on the other hand, is a well-established technique for the restoration of
artworks, becoming a reliable alternative to traditional cleaning methods since it enables a
selective and controlled removal of unwanted materials with immediate feedback [9-11].
The most commonly used lasers are solid-state Q-switched Nd:YAG lasers, that generate
pulses with a duration of several nanoseconds. They provide high efficiency in the removal
of surface-adherent deposits due to the pronounced photothermal and photomechanical
effects confined within a certain depth of the surface layer. There are many reports in the
literature on the use of QS YAG:Nd lasers for cleaning gilded wooden artworks [2,12,13],
but SFR YAG:Nd [14] and Er:YAG lasers emitting at 2940 nm wavelength have also been
reported as alternative cases [8,15,16].

A combined methodology of applying solvents first and then laser cleaning was
reported as well [17]. Striber et al. found that the laser irradiation weakened the bond
between the overpaint and the gold leaf due to the induced photomechanical stress, and
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the coating could be easily removed mechanically after that [18]. On the other hand, Gaspar
et al. observed that the brass-based overpaint could not be removed with a Q-switched
Nd:YAG laser generating 1064 nm without damaging the gold leaf [7].

2. Materials and Methods

The altarpiece. The investigation focused on a part of the 4th register of the iconostasis
representing the Mother of God in the Oranta position, placed in the centre and surrounded
by 7 round-shaped icons on the left and right sides (Figure 1). The register has a rectangular
shape with dimensions of 550 cm x 35 cm. Each medallion depicts a prophet and has
a diameter of 27 cm. The register is made of two panels of linden wood, positioned
horizontally. The medallions are separated from each other by a vast space decorated with
carved ornamental plant motifs. Each medallion is surrounded by laurel garlands and the
remaining space is decorated with wine motifs (branches, leaves, and grapes).

The preliminary characterization of the object was undertaken by employing a multi-
analytical approach including several techniques, as described below.

Microscopic observations. The surface morphology and the stratigraphy of the picto-
rial layers of the frame were observed via optical microscopy (OM) using a Leica M205FA
fluorescence stereomicroscope. This was performed on 3 samples (some of the micrographs
are shown in Figure 2), which were taken from areas S1-S3 (pointed out in Figure 1), where
the pictorial layer was detached from the wooden frame, so as to limit the invasiveness
of the object. The photomicrographs were acquired with the 0.63 x PlanApo objective at
different magnifications, ranging from 9 x to 101 x. Laser cleaning was evaluated using a
portable Leica DMS 300 microscope with an integrated digital camera.

Multilayered ground iy
Lo s “ 7 Silver
PR W . leaf
e - Metallic
-, . >
- overpaint
~Red bole o

1mm

Figure 2. Microscopic images (A) S2, (B) S3, (C) S2—ground, and (D) S1—stratigraphy.

Elemental analyses. The characterization of the elemental composition of the mate-
rials used for the decoration was performed directly on the iconostasis via laser-induced
breakdown spectroscopy (LIBS), providing compositional depth profiles as well. The LIBS
spectra were recorded using a handheld spectrometer from SciAps operating in an Ar-
gon purge environment with 1-20 pulses. The laser used for irradiation is a Q-switched
Nd:YAG emitting at 1064 nm, with an energy of 5 mJ and a laser spot of 50 um. The system
is equipped with three spectrometers that provide a spectral range of 190 nm to 950 nm.
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The spectra were processed in OriginLab, and the chemical lines were identified using the
SciAps software and the NIST database [19].

Molecular characterization. Fourier-transform infrared spectroscopy (FTIR) in the
attenuated total reflectance (ATR) mode was applied to 3 samples (S1-3, areas shown in
Figure 1) containing both the pictorial and ground layers. The equipment used was a
Perkin Elmer Spectrum Two FTIR spectrometer equipped with a PIKE GladiATR accessory.
The spectra were acquired in the 4000-380 cm ! spectral region at a resolution of 4 cm ™1,
averaging 32 scans. They are presented in transmission (%T), with automatic correction of
the CO; lines and the baseline. Data processing was performed using OriginPro 2021b and
interpreted based on the relevant literature.

Laser cleaning. The laser removal of the overpainting was performed on the frame
of part of the register shown in the red rectangle in Figure 1. It was carried out with a
Q-switched Nd:YAG laser (Palladio by Quanta System) using a wavelength of 1064 nm,
pulse duration of 8 ns, pulse repetition rate of 10-20 Hz, and an optimal working energy
per pulse of 350 m]. The beam delivery system consists of an articulated arm that closely
follows the surface relief. The handpiece was kept at an approximate distance of 20 cm from
the surface, thus delivering a beam with a spot size of ~0.4 cm?. Under these conditions,
the working laser fluence was about 0.8 J/ cm?.

3. Results and Discussion

Following the methodology adopted from other research teams dealing with similar
cases [13], the altarpiece was first examined using the outlined techniques, after which the
cleaning tests were performed. The results are described below.

3.1. Preliminary Physico-Chemical Analysis

In order to decide the proper conservation approach, the altarpiece was analysed and
the fundamental information concerning the morphology and chemical composition of the
treated surfaces was gathered. Preliminary characterization is essential because it supports
the conservation-restoration procedures and allows proper work in accordance with the
original materials.

Microscopic images were acquired on some small detached fragments, and it was
observed that the surface of the frame had suffered severe discoloration due to dirt deposits
and the oxidation of the overpainted layers (Figure 2A,B). In addition to the yellowish
color and porous structure in its base (Figure 2C), the ground seemed to be composed of
several layers with a thickness ranging from 100 microns to several hundreds of microns
divided by thin intermediate layers with an approximate thickness of several microns
(Figure 2D). Such a multilayered structure of the ground is a common technique applied by
post-Byzantine iconographers [20]. The stratigraphy showed a notable red layer after the
ground, most probably a red bole, with varying thicknesses between 10 and 50 pm, which
is a traditional base for the metallic leaf. The leaf itself is not so visible in the stratigraphic
microscopic pictures. The thickness of the metallic overpaint was not uniform and was
measured to be from several hundred microns to several milimetres. The preparation layer
varied between 2 and 5 mm in thickness, covering both the elements of the relief and those
in the background. The gilding of the sculptural elements was performed with silver leaf
applied in the traditional manner on a layer of bole.

The FTIR analysis of the paint and the ground layers is presented in Figure 3. Since
the spectra of the paint and the ground of S1 and S2 are similar, only S1 is presented in the
figure. The infrared analysis indicated the presence of inorganic compounds characteristic
of earth and clay minerals [21,22]. Kaolinite was identified via the O-H stretching vibra-
tions at 3694, 3651, and 3621 cm™~!; the vibrations of the Si—O-Si and Si-O-Al groups at
1029 and 1008 cm ™!, respectively; and the Al-O-H vibration at 913 cm~!. Quartz was
indicated by the characteristic doublet at 797-777 cm 1, and the bands at 1163, 695, and
464 cm 1. The bands at 534 and 430 cm ! were ascribed to iron oxides [23,24]. The presence
of calcite (CaCOs) was observed in all the spectra, as it was much more pronounced in the
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ground of S3 than in the grounds of the other two samples. This was detected through the
weak combination modes at 2512 and 1795 cm ! and the prominent stretching and bending
modes of the carbonate group at 1412, 872, and 713 cm ™! [25]. Gypsum (CaSOy4-2H,0) was
found in all the spectra via the characteristic stretching (3526 and 3401 cm ') and bending
(1682 and 1623 cm~!) bands of the O-H bond, and the vibration modes of the sulphate
group at 1106, 673, and 600 cm ! [24]. The origin of the calcite and the gypsum in the paint
could be from their possible use as mineral fillers or from the ground layers [26]. Given the
observed multilayered structure of the ground, it is possible that the separate constituent
layers could have been prepared using different recipes. It was not uncommon for the
ground to consist of calcite-rich and gypsum-rich sub-layers in different ratios [20].

T (%)

(a) ¢

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. ATR-FTIR analysis of the paint and the ground layers of part of the samples:
(a) S1—ground layer, (b) S3—ground layer, (¢) S1—paint layer, and (d) S3—paint layer. Legend:
k—Xkaolinite; g—gypsum; c—calcite; —quartz; o—iron oxides; p—proteins; L—lipids; r—resin;
co—calcium oxalate.

Some organic compounds were found as well. Proteins were present in both the paint
and the grounds of S1 and S2, as determined by the emerging bands at 1646, 1544, and
1446 cm~! assigned to C=0 stretching (amide I), the combination of NH bending and
CN stretching (amide II), and C-H bending (amide III) vibrations, respectively [27]. In
the spectra of the paint in S1 and S2, only the bands associated with amide I and partly
amide II appeared since amide III overlapped with the strong broad absorption of the
carbonate group around 1410 cm ™. On the other hand, the amide I overlapped with the
bending vibration modes of the hydroxyl bond in gypsum. The vibrations emerging at
2920 and 2850 cm ! in the spectra of the paint in S1 and S2, respectively, are ascribed to
the stretching mode of the CH bonds. Together with the weak absorption (appearing as
a shoulder) at 1736 cm !, this indicates the presence of lipids. Their occurrence is a clear
indicator of an organic binder that can be associated with the saturated fatty acids of the
proteinaceous medium, which in this case is most likely the egg yolk [28,29]. The identified
proteinaceous species in the ground could be linked with animal glue, which is a common
gluing ingredient in traditional recipes for the preparation layers in iconographic art [20].
It is highly likely that the intermediate thin layers observed in the multilayered ground are
indeed animal glue.

The spectra of S3 show strong features of natural tree (pine) resin associated with the
strong CH stretching modes at 2929 and 2870 cm !, the strongly broadened C=0 stretching
at 1693 cm !, the shoulder at 1609 cm !, the aliphatic C-H bending bands at 1483 and
1387 cm~!, the C-O mode of the ester groups at 1240 cm ™, the C-O stretching bands
of the acid and alcohol groups at 1163 and 1081 cm ™!, and the band at 834 cm~! [29,30].
The ground layer of S3 showed the presence of the resin, too. Since the bands were much
weaker than those in the paint, it was suggested that they could come from the upper
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layer. The appearance of pine resin in such paintings is not a single case reported in
the literature [31,32]. However, due to the lack of spectral features of the resin in the
other samples, it cannot be concluded whether the resin was used as a finish layer against
humidity or something else.

Calcium oxalate was also identified in the ground layers of S1 and S2 via the C=O
stretching at 1326 cm 1. Its occurrence could be linked to the degradation of organic layers
or biodeterioration by the activity of microorganisms [33].

The LIBS results obtained from averaging the spectra from 20 pulses confirmed the
presence of the following chemical elements: Ca, Al, Fe, Na, K, Si, Sr, H, and C, yetno S
lines were detected probably due to the fact that sulphur is present in low concentration,
below the spectrometer’s limit of detection (2300 SLop = 1%-2%). The LIBS spectra are
presented in Figure 4a,b for the main elements identified. Traces of Ti, Mg, Mn, and Li
were detected as well, which were linked to the earth and clay minerals in the composition
of the materials. Potassium was also found as a trace element and might be associated
with soiling deposits or the formation of salts on the surface [34]. These findings are in
accordance with the FTIR interpretation, showing the presence of gypsum, calcite, and iron
oxides.

Call 20 p averaged 1754 20 p averaged
C
Call 150 4
Si
125
All
~ 100 o
Al >
&
— 754
50
Fe
Fe Fe 254
Sr
T T T 1 0 T T T T T 1
390 395 400 405 410 190 192 194 284 286 288 290
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 4. LIBS elemental analysis for (a) Ca, Al, and Fe; and (b) C, Mg, and Si.

LIBS stratigraphy was performed in order to obtain a glimpse of the distribution of the
chemical elements by analysing each of the 20 pulses (Figure 5a—d) [35,36]. It was observed
that the most analysed elements started to count only from the 5 to 6th pulse, with a peak
between the 7th and the 11th pulses, corresponding to the metallic overpaint. This can be
an indication that the metallic overpaint layer is covered with another layer of organic or
synthetic nature, as LIBS detects only trace elements. Starting with pulse 12 till the end of
the series, the distribution tends to have a quasi-constant shape for most of the elements
pictured, which can be attributed to reaching the ground, as can be observed in Figure 5¢,d
that presents the Si and Sr distribution.
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Figure 5. LIBS elemental depth distribution through 20 pulses for (a) Fe, (b) Al, (c) Si, and (d) Sr.

3.2. Laser Removal of the Metallic Overpaint

The laser cleaning regime was established empirically as a result of preliminary tests
conducted on an area of approximately 4 cm?. A low starting laser energy was set, and
it was increased gradually until the ablation of the overpaint layers was observed using
OM and LIBS. The ablation thresholds determined using the D? method are presented in
Table 1. In Figure 6, microscopic images of the laser-cleaned areas are shown. The different
testing areas for optimal and overcleaning are noted. It was noticed that the first overpaint
layer and the adherent deposits were removed efficiently at an energy of 250 m]J (fluence of
0.62 ] /cm?), as can be seen in Figure 6C,G. As the energy was increased, at energies around
350 m] (fluence of 0.8 J/cm?), the thick metallic overpaint layer started ablating and the
traces of the silver leaf became noticeable, as can be seen in Figure 6E. Any further increase
in the energy would result in overcleaning; thus, the ablation threshold was set at 0.8 J/cm?.

Table 1. Laser cleaning ablation thresholds for the adherent deposits and the overpainted substrates.

Substrate Ablation Threshold
Surface adherent deposits 0.37J/cm?
First overpaint layer 0.62 J/cm?
Second overpaint layer 0.8]/cm?

Since the overpainting layer was not uniform, nor was its thickness, the nonuniformity
of the cleaning was clearly visible, and in some areas, the red bole was reached. Therefore, it
was decided to use several pulses in each area (20-30 pulses) rather than using higher energy.
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Overcleaning

Metallic overpaint
after laser cleaning

Metallic overpaint

Figure 6. Micro details of the laser-cleaned surfaces. (A) test areas 1-3, (B) test area 4, (C) test area 5,
(D) test area 6, (E) test area 7, (F) test area 8, (G) test area 9.

Laser cleaning provided good results for the rough removal of the thick layers of the
metallic paints applied on top of the highly degraded pictorial substrate in a relatively
short time compared to traditional cleaning techniques. Taking into consideration the thin
and fragile remains of the original materials under the overpaints, and also the fact that the
high fluence necessary for removal of the overpaints is over the ablation threshold of the
pictorial composition reported in the literature [11,37,38], the best conservation strategy
is unquestionably a hybrid approach that combines photonics with traditional methods,
using the laser for the rough removal of the thick overpaint and then applying solvents to
reveal the original religious motifs.

The pictorial layer was revealed by chemical cleaning using a solution composed of
85% dichloromethane, 10% methyl alcohol, and Deck 3000 with a gel-like consistency. This
solution was applied using moistened pads, with the gel serving the purpose of retaining a
mixture of highly volatile solvents in the treated areas for an adequate duration.

4. Conclusions

The current paper presents the interdisciplinary approach undertaken for the conser-
vation of a 19th Century iconostasis belonging to the “Holy Trinity” church from Magureni,
Romania. The polychrome religious paintings were covered with what was initially thought
to be a thick layer of metallic paint that was applied on top of previous restorations.

Advanced photonic methods were selected for the investigation of the chemical com-
position and characterization of the substrates, and laser-cleaning efficiency was tested.
The stratigraphic analyses determined that the overpaint actually consisted of two layers,
one of synthetic nature and the other of a metallic paint based on Fe and Al. Also, elemental
analysis detected traces of many elements resulting from the terrigenous origin of the
raw materials. Earth and clay minerals, such as kaolinite, calcite, gypsum, iron oxides,
and quartz, were identified in a binding medium of egg yolk. The ground consisted of
several sublayers of gypsum and/or calcite mixed with animal glue, which was a typical
preparation layer following the conservative iconographic traditions. In one of the samples,
a prominent presence of a natural tree (pine) resin was observed. The information obtained
from the spectroscopic analysis was essential for establishing a conservation approach and
for understanding the historical and cultural value of the polychrome wooden iconostasis.

The cleaning methodology discussed in this paper involved the use of a laser to
roughly remove the overpaint layers. A Q-switched Nd:YAG laser emitting at a wavelength
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of 1064 nm, a pulse duration of 8 ns, and a pulse repetition rate of 10-20 Hz was used. The
optimal working fluence for removing the thick metallic overpaint layers was found to be
0.8 J/cm?, which achieved good cleaning efficiency after 5-6 passes of the beam on the
surface. Taking into consideration the spectroscopic analysis and the laser cleaning tests,
the best conservation strategy was decided to be a hybrid approach, combining photonic
with traditional methods: using laser for the rough removal of the thick overpaint layers
and solvents to reveal the original religious motifs.

Photonics plays a dynamic role in most fields and, as technology advances, so do the
applications developed within the Heritage Sciences field, enabling better understanding
and valorization. By providing detailed information about their composition, structure,
and condition, photonic techniques can guide conservation interventions and help preserve
these valuable cultural treasures for future generations.
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