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Chapter 1. Introduction

1.1. Justification of the research topic

The mural paintings of wooden churches and icons can be considered "a wonderful means of
uplifting the soul, strengthening spiritual faith, and affirming national consciousness, towards
the bright horizons of goodness and beauty" (Familia Romana, 2009, pp. 20).

The materials of these invaluable artworks are the product of a past culture, created
using technologies that, despite numerous studies by historians and scientists, still cannot be
considered fully understood (Janssens et al., 2013). Moreover, they are subject to continuous
and progressive deterioration. This decay is caused by several factors, such as the interaction
between the constituent materials, the surrounding environment (Pozo-Antonio et al., 2018;
Coccato, Moens, and Vandenabeele, 2017), and human factors. Regarding the latter, it is
worth noting that wooden churches have always been built exclusively as religious sites, not
as conservation spaces for artworks. This explains the presence of soot deposits on their
surfaces and the loss of mural painting integrity after the electrification of the buildings in
question or when various types of objects were added to their surfaces for various reasons.

The conservation-related issues have become more diverse in rural areas where, due to
demographic dynamics, larger and more spacious churches made of modern materials, such as
bricks, have been constructed. As a result, wooden churches have often remained closed for
long periods of time without a prior conservation plan being adopted. This deficiency has led
to the deterioration of roofs and their structures, resulting in the infiltration of rainwater into
the mural paintings and other architectural elements. This, combined with the temperate
continental climate in the Transylvania region, has created an inadequate indoor microclimate
for the preservation of artwork materials.

The chemical and physical processes that have occurred at the molecular level in the
paint layers are visible at the macromolecular level due to the alteration of the original
colouration of the paintings, changes in texture or loss of integrity of the paint layers. These
phenomena not only hinder the correct visualisation of the artwork's message, where each
colour usually has its precise iconographic symbol, but they can also contribute - depending
on the environmental conditions - to the structural instability of the painting, compromising
its integrity.

Therefore, if these wooden places once invited the community not to words, but to
silence and prayer, today, more than ever, they strongly invite each of us, due to their poor

state of conservation, to save them from destruction. The salvation and valorisation of these



priceless artistic treasures requires, above all, knowledge of them, as "only that which is

known can be preserved!" (Appolonia and Volpin, 1999, pp. 12).

1.2. Importance and relevance of the research topic

Although the investigation of artworks began centuries ago, in recent decades, several global
landmark projects in the field of conservation and restoration of cultural heritage can be
noted. One of the priorities of these research projects is the investigation of the materials used
in artworks. The development of diagnostic tools for the process of investigating artworks has
had a significant impact.

One of the main objectives of consortium-type projects for the preservation of national
cultural heritage in the past two decades has been the preservation of wooden churches in
Transylvania. The interventions focused on the restoration of roofs (or even their
reconstruction due to advanced deterioration) and the structural elements that were in direct
contact with the ground (the foundation of the building), as well as the scientific investigation
of the artworks in the respective churches.

Research projects coordinated by Prof. Dr. Marutoiu Constantin, carried out in
collaboration with various academic institutions and museums, are considered pioneering in
applied science for the investigation of Transylvanian artworks in wooden churches.

Within these projects, mural paintings (Trifa et al., 2013), royal gates (Neamftu et al.,
2021; Marutoiu and collaborators, 2015) and icons (Bratu et al., 2020; Marutoiu et al., 2019)

of wooden churches.

1.3. Description of the project and objectives proposed in the research

Importance of the project and innovative aspects of scientific research

The doctoral research project was carried out within the framework of the project
"Development of Complex Methodologies for Attribution and Authentication of Certain
Medieval and Premodern Paintings in the National Heritage" (53-PCCDI/2018, code: PN-III-
P1-1.2-PCCDI-2017-0812)

The scientific research of the doctoral project had the following objectives:
* identification and characterisation of the materials used in the creation of mural
paintings in wooden churches located in the Transylvanian localities of Agarbiciu,

Straja, and Somesul Rece.



* Identification and characterisation of the materials used in the creation of the painting
Entry of the Lord into Jerusalem belonging to the Ethnographic Museum of
Transylvania.

* Identification of artistic techniques used in the creation of the investigated artworks.

* Assessment of the conservation status of the materials of the investigated artworks.

The results of the scientific investigation will represent an important contribution in the
following areas:
1°. archaecometry related to Transylvanian artworks from the 18th century, including:

* understanding the materials and chemical and biological processes that have
influenced the current state of conservation of the investigated artworks.

* identification of artistic techniques used in their creation.

* understanding degradation factors contributing to the current state of conservation of
the materials of the investigated artworks.

» authentication and dating of the investigated artworks.

» enrichment of the specialised literature in the field of archacometry of Transylvanian
cultural heritage with significant scientific results.

* obtaining indispensable information for the design of a proper methodology for future
interventions in restoration operations (including digital restoration), conservation,
promotion (including digital promotion), and valorization of cultural heritage.

2°. in the field of art history, by enriching the knowledge about two of the most famous
religious painters of the 18th century: Grigore Ranite and Dumitru Ispas.

3°. obtaining essential information for planning a proper working methodology to ensure the
occupational health protection of individuals who interact with artworks containing pigments
(and degradation products) based on toxic metals (arsenic, lead, mercury).

4°. understanding aspects of social, economic, technological, and religious nature in the

Transylvania region of the 18th century and even up to the present.

1.4. Contributions and originality of this scientific research

The research activity was based on an intra- and trans-disciplinary approach. The diagnostic
techniques used in the scientific investigation of artworks were employed in a complementary
manner. The design of the scientific investigation methodology took into account the
availability of scientific equipment, the conservation status of the artworks, and the

preservation of their integrity. The investigation of artworks was conducted using non-



invasive diagnostic techniques (visible, ultraviolet, and infrared photography, XRF, and r-

FTIR) as well as invasive diagnostic techniques for the artwork (t-FTIR, DSC, and GC-MS).
Knowledge of the scientific instrumentation used, the materials of the artworks, and

the artistic techniques employed in painting aided in the understanding and interpretation of

the data resulting from the scientific investigation of the artworks.

Chapter 2. Brief presentation of the typology of the investigated works of art and their

materials

2.1. Wooden churches and mural painting
Wooden churches captivate the souls of all who set their eyes upon them or enter their
threshold, through the nature of their materials, the grandeur of their architecture, their
elegance, sacredness, and their inclination towards the infinite. The important elements of the
building consist of the stone foundation (constructed by stacking several layers of stone), the
base, and the eaves. The base consists of strong wooden beams that support the entire
structure. On top of the base, walls are built using horizontal overlapping beams, secured with
a traditional joining technique called “chetori” (dovetail joint system). A wooden church is
typically comprised of three sections: the narthex, the nave, and the altar. Additional
architectural features include the roof, bell tower, and entrance portal.

Inside a wooden church, particular significance is given to the iconostasis and mural
paintings. The mural paintings adorning the walls of Transylvanian wooden churches are

renowned worldwide for their simplicity, beauty, and unique artistic style.

2.2 Icon

Icons are an integral part of cultural heritage and represent an invaluable spiritual value for
the Orthodox Christian religion. The materials used in creating an icon, as well as the process
of its creation, reveal the close connection between material and spiritual aspects. For
instance, gold, which is applied first in the creation of the image, serves as a reminder that
every creation should be made in the Light, (“Let there be light!" (Genesis 1:3). The painting
of the image begins with pure colours, then gradually incorporates increasing amounts of
white pigment in successive layers. In certain iconographic areas, the final touch is the
addition of gold pigment. Symbolically, all these stages depict the journey of human life and

its spiritual evolution, the transition from darkness to light (Florensky, 1997).
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2.3. The main pigments used in 18th and early 19th century iconography
Subchapter 2.3 of the thesis is dedicated to a brief presentation of the pigments used in the

Transylvanian iconography of the 18th and early 19th centuries.

Tabel 1. A summary presentation of the main inorganic materials used in mural paintings and
icons in the late 18th and early 19th centuries in Transylvania.

Pigments

based on: Pigments — brief information

Lead (Pb) White pigments
* Lead white - is composed of hydrocerussite (Pbs;(COs),'(OH),) and cerussite
(PbCO:;) (Gliozzo and Ionescu, 2022). The pigment has been identified in
different types of Transylvanian artworks (Nemes et al., 2018; Marutoiu et
al., 2016).
Yellow pigments
Letharga (o-PbO) is a yellow-white pigment,
Massicot (5-PbO) is yellow-orange,
Lead and tin yellow (type I) (Pb,SnO.),
Lead and tin yellow (type II) (PbSn,Si0O;),
Naples yellow (Pb;(Sb0O,),) (Gliozzo and lonescu, 2022).
Red pigment
* Red lead (Pb;O,) was obtained by calcining white lead. In painting it has been
identified mixed with one or more pigments, such as lead white, calcite,

cinnabar/vermilion and/or red ocher (Gliozzo and Ionescu, 2022).

Toxicity and degradation of lead - based pigments:

* lead is a toxic metal (Gliozzo and Ionescu, 2022),

* due to lead's property of having multiple oxidation states, lead-based pigments are
very unstable to degradation factors. The most frequent degradation
products of lead-based pigments are lead sulfide (PbS), lead dioxide
(Pb0O,), lead-based soaps, lead carbonates and sulfates (Gliozzo and
Ionescu, 2022; Mazzeo et al., 2018 ).

Mercury (Hg)  Red pigments
* Cinnabar (HgS) — natural origins - and vermilion (a-HgS) produced by
manufacturing process.
» those has been identified in many works of art in Transylvania (Bratu et al.,

Marutoiu et al., 2011).



Arsenic (As)

Notes about toxicity and the degradation of mercury-based pigments:
* mercury-based pigments are toxic due to the presence of mercury (Gliozzo, 2022).
* mercury-based red pigments are very sensitive to degradation factors and their
original colour may shift to other colours (Radepont et al., 2011).

*  has an oxidizing action on binders (Coccato, Moens and Vandenabeele, 2017),

Yellow pigment
*  Orpiment (As,S;) - the tonality of the colour of the pigment of natural origin varies
from golden to orange, while in the case of artificially prepared pigment,
brown shades predominate (Udrea, Marutoiu and Nemes, 2022).
Red pigment
*  Realgar (0-As.S,) - the tonalities of the color of the pigment with natural origin are
orange, while those of pigment made by manufacturing process are brown
(Udrea, Marutoiu and Nemes, 2022).
Green pigments
1. Scheele green (Cus;(AsOs),) - the green pigment with yellow tones was discovered
around 1778 (Udrea, Marutoiu and Nemes, 2022).
2. Paris green (Cu(CH;COO), x 3Cu(AsO,),) was invented in the period 1798-1812
(Udrea, Marutoiu and Nemes, 2022).
Blu pigments
*  Cobaltite (CoAsS) or Smaltite (CoAs,) was identified in the painting of the royal
gates of the wooden church at Nicula (Bratu et al., 2017).

Notes about toxicity and the degradation of arsenic-based pigments:

» arsenic-based pigments are very toxic,

» their are very sensitive to factors or degradation, especially the light,

* the most common degradation products of arsenic-based pigments are: arsenic
trioxide (As,0;), arsenite (As®*) and arsenate (As®), arsine (AsH3),
metallic arsenic (As’),

« arsenates (As’") are strongly absorbed on the surface of gypsum, carbonates, earth
pigments, ochres and glues (contain Al and Fe),

* solid degradation products of arsenic-based pigments being soluble in water can
migrate in the presence of humidity in the stratigraphy of the painting,

» some of the degradation products of the arsenic-based pigments are ten times more
toxic than the pigments themselves, which is why it is necessary to adopt
measures to protect the health of the people who work with the works of

art (Udrea, Marutoiu and Nemes, 2022).



Iron (Fe) Ochers
» can have of natural or synthetic origin,
» their colours and shades depend on the particle size and hydration state of the
particles,
» the most widespread ochres are: hemetite (Fe,0;), goethite FeO(OH) and magnetite
(Fe403),
» they are pigments quite resistant to degradation factors, but under certain conditions

they can undergo chromatic shifts (Balakhnina et al., 2014).

Earth green pigments
» influences the degradation of the lipidic organic binder (Mecklenburg, Tumosa and
Edward, 2012),
* in the presence of moisture and heat, the pigments tend to change the colour

(Coccato, Moens and Vandenabeele, 2017).

Bolus (or bolus)

* has a brick red colour and a very fine granulometry, greasy consistency and good
adhesion properties,

» itis used in the adhesion of gold foils and sometimes in the imprint layer (Grygar et
al., 2003),

» the presence of iron influences the oxidation of lipid materials (Mecklenburg,
Tumosa and Edward, 2012).

Blue pigments
Prussian blue - depending on the raw materials used in the preparation, the
pigment can be classified as:

« early Prussian blue (MFe*'[Fe?*"(CN)s]-nH,O, where M can be, depending on the
pigment preparation method, aluminium, sulphur, potassium, sodium, etc.,
and n = 14-16) and

*  modern Prussian blue (Fe,>"[Fe;(CN)s]:) (Grandjean, Samain and Long, 2016)

*  The most common degradation factors of the pigment are: light, humidity, acidity,
basicity, lack of oxygen (anoxia) and physical characteristics of the ground

(Grandjean, Samain and Long, 2016).

Vivianite (Fe;PO,); — the pigment has a sedimentary origin (van Loon, 2008, pp.
56)
Crocidolite or "blue asbestos" - is part of the glaucophane-riebeckite class

(Eastaugh et al., 2004, pp. 183).



Copper (Cu) Malachit Cu,(OH),CO;

» the pigment has green colour and can have mineral origins o can be prepared
(Feller, 1986. pp. 183-202).

* under certain conservation conditions, it can transform into azurite, a blue pigment
(Feller, 1986. pp. 183-202)

Verdigris ~ 2Cu(CH;CO,),.Cu(OH),)

» the optical properties of the green pigment (weak colour intensity and covering

power) determine its use in painting mixed with other pigments,

* itis sensitive to degradation factors (Feller, 1986, pp. 141-147)

Copper resinate (Cu,(C,,H,,COO),-2H,0)
* is obtained by dissolving verdigris in resin (venetian turpentine or rosin). The
pigment, due to the presence of resin, is sensitive to degradation factors

(Feller, 1986, pp. 148-158).

Calcium (Ca) »  Calcite(CaCOs)
» the mineral was often used both in the preparation of the painting ground as well as

a pigment (Roy, 1993, pp. 203-244).

2.4. The main minerals used in making primer in the 18th and early 19th centuries

In Transylvania, in making the ground layer, the most used white mineral was based on
calcium sulphate (CaSO,) (Bratu et al., 2020; Bratu et al., 2017; Marutoiu et al., 2011). This
mineral is found in various states of hydration (anydrite, bassanite and gesso) and
granulometry (gesso grosso and gesso sottile) (Udrea, Mirutoiu and Nemes, 2022; Wallert,
Hermens, Peek, 1995, pp. 58-64).

2.5. The main organic materials used in 18th and early 19th century art

Organic materials in mural painting and icons are mainly used as a binder (in the primer
layers and painting) and varnish. The most commonly used primer binder is animal glue,
while the painting binder is fempera (egg yolk emulsion) or tempera grassa (egg yolk and
oil). As for the varnish, the main organic material was linseed oil. It was processed hot (in
order to improve its exicative property) and successively, it could also be mixed with other
organic materials (such as various resins).

Over time, depending on the conservation conditions, the materials of the works of art
have undergone various types of chemical, biological and mechanical degradation processes.
These had as consequences, the modification of the chroma and the loss of the integrity of the
painting's stratigraphy.



The most common degradation products, resulting from chemical reactions,

encountered in works of art are metallic soaps, oxalates, carbonyl compounds.

Chapter 3 - Analytical instrumentation used in scientific investigation

Chapter 3 provides a review for each technique used in the scientific investigation of artworks
presented in this thesis.

The scientific investigation of artworks was conducted using complementary non-
invasive methods (photographic examinations, XRF, and r-FTIR) and invasive methods (t-
FTIR, DSC, and GC-MS) for a specific artwork (Ceroni and Elia, 2008, pp. 25-30).

It is important to specify that an investigative technique is considered non-invasive if
it does not involve taking samples from the work of art (it is carried out in situ), while an
invasive investigative technique includes the taking of samples for the purpose of analysing

them in the laboratory (Ceroni and Elia, 2008, pp. 25-30).



4.1. Scientific investigation of the mural painting

in the wooden church of Agarbiciu, Cluj County

4.1.1 Introduction

This section presents the scientific investigations carried out on the mural painting inside the
wooden church situated in the Agarbiciu Valley (Capusu Mare, Cluj country). The church,
built in 1792, has relatively small dimensions, measuring 14.0 m in length, 6.5 m in width,
and 19.45 m in height. The foundation is made of locally sourced stone, while the walls are
constructed using horizontal oak beams joined in a distinct "swallowtail" pattern. The church
features a porch on the south and west sides and the narthex has a wooden ceiling with a bell
tower rising above it. The bell tower, boasts a square-shaped balcony, and is adorned with

four small towers at each corner (Figure 4.1.(Summary 1) (Marutoiu et al., 2020).

Figures 4.1. (Summary1)
The wooden church of Agarbiciu alongside several examples of mural painting
from the altar, nave and narthex areas (Udrea, Marutoiu and Nemes, 2022; Marutoiu et al., 2020).

The mural painting within the church was created by the painter Dimitrie Ispas from
the village of Gilau (Cluj) in two stages: the altar and nave were decorated in 1801, while the

narthex was completed in 1818 (Marutoiu et al., 2020).

4.2.2 Experimental methods
For the scientific investigation of the mural painting, various diagnostic methods were
employed. Non-invasive techniques like XRF, r-FTIR were used, along with invasive methods

such as t-FTIR and GC-MS (Marutoiu et al., 2020).
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4.1.3. Results and Discussions

4.1.3.1. XRF Investigation results

The elemental chemical composition and colour of the investigated painting area provided
information about the type of pigment or pigment mixtures present in that specific area.
Figures 4.1.(Summary 2) and 4.1.(Summary 3) in this résume provide a brief representation of
Figures 4.1.8-4.1.18 presented in the thesis.

From the XRF investigations in the nave area (Figure 4.1.(Summary 2) it was
suggested that the blue colour was achieved using calcite (CaCOs) and an early form of
Prussian blue pigment. The latter pigment only needed to be used in small quantities in the
painting due to its high colouring power. The dark red area of the painting shows a strong
intensity of colour. According to the XRF spectrum, it contains calcite and hematite (Fe,O;).
The signal of lead, on the other hand, is quite weak, which suggests that it might be present in
the painting as a pigment, possibly red lead (Pb;O,), or it could be used as a drying additive

for the oil, or even as a product of degradation (metallic soaps, lead carbonates, etc.).
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Figure 4.1.(Summary 2)
XRF spectra of the painting areas of various colors in the nave

The red-orange painting was created by mixing hematite with an arsenic-based
pigment, most likely realgar (a-AssSs) (Marutoiu et al., 2020). When analysing the yellow
mural painting (halos) using XRF, the presence of orpiment (As,S;) and calcite was suggested
(Marutoiu et al., 2019; West-Fitzhugh, E., 1997, pp. 63). The weak intensity of the arsenic

signals in the corresponding spectrum is also explained by the specific conservation condition
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of that area. As for the green-coloured painting, the primary pigment used was copper-based,
possibly malachite. The XRF spectrum of the black-coloured area suggests that both iron
oxide (magnetite, Fe;O4) and bone black were used in the painting (Marutoiu et al., 2019).
Bone black can be identified in the XRF spectrum by the signals of calcium, iron, and
potassium (with a very weak signal around 2 KeV) (Bezur et al., 2020, pp. 113-115). The
calcium in the bone black pigment derived from hydroxyapatite (Cas(PO4);(OH)) (Udrea et
al., 2023).

The XRF investigations in the narthex area are presented in Figure 4.1.(Summary 3).
Conducted seventeen years later than the nave area, the narthex area was painted by Dumitru
Ispas using the same pigments for the blue, yellow, and black-coloured painting, as seen in the

comparison of spectra in Figure 4.1.(Summary 2) and 4.1.(Summary 3).
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Figure 4.1.(Summary 3).
XRF spectums of the investigation from narthex

The red-coloured pigments used in the painting were hematite, cinnabar/vermilion,
and red lead. The presence of these three pigments in the mixture can be justified by several
reasons:

* red lead provides enhanced resistance to fading for the mercury sulphide-based
pigment against fading (Coccato, Moens, & Vandenabeele, 2017; van Loon, 2008, pp.
84).

* the pigment HgS does not have good drying properties, so it was combined with
hematite and red lead, pigments that had good drying properties (van Loon, 2008, pp.
65).
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For the green-coloured painting, based on the presence of copper (Cu), arsenic (As),
and barium (Ba), it can be inferred that the artist Dumitru Ispas used a late variant of Scheele
green or early emerald green as pigment (Wes, 2014; West-Fitzhugh, 1997, pp. 221-222;
Fabbi Reno, 1965).

From the comparative analysis of the XRF data, it is evident that there are signals of
fluorescence emission corresponding to calcium (Ca) and strontium (Sr). Calcium was
intentionally introduced into the painting as a mineral in the primer (calcium sulphate) and as
a white pigment (calcium carbonate). Alternatively, it could have formed in the painting as
oxalates, carbonates, or metal soaps due to degradation processes.

Strontium can originate from various sources, such as:
* calcium sulphates and carbonates (Franceschi et al., 2014)
» pigments with a limestone origin (or containing limestone impurities) (Murcia-Mascar

et al., 2010),

* pigments obtained from the carbonisation of animal bones (Dalle et al., 2022), or

derived from plants (vine black) (Larsen, Coluzzi, & Cosentino, 2016)

* animal glue used as a binder for the primer (Dalle et al., 2022).

4.1.3.2. Results of the r-FTIR investigation
The r-FTIR investigation revealed that the primer used was based on calcium sulphate in all

three hydrated states (Figure 4.1.19).
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Figure 4.1.19.

r-FTIR spectrum of the blue zone of the mural painting (Marutoiu si colaboratorii, 2020)
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This was identified through vibrations at 3403, 2241, 2235, 2132, 2030, and 620 cm™
(Marutoiu et al., 2019; Miliani et al., 2012). The presence of early Prussian blue was
identified through the vibrations of the Fe-CN bond (527-440 cm™ and 450-430 cm™), Fe-C
bond (600-550 cm™) (Kendix, 2009, pp. 119), as well as the presence of iron oxides (1037 and
1080 cm™) and kaolin (1020 and 3650 cm™) (Udrea et al., 2023; Rosi, Miliani, Clemente, et
al. 2010). Calcium carbonate, the mineral suggested to be mixed with early Prussian blue by
XRF, was also detected through its characteristic vibrations collocated around 2900, 2512,
1800 si 1447 cm™ (Marutoiu si colaboratorii, 2019; Rosi, Miliani, Clemente si colaboratorii,
2010). The weak intensity of the band at 2512 cm™ can be due to either the large particle size
of the pigment or the organic binders used in the mural painting.

Organic materials of a proteinaceous nature were identified by specific bands around
1650 cm™ (v C=0 from amide I), 1550 cm™ (v C-N and N-H from amide II), and 1450 cm™ (8
CH from amide III) (Rosi, Miliani, Clemente, et al. 2010). These protein compounds could
have come from animal glue, as suggested by specific bands related to collagen at 1288 ¢cm™
and 712 cm™ used as a binder for the primer (Marutoiu et al., 2019). Alternatively, they could
have originated from egg yolk, used as an ingredient in the oil-based tempera layers of the
painting. Lipid materials were also detected showing vibrations at around 2928 and 2850 cm™
(v C-H), a broad and intense band between 1800-1580 cm™, and a shoulder peak at 1740 cm™
(v C=0 from ester) (Miliani et al., 2012).

The main degradation products identified with r-FTIR were calcium soaps (1541 and
1578 c¢cm™), lead soaps (1045, 1405, and 1519 cm™) (Henderson et al., 2019), and lead
carbonates (3540, 2430, 2410, 1730-1740, 1392-1504, and 1000 cm™) (Monico et al., 2013;
Miliani et al., 2012).

4.1.3.3. Results of the t-FTIR investigation
The t-FTIR spectra for the red-coloured mural painting on the north, west, and south walls are
shown in Figures 4.1.20 —4.1.21.

Red lead (Pb;O,) was identified through bands in the range of 419-443 cm™ and 512-
528 cm™ (Marutoiu et al., 2019). Hematite (Fe,Os) was detected through vibrations at 558 and
472 cm’ (Gimenez et al., 2022; Vahur, 2010). Realgar (0-As,;S,), due to its lack of
vibrations in the range of 4000-400 cm™', was indirectly suggested by the band at
1040 cm! (Ciuladiené, Kareiva, Raudonis, 2020) and the presence of its degradation
products, such as arsenolites (415, 470, and 780 cm™'), arsenites (680-780 cm™'), and
arsenates (791-930 cm™') (Udrea, Marutoiu, Nemes, 2022). The identification of
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aragonite (CaCO;) and dawsonite (NaAl(CO;),(OH),) suggests that the realgar
pigment and certain minerals from the carbonate class might have originated from

the eastern part of the Transylvania basin (Kristaly et al., 2006; Attila, 2002).

Absobance
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Wavenumbers {em-1}

4000 2000

Figure 4.1.20. t-FTIR spectra of red paint samples
(the blue colour spectrum corresponds to the CrNord sample; the grey colour spectrum corresponds to the
CrVest; the red colour spectrum corresponds to the CrSud sample).
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Figure 4.1.21. t-FTIR spectra of red paint samples and the relatives SD spectra.
The SD spectra representated by: the light purple line corresponds to the CrNord sample;
the dark purple line corresponds to the CrWest; the red line corresponds to the CrSud sample.

Cinnabar (HgS) has been suggested based on the very weak intensity bands observed
at 1660, 1537, and 1450 cm™ (Vahur 2010), as well as the presence of vibrations around 1175-
1080, 778, 695, and 464 cm™ characteristic of quartz (SiO,) (Spring and Grout, 2002). The
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vibration at around 695 cm™ indicates the crystalline nature of quartz (absent in amorphous
quartz) (Saikia, 2014).

White lead was found by looking at certain bands at 1400, 1045, and 682 cm™, while
the three types of calcium sulphate (anhydrite, bassanite, and gypsum) were identified based
on specific vibrations around 595-665, 1110-1156, and 1620 cm™. Bands at 3490, 2341, and
2360 cm™ indicate that anhydrite became hydrated due to absorbing water molecules from the
atmosphere or from rainwater seeping in (Wallert, Hermens si Peek, 1995, pp. 58-64).

Regarding the organic materials, all three samples of red paint showed the presence of

both the primer binder (animal glue) and the pigment binder (tempera grassa) (Table 4.1.2).

Table 4.1.2. Materials of organic nature identified in the red sample on the south wall

Organic
materials The characteristic wavelengths (cm™) References
Protein ~1657 (v C=0), ~1634, ~1545 (v C-N si 6 N-H), ~1400-1300 (6 C-H), Centeno et al,
1250-1000 (v C-O) 2004
3466 (vO-H), 2924(vas CH,), 2852 (vs CH,), 1740 (v C=0 esters), 1710-
Lipids 1705 (v C=0 acid), 1643 (v C=0 si C=C), 1463 (das CH;), 1423 (v CO + Poli et al.,

OH), 1384 (8as CHs), 1241 (v C-0), 1169 (v C-O-C), 1110 (v C-O) , 979. 2021

2930 (vas CH,), 2860 (vs CH>), 1738-1730 (v C=0 esters or aldehyda),
Shellac 1715 -1720 (v C=0 acid or ketones), 1636 (v C=C), 1466 (& CH,), 1414 (6 Derrick, 1989
CH2),1376 (das CHs), 1241 (v C- O) , 1178 (v C-O-C), 1112 (v C-0), 945
(6 CH,), 930 (8 CH,), 730 and 720 (& rocking CHy)

Sandarac 2955 (vas CHy), 2870, 2871, 1715-1695 (vC=0 acid), 1448 (5 CH,), 1382 Derrick, 1989
(8as CHs), 1321 (v C-O-C), 1180 si 1078 (v C-0), 793 and 673 (5 CH)

Beeswax 2918, 2850 (vs CHy), 2955 (vas CHs;), doublets at: 1742- 1736 (v C=0 Derrick, 1989
esters), 1471 si 1460 (& CH,), 730 si 720 (6 rocking CHy)

Conifer resin 3420 (vO-H), 2922 (vas CH,), 2865, 1710 (v C=0 acid), 1689 (v C=0 al a, Zumbiihl, Soulier
(Pine tree) B — ketones), 1610 (v C=C), 1544 (vas COO-), 1465 (& CH,), 1440 (vCO + si Zindel, 2021;
OH), 1393 (das CH3), 1280 (6 OH from COOH), 1199 (v OH from Derrick, 1989
COOH), 1161 (v C-O-C), 962 (5 CH)

Colophony 2920 (vas CH,), 2860 (vs CH,), 1710 (v C=0 acid), 1457 (5 CH,), 1381 Poli et al. 2021
(3as CH:), 1241 (v C- 0), 1161 (v C-O-C), 1038 (v C-0), 983 (5 CH), 899
(5 CH)
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The sample taken from the south wall also indicated the presence of an oleo-resinous
varnish made up of various ingredients, including shellac, sandarac, beeswax, conifer resin,
and rosin. Another material identified in this sample, through the vibrations of hydroxyapatite
(Cas(PO4);(OH)), was bone black (Udrea si colaboratorii, 2023). Bone black could be used
in painting for drawing and as an additive to help the oil in varnish or tempera grassa to dry
and stay stable (Zumbiihl, Soulier si Zindel, 2021).

In addition to the original materials used in the mural painting, degradation
products such as carbonyl compounds, metallic soaps, oxalates, nitrates, and
plumbonacrit have also been identified.

Metallic soaps were highlighted in all red painting samples by the decrease in intensity
of bands around 3500-3300 cm™ and 1708 cm™ corresponding to acids (fatty acids, abietic
acids or acids derived from protein degradation) and the appearance bands in the range 1600-
1400 cm™. The intensity of the band at 1514 cm™ suggests that the largest amount of metal
soaps is found in the CrSud sample. This aspect is in full agreement with the presence of
organic materials in that sample.

Calcium oxalate monohydrate was identified by the bands around 1620-1640, 1320
and 779 cm’', while the oxalate dehydrated at 1643, 1330 and 783 cm™ (van Loon, 2008, pp.
133).

Plumbonacrite (Pb,O(OH)(COs)s) was identified by bands located at 419, 466, 685,
1400, 3542, and 3560 cm™ (Brooker et al., 1983). Sodium nitrate was suggested by the bands
at 1395, 1068, 838 and 727 cm’', while potassium nitrate is represented by the characteristic
bands at 1050, 827, 1420 and 714 cm™ (Weir and Lippincott, 1961).

4.1.3.3. Results of the GC-MS investigation

In the analysis of the mural painting at the wooden church from Agarbiciu, GC-MS analysis
played a significant role in confirming the presence of egg yolk and identifying the type of oil
added to tempera grassa. The identification of the oil was based on the ratio of palmitic acid
(C16:0) to stearic acid (C18:0) (Figures 4.1.23 - 4.1.24 and Table 4.1.3.) (Marutoiu et al.,
2019).

For the selection of painting samples, was taken care to avoid those containing
pigments such as lead, mercury, or iron, which could greatly influence the ratio of saturated
fatty acids in the oil due to degradation processes (Mazzeo et al., 2018). In this context, the
colour area most suitable for GC-MS analysis was the one containing copper-based pigments

(Tumosa and Mecklenburg, 2005).
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Figure 4.1.23. Total ion chromatogram of ethyl ester of palmitic acid (16:0), linoleic acid (18:2), oleic acid
(18:1) and stearic acid (18:0) identified in the green painting sample (Marutoiu et al., 2020).

Table 4.1.3. Chromatographic characteristics of ethyl ester fatty acids identified in the green
paint sample (Marutoiu et al., 2020).

Nr. Ethyl ester of: m/z characteristics Proba 1 (%) Proba (2 %)
1 palmitic acid (16:0) 73, 87,101.... 255, 284 29.78 41.35
2 linoleic acid (18:2) 67, 81, 95, 109, 262, 308 15.68 2.68
3 oleic acid (18:1) 67, 81, 95,109, 264, 310 25.35 17.09
4 stearic acid (18:0) 73, 87,101 ... 283,312 29.19 38.86
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Figure 4.1.24. Selected mass chromatogram of molecular fragments

m/z = 101 of palmitic acid and stearic acid and m/z =301 of cholesterol (Marutoiu et al., 2020).
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The P/S ratio values for the two samples were 1.02 (sample 1) and 1.06 (sample 2),
indicating the use of linseed oil as a component of tempera (Marutoiu et al., 2020).
The presence of linseed oil and egg yolk (indicated by m/z = 301 corresponding to
cholesterol) confirms the artistic technique used by the painter Dumitru Ispas in

creating the tempera grassa mural at Agarbiciu.

4.1.4. Applications of scientific investigation results in digital restoration
Based on the identification of materials in the Agarbiciu mural painting, laboratory replicas of
the colours were produced. After digitalisation, they formed the fundamental basis for both
the digital restoration of the mural painting and its virtual promotion as an art and religious

monument (Marutoiu et al., 2020).

4.1.5. Conclusions

Using XRF, r-FTIR, t-FTIR, and GC-MS investigations, the main materials and artistic
techniques used by Dumitru Ispas in creating the mural painting at the wooden church in
Agarbiciu were identified and characterised. In 1801, during the painting the nave and altar,
the painter used the following pigments: calcite, Prussian blue, hematite, lead red, realgar,
orpiment, malachite (or verdigris), carbon black, and magnetite. Seventeen years later, when
painting the narthex, the pigments used were: calcite, Prussian blue, hematite, lead red, lead
white, cinnabar, orpiment, late Scheele green or early emerald green, carbon black, and
magnetite. The ground layer was composed of gesso grosso, gesso fino, and animal glue. The
pigments mixed with egg yolk and linseed oil (tempera grassa) were applied to the
completely dried ground layer using the a secco technique. Identifying certain minerals in
smaller quantities was also significant. For instance, the presence of calcite, aragonite, and
dawsonite suggested that some pigments, like realgar, might have come from the eastern part
of Transylvania. The detection of barium was crucial in determining the use of green pigment
in the narthex, either a late variant of Scheele green or an early variant of emerald green.

The presence of strontium in all XRF spectra, along with calcium and/or sulphate
carbonates, pigments with carbonate impurities, black carbon-based pigments, and animal
glue, suggested the originality of the materials (the mural painting had not undergone
restoration interventions) (Franceschi et al., 2014).

Moreover, the identification of heavy metal-based pigments (As, Hg, and Pb) and
degradation products of arsenic-based pigments was vital from a health and occupational

protection standpoint in the field of artwork (Udrea, Marutoiu, and Nemes, 2022).
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4.2. Characterisation of Dumitru Ispas’s
mural painting

in the wooden church of Straja, Cluj County, Romania

4.2.1. Introduction

The wooden church of the Holy Archangels Michael and Gabriel in Straja, Cluj, follows the
usual design of wooden churches with its semicircular-shaped altar, nave, narthex, bell tower,
and a porch on the southern side. The beautiful mural paintings inside the church were created

in 1806 by the painter Dumitru Ispas and his son, Stefan (Nemes et al., 2020).

.-

Figure 4.2.4

Figure 4'2'1, . F‘gufe 423 Slel:qu;:nce of thehmural Sequence of the mural painting in
The wooden church in Straja, painting in the altar 'area W ere the iconostasis area (Nemes et al.,
Capusu Mare, Cluj country some of the non-invasive 2020)
(Nemes et al., 2020) investigations (XRF and r-FTIR)

were conducted
(Nemes et al., 2020)

4.1.2. Experimental Methods

The scientific investigation of the mural painting was conducted using non-invasive
diagnostic methods (XRF and r-FTIR) and invasive techniques for artworks (t-FTIR and
DSO).
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4.2.3. Data Interpretation and Results
4.2.3.1 XRF Investigation Results

The XRF investigation reveals that the white parts of the mural painting were made using
white lead. For the yellow colour, a pigment called orpiment was used, which is based on
arsenic sulphide (As,S;), along with calcite and goethite. For the yellow pigment, arsenic
sulphide-based orpiment (and/or para-realgar (-AssS4)) was used in combination with calcite
and goethite (FeO(OH)). To achieve the dark red shade they mixed hematite with calcite and

small amounts of red lead.
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Figures 4.2. (Summary 1) contaings Figures 4.2. 5 - 4.2.10 (from the thesis)

corresponding to the areas of painting investigated with XRF

The faint signals of lead may originate from the oil additive used in tempera grassa, or from a
degradation product (metallic salts). In the reddish-orange painting, red lead was the main
pigment used, and in the olive green one, copper-based pigments like malachite and green
earth pigments were employed. The blue colour was made by mixing early Prussian blue
pigment with calcite. The presence of calcium and strontium in all spectra was explained in

the previous chapter.
4.2.3.2. The results of the r-FTIR investigation

In the r-FTIR investigation, which corresponds to the dark red and reddish-orange paintings,

the results are represented in Figures 4.2.11 and 4.2.12. The first spectrum revealed the
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presence of iron oxide pigment (hematite) with a band at 485 cm™, while the spectrum in
Figure 4.2.12 indicated the use of red lead (Pb;0,) through a doublet around 530 and 486 cm’™
(Nemes et al., 2020; Ciuladiené et al., 2018).

Kubelka Musk

Figure 4.2.11.
r-FTIR spectrum of the dark red coloured painting (Nemes et al., 2020)

Figure 4.2.12

r-FTIR spectrum of the red-orange coloured painting (Nemes et al., 2020)

Calcium sulphate, a mineral used in the ground layer, was suggested by the bands at
3487,2132,2114, 1150 (inverted band), 670, and 617 cm™ (Nemes et al., 2020; Melchiorre Di
Crescenzo et al., 2013). Organic materials of protein nature (animal glue and egg yolk) were
indicated by vibrations around 3350-3180, 3090, 1677, 1543, and 1450 cm™ (Nemes et al.,
2020; Rosi, Miliani, Clemente et al., 2010), while lipid materials (egg yolk and oil) were
highlighted by bands at 3000-2800, 1800, 1460, 1384, 1240, and 1163 cm™ (Nemes et al.,
2020; Piqué and Verri, 2015). The band around 2950 cm™ is a marker of tempera grassa (Bell,
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Nel, and Stuart, 2019, pp. 104). Calcium carbonate was suggested by the bands at 1454 and
698 cm™ (Nemes et al., 2020), lead carbonate by the bands at 1400 and 838 cm™, and early
Prussian blue by the specific Fe-CN, Fe-C, and Fe-O bands at wavelengths below 600 ¢cm™
(Udrea et al., 2022; Ciuladiené et al., 2018).

4.2.3.3. Results of the t-FTIR investigation

The t-FTIR investigation was conducted on three samples of red-coloured paint (D3, Ds, and

Dy), one sample of green paint, and two canvas samples.
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Figure 4.2.13. t-FTIR spectra corresponding to the red-coloured paint samples (D, Ds, and D)

representing different shades of red, dark red, and orange-red.
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Figure 4.2.14. Second derivative (SD) spectra from the spectra series presented in Figure 4.2.13 in the spectral
range of 1750 - 420 cm™. The spectra D;, D, and Dy correspond to the paint samples of red, dark red, and

orange-red colours.
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Through the comparative analysis of the spectra, it was confirmed that the mineral
used in the ground layer was hydrated calcium sulphate, as indicated by the bands at 3620,
3550, 3400 cm-1 (with a shoulder at 3492 cm™), 1684, 1620, 1141, 1111, 672, and 595 cm™
(Nemes et al., 2020; Wallert, Hermens, and Peek, 1995, pp. 46-64).

Organic materials of protein and lipid nature were suggested by the bands at 3230,
1660-1640, 1566, and 1450 cm™ for protein, and 2919-2850, 1736-1700, 1462, 1386, and
1165 cm™ for lipids (Nemes et al., 2020; Mazzeo et al., 2018).

The bands around 512, 450, and 441 cm™ revealed the presence of red lead (Vahur,
2010), while those at 485-430 and 580-510 cm™ indicated hematite (Ciuladien¢ et al., 2018).
The bands at 1001, 913, 526, and 465 cm™ confirmed the presence of red ochre. The presence
of hematite and red ochre was further supported by the bands of silicates (1030 cm™),
aluminosilicates (692 and 773 cm™) (Vargas et al., 2019), quartz (797 and 777 cm™), and
kaolin (3690-3620 and 1010-700 cm™) (Ciuladiené et al., 2018). The low-intensity bands in
the spectral region of 1040-478 c¢cm™ in spectra Dy and Dy may derive from degradation
products of arsenic-based pigments (Udrea et al., 2022; Ciuladiené et al., 2020) or indicate
contamination of iron-based pigments (hematite and/or red ochre) with arsenic (Manasse si
Mellini, 2006). Besides the red pigments, calcite (1396, 1089, 872, and 713 ¢m™) and lead
white (1393, 1045, 837, and 677 cm™) were also identified (Hans and Paul, 1963). In the
green paint sample, malachite, whose spectrum is presented in (Nemes et al., 2020), was
identified by the bands around 3400, 3322, 1520-1390, 1098-875, 820, 748, 580-565 cm™,
and 520-420 cm™ (8 COs*). The spectrum and description of t-FTIR bands corresponding to
the blue paint sample (with grey tones due to degradation) resulting from the mixture of

Prussian blue pigment and calcite were presented in chapters 4.1 and 4.3.

The most abundant degradation products identified were lactones or anhydrides (1790-
1770 cm™), lead soaps (2933 and 2849, 1540 and 1513 c¢cm™) (van Loon, 2008, pp. 140),
calcium carboxylates (1566 and 1538 cm™), calcium oxalates (1322 ¢cm™), and copper oxalates

(1365 and 1320 cm™) (Keune et al., 2016).

The canvas investigation, by means of spectroscopic analysis, aimed at finding out
what type of cellulose fibre was used to make the canvas and assess its state of preservation.
The condition of the cellulose fibres in the investigated canvas samples was evaluated by

comparing the specific vibrations of the specific bands of functional group vibrations of the
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chemical components of hemp fibres in the samples, using a hemp reference spectrum

(Figures 4.2.15 - 4.2.17).
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Figure 4.2.15. Comparative analysis of the two canvas samples taken from the mural painting with

the reference spectrum (hemp)
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Figure 4.2.16. Detail of the spectral region 3700 - 2800 cm™' spectra in second derivative spectra

of the t-FTIR spectra of the canvas samples

The spectrum of the canvas sample from the apse also contains bands related to the painting
materials. The degradation of cellulose fibres was indicated (according to Figures 4.2.15-
4.2.17) by changes in the intensities of hydrogen bond-specific bands (3500-3000 cm™),
increased intensity of carbonyl compounds (1750-1650 cm™), and decreased intensity of C-O-

C, C-0, and C-C-C vibrations in the range of 1200-800 cm™ (Calvini and Gorrossini, 2002).
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The red line - the spectrum of the canvas
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Figure 4.2.17. Fingerprint region (1800 - 400 cm™")

of the t-FTIR spectra of the canvas samples

4.2.3.4. Results of the DSC investigation

The type of fibre used in the canvas and its state of conservation were confirmed, by the
results of the differential scanning calorimetry (DSC) analysis (Figure 4.2.18) (Nemes et al.,
2020).

Figure 4.2.18

14] 476.6
% :z DSC profile of the canvas from the altar, where the
g 8 endotheRmic peak at 135.7°C corresponds to the loss
% 51 of water molecules from the fibre, while the
?2 : exothermic peaks at 342.5°C and 476.6°C indicate the
£ 0+ depolymerisation of hemicellulose and cellulose, and
2 135.7 the decomposition of lignin and other fibre compounds
3 100 200 300 400 500 600 (Nemes et al., 2020)

Temperatura (°C)

4.2.4. Conclusions

Dumitru Ispas used a variety of pigments to create the mural painting at the wooden church in

Straja. These included white lead, calcite, orpiment, goethite, malachite, early Prussian blue,
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hematite, lead red, and possibly realgar. He applied these pigments on a dry ground layer (a

secco) using the tempera grassa artistic technique.

The paint layers showed signs of degradation, with the most abundant
degradation products being metal soaps, oxalates, and carbonyl compounds. These

products can affect the appearance and preservation of the painting over time.

The materials used for the ground layer were calcium sulphate and animal glue. The
canvas used in the church, in some areas, it served as a lining between beams, while in others,
it acted as a support for the painting. This canvas was made from hemp fibre. Through the t-
FTIR and DSC analyses, the nature of the fibre and its state of preservation were confirmed.
The diagnostic methods indicated that the canvas in the iconostasis area had experienced more
degradation compared to the canvas in the apse. This information gathered from these
diagnostic methods helps us understand the condition and materials used in creating this

beautiful mural painting at the wooden church.
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4.3. Scientific Investigation of the Icon

"Entry of Our Lord into Jerusalem' by Dumitru Ranite

Figure 4.3.1. The Icon The Entry of the into Jerusalem
by Grigore Ranite

4.3.1. Introduction

The artwork under scientific investigation is the wooden icon "Entry of Our Lord into
Jerusalem," created around 1745 by the painter Grigore Ranite. Originally, this icon was part
of the iconostasis in the church of Garda de jos (Alba Iulia), but it is currently housed at the

Ethnographic Museum of Transylvania (inventory number B 4 513) (Udrea et al., 2023).

4.3.2. Experimental Methods

The investigation of the icon involved the use of ED-XRF and t-FTIR. The XRF investigation
was performed on various colour areas of the icon, while for the t-FTIR analysis, three paint
samples (blue-grey, green, and red) and two wood samples (one from the back of the icon and

the other from the frame) were collected.

4.3.3. Results and Discussions

4.3.3.1. XRF Investigation Results

The elemental composition obtained from the XRF investigation of the different colour areas
of the icon and the possible attribution of pigments were extensively presented in the thesis

and the article by Udrea et al. (2023); here, a summary is provided in Table 4.3.3.1.
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Table 4.3.3.1. Summary of XRF scientific investigation

Zone of painting colour Elemental Composition Possible pigment attribution
investigated:
Gilded (central part and icon frame) Ca, Fe, Au, Sr High-purity gold leaf (Au) on red
bolo layer
Gilded (Jesus Christ's garment) Ca, Fe, Au, Sr Gold (pigment)

Red (Jesus Christ and other

character's garments — on right side Ca, Fe, Pb, Au, Hg, Sr Cinnabar, red lead, hematite, gold
of icon) pigment
Red (city building and rocks) Ca, Fe, Hg, Pb, Sr Cinnabar, red lead, hematite
Red (icon frame) Ca, Fe, Hg, Pb, Sr Red lead and hematite
Light blue and dark blue (tower) Ca, Fe, Pb, Sr Lead white and early prussian blue
Green (tree and left character) Ca, Fe, Cu, Pb, Sr Lead white, copper-based pigments,
earth pigments
Green-brown (rocks) Ca, Fe, Cu, Pb, Sr Lead white, copper-based pigments,
earth pigments
Brown (rocks) Ca, Fe, Pb, Sr Lead white, goethite, and possibly

carbon black

Light brown (central area of rocks) Ca, Fe, Pb, Sr Lead white mixed with ochre

The signals of calcium (Ca) and strontium (Sr) were present in all XRF spectra, and
their relationship was described in Chapter 4.1. The signals of iron (Fe) and lead (Pb) were
present in all XRF spectra of the analysed points, except for the spectrum of the area covered
with gold leaf, indicating the possible presence of an imprimitura, lead-based imprinting layer
(lead white and/or red lead) and iron-based pigments (hematite) above the ground layer
(Serendan et al., 2013). The potential presence of an imprimitura layer in the icon
"Transfiguration of Jesus Christ," also painted by the same iconographer Grigore Ranite, was

supported by Bratu et al. (2020).

The gilded area was made with high-purity gold, both in the form of leaf and pigment.
The presence of calcium and iron in the area covered with gold leaf indicates the use of bolo
for its application. Gold pigment was used in the red-coloured painting, where cinnabar

(HgS), a precious pigment, was also identified. The use of these two pigments corresponds to
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the iconographic significance of the depicted scenes. Figures 4.3.3 and 4.3.4 illustrate, as
examples of the XRF investigation, the spectra corresponding to the gilded areas of the icon's

frame and the garment of Jesus Christ.
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Figure 4.3.4.
Figure 4.3.3

XRF Spectrum of the gilded area

XRF f the gil he icon fi . .
Spectrum of the gilded area on the icon frame corresponding to Jesus Christ's garment

Other red pigments identified were hematite and red lead, and possibly pigments of
Greek origin known as sandyx and syricum. Sandyx was obtained by calcining a mixture of
hematite and lead white (in a 1:1 ratio), while syricum was obtained by mixing sandyx with
hematite (also in a 1:1 ratio); the latter was commercially known as minium (Pb;O,) (Udrea et

al., 2021).

In the green colour area (with various shades), the XRF investigation suggested the
use of lead white, copper-based pigments, and iron-based pigments. In art, lead white was
mixed with pigments not only to enhance brightness but also, as in the case of verdigris, to

increase its resistance to degradation (Wallert, Hermens, and Peek, 1995, pp. 124-125).

The brown-coloured painting was likely obtained with brown ochre, as well as

goethite and lead white.

4.3.3.2. t-FTIR investigation results
The t-FTIR investigation of wood samples from the icon's support was conducted to

determine the wood type and identify and characterise its main chemical components.
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Figure 4.3.16. t-FTIR spectra (average and second derivative ) in the spectral region 1800-400 cm'!
of the wood samples from the icon support (B-sample taken from the back of the icon, C-sample of wood taken

from the back of the icon frame) (Udrea et al., 2023).

The investigated wood samples (Figure 4.3.16) were identified as coniferous wood due to

several features:

higher intensity of the band located at 1264 cm™ than the one at 1221 cm™ (Ishii and
Shimizu, 2001; Lojewska et al., 2005)

« absorption band of the carbonyl group at a lower frequency than 1738 cm™ (indicating

a high lignin content) (Lucejko et al., 2015)

* higher intensity of the guaiacyl-specific absorption vibration at 1510 cm™ compared to

1600 cm™ (Lojewska et al., 2005; Ishii and Shimizu, 2001)

« paired bands around 1140/1031 cm™ and 860/816 cm™ (with similar intensity in

coniferous wood) (Ishii and Shimizu, 2001)

 absorption bands at 1695 cm™ and 1022 cm™ specific to the carbonyl groups of
dehydroabietic acid and pimaric acid, respectively (Udrea et al., 2023).

The results were validated (Figure 4.3.17) by comparing the two spectra of panel

samples with a reference spectrum (coniferous wood) (Udrea et al., 2023).

The assessment of the state of preservation of the wooden support was conducted by
identifying and characterising its chemical components (cellulose, hemicellulose, lignin,

extractives). The specific bands for each component were described by Udrea et al. (2023).
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Figure 4.3.17 shows the t-FTIR spectra (average and second derivative) in the spectral region
of 1800 - 400 cm! for the reference sample (A), the wood sample taken from the back of the icon (B), and the
wood sample taken from the back of the icon frame (C) (Udrea et al., 2023).

The degradation of cellulose and hemicellulose was suggested, among other factors,
by the decrease in intensity of absorption related to amorphous regions (1317 cm™),
crystalline regions (~1448 cm™), and B-(1—4) glycosidic linkages in the cellulose fibre
(Udrea et al., 2022; Udrea, 2013, pp. 63-73). Photo-oxidation of lignin was indicated by the
increased intensity of absorption bands related to aromatic groups at around 1604, 1519,
1455, 1422, 1264, and 875 cm™ and the formation of compounds in the carbonyl region
(1700-1780 cm™) and quinones (~1685 c¢cm™) (Chang et al., 2010; Lojewska et al., 2005;
Mosini et al.,1990). Degradation of extractives was recognised through the band at 1245 cm™,
representative of the most oxidised form of resin, the 15-hydroxy-7-oxodehydroabietic acid

(Udrea et al., 2023).

The degradation of the wooden support resulted in the formation of acid-character
degradation products in the spectra of wood samples (spectra B and C). These products
influenced the increased hydrophilic properties of wood, along with the environmental factors
(temperature and humidity) where the artwork was stored, leading to biodegradation
processes. The conifer wood extractives played a significant role in this process, as they

provided nutrients for biotic agents that caused wood-decay (Udrea et al., 2023).

Biotic agents were identified by specific vibrations of their biochemical compounds,

such as amide I and amide II (1635 and 1540 cm™), glycogen (1030 ¢cm™ and 576-583 cm™),
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phosphate compounds (1080, 1247, and 875 cm™) and oxalates (1318 cm™). Bands at 3006
and 723 cm™, attributed to the cis-trans isomerization of double bonds in the fatty acids of
triglycerides, were not present in aged oil (a component of the binder and varnish),
confirming the presence of active wood-decay by biotic agents (Udrea et al., 2023).
Moreover, the band at 1560 cm™, together with the increased intensity of the amide II band
(1540 cm-1) compared to amide I (1635 cm™), indicated the presence of protein compounds
such as chitin or chitosan. These were associated with xilophagous attack (Zotti, Ferroni, and
Calvini, 2011). The wood from the icon frame, due to its marginal position in the icon's

architecture, showed a much more pronounced chemical and biogical degradation process.

The t-FTIR investigation of the three paint samples indicated, through sulphate group
(SO4> signals, that the mineral used for the ground layer was calcium sulphate (gesso)
(Figures 4.3.18 - 4.3.19). This mineral was identified in all three hydration states: anhydrous
(1098, 672,

Blu-grey (SD)

Green (SD)

Red (SD)

. - " - - "
2500 2000
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Figure 4.3.18 shows the t-FTIR spectra of the paint samples
in the blue-grey, green, and red colours in the spectral region of 3700 — 2800 cm™ (Udrea et al., 2023).
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Figure 4.3.19. Detail of the spectral region of 1800-400 cm™ from the t-FTIR

spectra corresponding to the paint samples in the blue-grey, green, and red colours (Udrea et al., 2023).

614, and 595 cm™), bassanite (3553, 3605, 1617, 1114, 659, and 595 cm™), and gypsum
(3395, 3489, 1686, 1620, 1103, 670, and 596 cm™) (Udrea et al., 2022). The prominent and
sharp bands in the spectral regions of 1050-1250 c¢cm-1 and 500-700 cm™ (Lane, 2007)
indicate that both gesso grosso and gesso sottile were used in creating the ground layer (Udrea

et al., 2023).

The presence of proteinaceous materials was identified through vibrations located at
1645, 1552, and 1453 cm™ (Udrea et al., 2023), while lipidic materials were suggested by the
absence of the band at 3009 cm™ (corresponding to cis—trans isomerization), the decrease in
intensity, and the broadening of bands at 724 cm™ (cis-C=C-H), 990 cm™, and 3435 cm™
(Balakhnina et al., 2011), and the presence of free fatty acids like palmitic acid (2956, 2916,
2849, 1695, 1564, 1315, 1299, and 1290-1180 cm™) (Poli et al., 2021). The presence of
proteinaceous and lipidic signals confirms that the artistic technique used was tempera or
tempera grassa (Udrea et al., 2023). It is important to mention that lipids refer to both the egg
yolk and the oil. The oil was used in tempera grassa as well as the main ingredient of varnish

(Udrea et al., 2023).

For the red paint, the bands at 530, 512, and 454 cm™ suggested the use of red lead,
and bands at 580-520 cm™ and 480-420 cm™ indicated hematite. In the blue-grey paint
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sample, bands at 3565, 3533, 1397, 1360, 1044, 855, 838, 776, 680, and 410 cm™ confirmed
the use of lead white (Udrea et al., 2023). Considering the historical period and the presence
of lead white, it was assumed that early Prussian blue was used as the blue pigment. This
pigment's specific vibration at around 2080-2090 cm™, usually corresponding to the cyanide
group, was not detected due to its sensitivity to degradation factors. Instead, its degradation
products and additives were identified. The degradation products found were ferrocyanide
[FelI(CN)6]4, ferricyanide [Feu(CN)g]s, and polymorphic FeOOH compounds. The former
two compounds were recognised based on IR absorptions at around 2120 and 2230 cm™,
while the latter around 799 and 875 cm™ (Udrea et al., 2023). The additives added to the
pigment were identified as aluminium-based compounds AIO(OH) (1072, 884, 740, 621, and
479 cm™), AL,O; (759, 652, 630, 617, 554, and 465 cm™), quartz (1168, 1087, 1032, 798, and
775 cm™), and calcite based on its characteristic bands at 1428, 873, and 712 cm™ (Udrea et
al., 2023). Due to the complexity and difficulties associated with identifying this pigment and
the detection limit of the FTIR instrument, further scientific investigation with
complementary analysis methods is recommended for absolute confirmation (Udrea et al.,

2023; Polkownic and Buisman, 2020).

Results from the t-FTIR investigation of the green-coloured painting revealed the use
of malachite (1488, 1384, 1096, 875 si 820 cm™), verdigris (3482, 3374, 3272, 2985, 2935,
1560-1610, 1417 si 1606, 1445 si 692 cm™'), and copper resinate (1710, 1695, 1247 si 1198
cm™). The black bone pigment, employed for outlining the iconographic details and mixed
with other pigments to achieve various colour tones, was identified based on specific
vibrations at 1087, 1038, 875, 966, 632, 803, 564 si 467 cm™ specific to phosphate from
hydroxyapatite (Cas(OH)(PO),) (Udrea et al., 2023).

As for the varnish, besides linseed oil, it contained other ingredients such as dipentene
resin (1469, 1244, 1200, 1020 cm™), beeswax (2950 , 2919, 1470, 1460, 730 si 720 cm™), and
shellac (2857, 2937, 2895, 1737, 1710, 1639 si 1247 cm™) (Udrea et al., 2023). The strong
intensity of the bands at 1745 and 1172 cm™ indicates the possibility, according to Svecnjak et

al. (2015), that the beeswax was contaminated with beef tallow.

Degradation products identified in the three colour samples included calcium oxalates
and metal soaps. The presence of various metal soaps like copper-based (1585 and 1417 cm™)
and lead-based (1510, 1420, and 1461 cm™) was detected. Iron-based (1530, 1467, and 1444
cm-1) and calcium-based (1579-1540 cm™, 1469-1434 cm™, and 1418 cm™) metal soaps were

also present.
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4.3.4. Conclusions

The investigation confirmed that the wooden support of the icon belongs to the conifer
species. The icon's primer was made using calcium sulphate in various hydrate forms and
animal glue. Strontium was found in all painting samples. The gold used in the artwork, both
as metallic leaf and pigment, was of superior quality. The metallic leaf was applied on a red

bole layer, likely enhanced with red lead.

The identified pigments, including lead white, cinnabar/vermilion, hematite, Prussian
blue (early type), malachite, verdigris, resinates, earth pigments, carbon black, and possibly
ochre pigments, were applied with tempera grassa technique. The varnish used on the icon

consisted of linseed oil, conifer resin, shellac, and beeswax.

Various materials in the painting exhibited signs of degradation. Both chemical and
biological degradation affected the wooden frame support more intensely than the painting
surface. The green and blue-coloured areas experienced chromatic changes, shifting towards
darker tones. The most commonly identified degradation products were metal soaps and

oxalates.
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4.4. Investigation of XRF on the component materials

of the mural painting in the wooden church of Somesul Rece village, Cluj county

Figure 4.4.4. Detail of the mural

painting in the altar (medallion),
where part of the XRF investigation
was carried out

Figure 4.4.3

Figure 4.4.1. o
The mural painting of the apse

Front view of the wooden church
in Somesul Rece

vault

The church is dedicated to the "Descent of the Holy Spirit" and, according to the inscription at
the entrance, it was built in the year 1763. The mural painting inside the church, whose state
of preservation is precarious, was created in 1768, as confirmed by the inscription written in
the old Romanian language (Cyrillic alphabet) on the wall of the altar. Over time, the church

has undergone various restoration interventions.

4.4.2. Experimental methods

X-ray fluorescence (XRF) was used as a non-invasive diagnostic method to investigate the
pigments in the mural painting. The portable Bruker spectrometer (S1 Titan) used in this study

is the same as in previous cases.

4.4.3. Results and Discussions

The XRF scientific investigation demonstrated that many of the materials identified in the
mural painting correspond to the period of its creation. From the comparative analysis of all
XRF spectra data (presented in Table 4.4.) it was noted that strontium (Sr) and calcium (Ca)
were found in all the spectra of the analysed painting areas. Iron (Fe) was also present in all

the XRF spectra, except in the white-coloured area.
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Table 4.4. Summarises the elemental chemical composition in different chromatic areas of the

mural painting in the altar, iconostasis, naos, and narthex.

Picture
colour Altar Iconostasis Nave Narthex
White 1452 —Ca, Si.
White pink 1457- Pb, Ca, Fe, Sr. 1324 - Ca, Fe, Hg, Sr.
(skin) 1303 - Ca, Fe, Sr.
1310 - Ca, Fe, Pb, Sr.
1361- Hg, Ca, Fe, Sr. 1338 — Pb, Ca, Fe, Sr. 1332 — Ca, Fe, Hg, Pb, Sr. 1318 - Ca, Fe, Sr.
1455 - Hg, Ca, Fe, Sr. 1341 — Pb, Fe, Ca, Sr. 1314 — Ca, Fe, Sr
Red 1450 — Ca, Pb, Fe, Sr. 1340 — Pb, Fe, Ca, Sr. 1315 — Ca, Fe, Hg, Pb, Sr.
1451 — Pb, Ca, Fe, Sr. 1320 — Ca, Fe, Hg, Pb, Sr.
1319 — Ca, Fe, Hg, Sr.
1306 — Ca, Fe, As, Sr.
1300 — Ca, Fe, Hg, Pb, Sr.
Blu 1454 — Pb, Ca, Fe, Sr. 1343 - Ca, Fe, Sr. 1333 — Ca, Fe, Pb, Sr. 1307 — Ca, Fe, As, Sr.
1344 - As, Ca, Fe, Sr.
1453 - As, Ca, Fe, Sr. 1348 - Ca, Fe, Pb, Sr. 1337 - Ca, Fe, Pb, Sr 1313 — Ca, Fe, As, Sr.
Green 1433 —As, Ca. Fe, Sr. 1349 - Ca, Fe, Cu, Pb, Sr. 1334 — Ca, Fe, Cu, Pb, Sr. 1321 — Ca, Fe, As, Sr.
1365 — As, Ca, Fe, Sr.
1458 - As, Ca, Fe, Sr. 1312 — Ca, Fe, As, Sr.
Yellow 1456 - As, Ca, Fe, Sr.
1364 — As, Ca, Fe, Sr. 1342 - Cu, Pb, Ca, Fe, Sr. 1309 — Ca, Fe, As. Sr.
1311 — Ca, Fe, Pb, Sr.
1305 — Ca, Fe, As, Sr.
Brown 1304 — Ca, Fe, Sr.
Black 1347 — Ca, Fe, Pb, Sr. 1302 — Ca, Fe, Sr.

The investigation revealed that the white pigments used in the painting were lead

carbonate (lead white) and calcium carbonate (calcite). Red pigments used in the red-coloured

areas included hematite, red lead, cinnabar/vermilion, realgar, and possibly lepidocrocite

(y-Fe(OH)O). Cinnabar/ vermilion was not used alone but in a mixture with hematite and red

lead. Hematite was used alone only for red ornaments, while in certain symbolically

significant iconographic details, it was found alongside cinnabar/vermilion and red lead. The

arsenic and mercury-based pigments could be of Transylvanian origin.

The blue-coloured area was identified as Prussian blue pigment. It was mixed with

lead white in the altar and naveareas (XRF spectra 1454 and 1333) and with calcite in the
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iconostasis and narthex areas (XRF spectra 1344, 1307, and 1343). The presence of arsenic in
the XRF spectrum 1343 could be attributed to degradation products of arsenic-based pigments
used in adjacent blue-coloured areas (Udrea, Marutoiu, and Nemes 2022), or it could be due
to iron pigment impurities (Cruells and Roca, 2012). However, there is a possibility of other
blue pigments being used (as described in chapter 2 of the thesis), which is why further

investigations are recommended.

The green colour in the altar and narthex areas suggested the use of a green earth
pigment contaminated with arsenic or a mixture of yellow pigment (orpiment) with Prussian
blue or goethite (vergaut technique). In the iconostasis and nave areas, two distinct chemical
compositions were identified, consisting of Ca, Fe, Pb, Sr (XRF spectra 1348 and 1337), and
Ca, Fe, Cu, Pb, Sr (XRF spectra 1349 and 1334), respectively. The presence of copper
suggested the use of copper-based pigments. Iron might be associated with earth pigments,

while lead, as described earlier, could have multiple sources.

The investigation of the yellow-coloured painting revealed diverse elemental chemical
compositions in the four investigated areas (altar, narthex iconostasis, and naos). The yellow
painting in the altar and narthex areas was achieved by using a mixture of orpiment and
yellow ochre or by using yellow ochre contaminated with arsenic (Cruells and Roca, 2012). In
the narthex area, the presence of lead and iron indicated a mixture of one of the lead-based
pigments (lead white, massicot, litharge) with yellow ochre. In the iconostasis, the elemental
chemical composition of the yellow painting areas consisted of copper (Cu), lead (Pb), and
iron (Fe). The materials possibly used for this could be chalcopyrite pigment (CuFeS2) or,
according to Salem's publication (2017), a synthetic dye (azo-azomethine dyes) (Salem,
2017). The latter product might indicate a restoration intervention. Deposits of chalcopyrite
have been found in Romania, but its use as a pigment in Romanian painting has still not been
described in national literature. At the European level, only recently, has do Nascimento
Campos and his collaborators (2023) identified this pigment in a painting made by Léon
Palliére (1787 — 1820).
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The XRF investigation of the brown-coloured painting suggested the use of ocher
pigments, such as goethite and/or jarosite. The black-coloured areas possibly used iron-based

pigments like magnetite or maghemite, as well as carbon black.

4.4.3.4. Conclusions

The scientific investigations showed that many of the identified pigments in the mural
painting align with both the period of its creation and the artistic technique used (a secco).
Based on the findings described above, it can be concluded that XRF is highly valuable in
obtaining essential information about a significant portion of the pigments used in 18th-
century paintings. However, it also revealed some uncertainties and complexities, prompting
the need for further analysis. To fully grasp the pigments used (especially as yellow, blue, and
green pigments), the painting's artistic techniques and restoration history, additional research
and in-depth examinations are essential. The investigation sets the foundation for a more

comprehensive understanding of this precious artwork's story and conservation needs.

Besides pigment identification, the XRF also highlighted the possible presence of the
migration process of degradation products of arsenic-based pigments. Their presence in
different areas from the initial pigment placement calls for measures to ensure the safety of
conservation work and the development of appropriate cleaning methodologies for the

painting (Udrea, Marutoiu, and Nemes 2022).
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Chapter 5. Final Conclusions

The results of the investigation have provided valuable insight into the identity and character
of the materials used in some artworks, created by two of the most important Romanian
iconographers of the 18th century: Dumitru Ispas and Grigore Ranite. Dumitru Ispas was an
active painter in the Cluj and Salaj regions of Romania, while the artworks of Grigore Ranite

can be found throughout Transylvania, Oltenia, and Banat in Romania.

The detailed conclusions and recommendations corresponding to the scientific
investigation of each artwork have been presented in Chapters 4.1-4.4. Here, the general

conclusions will be summarised.

The mural paintings in the investigated artworks had a wooden support. The ground
layers were made using gesso grosso, gesso sottile, and animal glue. The painting layers were

applied on dry ground (a secco technique) using tempera grassa as a binder.

Dumitru Ispas, the iconographic painter who created the mural paintings in the
wooden churches of Agarbiciu and Straja, used various pigments, including hematite, red
lead, cinnabar, realgar, orpiment, calcite, lead white, goethite, early Prussian blue, bone black,
magnetite, malachite, and late Scheele green or early emerald green. He often mixed orpiment

with calcite and early Prussian blue with calcite to achieve certain colours.

The mural painting in the wooden church of Somesul Rece proved to be more
complex, with different pigments used for paintings of the same colour in the investigated
areas of the altar, iconostasis, nave and narthex. For instance, green earth pigment and copper-
based pigments were used for the green colour in the altar and narthex, while in the nave, the
green colour was obtained either by mixing orpiment with early Prussian blue or by using a
green earth pigment contaminated with arsenic. The presence of arsenic contamination can be
correlated with its natural origin and the degradation of arsenic-based pigments in the
painting, influenced by the migration of water molecules in the stratigraphy. The yellow areas

were created with orpiment and yellow ochre, and possibly with chalcopyrite or synthetic

colourant (azo-azomethine dyes) (Salem, 2017). The latter two materials have not been found
in the Transylvanian artworks, according to the literature. Other identified pigments include
hematite (and probably lepidocrocite), red lead, cinnabar/vermilion, realgar, and early
Prussian blue. The latter pigment was mixed with lead white in the altar area and with calcite

in the iconostasis and narthex areas.

In Grigore Ranite’s icon, the scientific investigation of the wood support identified the
essence and state of preservation of the main components of the cellulose fibre. The pigments
used in the icon included red lead, cinnabar / vermilion, white lead, early Prussian blue,
malachite, verdigris, copper resinate, earth pigments, bone black, and various ochres

(hematite, goethite, magnetite). Gold leaf was also used in the artwork. The variety of varnish
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ingredients (linseed oil, beeswax, shellac, colophony, sandarac, resin from conifers), as well

as the degradation products of the painting materials, confirmed the authenticity of the icon.

The complementary diagnostic techniques were helpful in identifying and
characterising the materials used in the artworks. XRF was particularly valuable due to its
rapid execution and non- invasive nature, allowing for the identification of the elemental
chemical composition of the paintings in several representative areas. Strontium in the XRF-
investigated painting areas could confirm the authenticity of the materials, while the presence
of barium was essential in identifying the late Scheele green or early emerald green pigment

in the narthex painting of the Agérbiciu church.

The r-FTIR technique was extremely useful in quickly identifying the minerals in the
ground layer, certain pigments, and the type of tempera and artistic techniques used in the
investigated artworks. On the other hand, the t-FTIR technique played a vital role not just in

identifying and characterising the organic and inorganic materials in the paintings, but also in
identifying additives and degradation products. Their identification played a crucial role in
our analysis. Notably, it enabled the early identification of Prussian blue. For instance, when
pinpointing this pigment, the elemental chemical composition acquired via XRF investigation
proved to be a pivotal factor. In the context of the mural painting within the wooden church of
Agarbiciu, the presence of cinnabar in the form of mercury sulphide was revealed by the
quart, shedding light on the materials used. This same mural unveiled the existence of
carbonate compounds such as aragonite, calcite, and dawsonite, alongside realgar. This
combination strongly suggested these materials likely originated from the eastern part of the

Transylvania basin.

Another group of pigments, whose presence was confirmed through the analysis of
degradation products using t-FTIR, pertained to those based on arsenic sulfide. The
identification of these degradation products holds paramount significance due to their
heightened toxicity compared to the pigments themselves. A concise overview of the various
arsenic compounds and their behaviour in the context of painting was briefly outlined in the

article (Udrea, Marutoiu, and Nemes, 2022).

FTIR was also used with GC-MS to identify the type of lipid-based binder used in the
mural painting of the Agarbiciu church. This chromatographic technique showed that linseed
oil was used in tempera grassa and confirmed the presence of egg yolk. Additionally, the
DSC technique was used to identify and to assess the state of preservation of the canvas used
between the wooden beams of the support and the ground layer of the mural painting in the

Agarbiciu church.
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The knowledge of the aspects described in this thesis is of particular importance both
for the dating and authentication of the investigated works of art, as well as in the planning of
future methodologies for the diagnosis, restoration and conservation of the works of art, as
well as regarding the protection measures at work and health of personnel involved in the field

of research and/or conservation of cultural heritage.

Comprehending the facets described in this thesis holds paramount significance, serving dual
purposes: firstly, aiding in the precise dating and authentication of the examined artworks; and
secondly, informing the blueprinting of prospective methodologies for the diagnosis,
restoration, and conservation of these artworks. Furthermore, it bears relevance to the
implementation of protective measures for both the artworks themselves and for the well-

being of those personnel engaged in research and cultural heritage conservation efforts.

Selective bibliography

Appolonia, L., Volpin, S. Le analisi di laboratorio aplicate ai beni culturali, Editura il Prato,

Padova, 1999.

Attila, T. Contributions on the mineralogy of the corund carbonate deposit, Studia

Universitatis Babes-Bolyai. Geologia. XLVII. 2002, 1, 149-159.

Balakhnina, I. A., Brandt, N. N., Kimberg, Ya. S., Rebrikova, N. L., Chikishev, A. Y.,
Variation in the IR spectra of yellow ochre due to mixing with binding medium and

drying, Journal of Applied Spectroscopy, 2011, 78, 183—188.

Bell, J., Nel, P., Stuart, B., Non-invasive identification of polymers in cultural heritage
collections: evaluation, optimization, and application of portable FTIR (ATR and
external reflectance) spectroscopy to three-dimensional polymer-based objects,

Heritage Science, 7, 95, 2019

Bezur, A., Lee, L., Loubser, M., Trentelman, K., Handheld XRF in cultural heritage, a

practical workbook for conservators, J. Paul Getty Trust and Yale University, 2020.

Bratu, 1., Marutoiu, C., Nemes, D., Toader, D., Nemes, O. F., Suciu, R. C., Characterization of
the paint from “The Lord’s Transfiguration” icon by Grigore Ranite, Analytical

Letters, 2020, 54 (1-2), 204-211.

Bratu, 1., Monk Siluan, Marutoiu, C., Kacso, 1., Garabagiu, S., Marutoiu, V. C., Tanaselia, C.,
Popescu, D., Postolache, D. L., Pop, D., Science applied for the investigation of

43



imperial gate from eighteenth-century wooden church of Nicula monastery, Hindawi

Journal of Spectroscopy, Volum 2017, Article ID 6167856, 7 pages.

Brooker, M. H., Sunder, S., Taylor, P., Lopata, V. J., Infrared and Raman spectra and X-
raydiffraction studies of solid lead (II) carbonates, Canadian Journal of Chemistry,

1983, 61, 494-502.

Buse, J., Otero, V., Melo, M. J., New insights into synthetic copper greens: the search for
specific signatures by Raman and Infrared Spectroscopy for their characterization in

medieval artworks, Heritage, 2019, 2, 1614-1629.

Calvini, P., Gorrossini, A., FTIR-deconvolution spectra of paper documents, Restaurator

2002, 23(1), 48-66.

Campos, do M. N., Granato, A., Middea, F., Vasques, O. D. S. G., Gomes, M. F.,
Multitechniques characterization of pigments used in paintings by Leon Palliéere,

Microscopy and Microanalysis, 2023, Ozad062.

Centeno, S. A., Guzman, M. 1., Yamazaki-Kleps, A., della Vedova, C. O., Characterization by
FTIR of the effect of lead white on some properties of proteinaceous binder media,

Journal of the American Institute for Conservation, 2004, 43, 139-150.

Ceroni, M., Elia, G., Diagnostica per i beni culturali. Tecnologia e metodologia aplicata alla

diagnosi e studio delle opere d’arta, Alinea editrice s.r.l. — Firenze, 2008.

Ciuladiené, A., Luckuté, A., Kiuberis, J., Kareiva, A.,. Investigation of the chemical

composition of red pigments and binding media, Chemija, 2018, Vol. 29 (4), 243-256.

Coccato, A., Moens, L., Vandenabeele, P., On the stability of medieval inorganic pigments: a
literature review of the effect of climate, material selection, biological activity,

analysis and conservation treatments, Heritage Science, 2017, 5, 12.

Cruells, M., Roca, A., Jarosites: formation, structure, reactivity and environmental, Metals

2012, 12, 802.

Dalle, S., Snoeck, C., Sengelov, A., Salesse, K., Hlad, M., Annaert, R., Boonants, T., Boudin,
M., Capuzzo, G., Gerritzen, C., Goderis, S., Charlotte, S., Stamataki, E., Vercauteren,
M., Veselka, B., Warmenbol, E., De Mulder, G., Strontium isotopes and concentrations

in cremated bones suggest an increased salt consumption in Gallo-Roman diet,

44



International Journal of Scientific Reports, 2022, 12, 9280. 10.1038/s41598-022-
12880-4.

Derrick, M.R., Stulik, D., Landry, L.M., Infrared microspectroscopy in the analysis of cultural
artifacts, in Practical Guide to Infrared Microspectroscopy. Humecki, H.J. (Ed.),
Marcel Dekker, New York, 1995.

Eastaugh, N., Walsh, V., Chaplin, T., Siddall, R., The Pigment Compendium. A dictionary of
historical pigments. Elsevier, 2004

Fabbi Reno, P. Brent, Nevada June, The occurrence of barium and strontium in typical
Nevada gypsum. 1965, A thesis submitted to the faculty of the University of Nevada in
partial fulfillment of the requirements for the degree of Master of Science

Familia Romana — Revista trimestriala de cultura si credinta romaneasca, 2009, An 10, nr. 2-3
(33-34). Editori: Biblioteca Judeteana "Petre Dulfu" Baia Mare si Asociatia Culturala
"Familia romana" — Biserici de lemn din Maramures - Baia Mare. Consultat in data de

10.01.2023: https://www.bibliotecamm.ro/familia_romana/fr 2009 2-3.pdf

Feller, R. L., Artists’ Pigments: A Handbook of their history and characteristics, 1986, Vol. 1,
Cambridge University Press: Cambridge, UK

Florenskij, P., Iconostasis, Trans. Sheehan, D., Andrejev, O., Crestwood: New York, NY,
1996.

Franceschi, E., Locardi, F., Stronttum, a new marker of the origin of gypsum in cultural

heritage? Journal of Cultural Heritage, 2013, 15, 522-527.

Gliozzo, E., Ionescu, C. Pigments - Lead-based whites, reds, yellows, and oranges and their

alteration phases, Archaeological and Anthropological Science, 2022, 14, 17.

Grandjean F., L. Samain, L, Long, G.J., Characterization and utilization of Prussian blue and

its pigments, Dalton Transactions, 2016, 45, 18018-18044

Grygar, T., Hradilova, J., Hradil, D., Bezdicka, P., Bakardjieva, S., Analysis of Earthy
Pigments in Grounds of Baroque Paintings. Analytical and Bioanalytical Chemistry,
2003, 375, 1154-1160.

Hans, H. A., Paul, F. K., Infrared Absorption Frequency Trends for Anhydrous Normal
Carbonates. American Mineralogist, 1963, 48 (1-2), 124-137.

45



Henderson, J. E., Helwig, K., Read, S., Rosendahl, S. M., Infrared Chemical Mapping of
Degradation Products in Cross-Sections from Paintings and Painted Objects. Heritage

Science, 2019, 7, 71

Higgitt, C., White, R., Analyses of Paint Media: New Studies of Italian Paintings of the
Fifteenth and Sixteenth Centuries, Bulletin National Gallery, 2005, 26, 88-97.

Ishii, T., Shimizu, K., Wood and Cellulosic Chemistry, 2nd ed., rev. and expanded, Marcel
Dekker. Inc.: Basel, Switzerland, 2001.

Janssens, K., Alfeld, M., Van der Snickt, G., De Nolf, W., Vanmeert, F., Radepont, M.,
Monico, L., Dik, J., Cotte, M., Falkenberg, G., Miliani, G., Brunetti, B. G., The use of
synchrotron radiation for the characterization of artists’ pigments and paintings,

Annual Review of Analytical Chemistry, 2013, 6, 399-425.

Kendix E. L., Prati S., Joseph E., Sciutto G., Mazzeo R., ATR and transmission analysis of
pigments by means of far infrared spectroscopy, Analytical and Bioanalytical

Chemistry, 2009, 394:1023-1032

Keune, K., Mass, J., Mehta, A., Church, J., Meirer, F., Analytical imaging studies of the
migration of degraded orpiment, realgar, and emerald green pigments in historic

paintings and related\conservation issues, Heritage Science, 2016, 4, 10.

Kristaly, F., Szakall, S., Bonazzi, P., Bindi, L., Papuc, A., Neogene volcanism related arsenic
sulphide paragenesis from Lazaresti and Bodoc (Ciomadu area, Harghita MTS., and
Covasna). Romanian Journal Mineral Deposits, 2006, 82, Mineral Deposits and

Environment, 20-23 September 2006, ALBAC, ROMANIA.

Lane, M. D., Mid-infrared emission spectroscopy of sulphate and sulphate-bearing minerals.

American Mineralogist, 2007, 92, 1-18.

Larsen, R., Coluzzi, N., Cosentino, A., Free XRF spectroscopy database of pigments checker.

International Journal of Conservation Science, 2016, 7 (3), 659-668.

Lojewskaa, J., Miskowieca, P., Lojewska, T., Proniewicz, L. M., Cellulose oxidative and
hydrolytic degradation: In situ FTIR approach. Polymer Degradation and Stability,
2005, 88, 512-520.

46



Lucejko, J. J., Modugno, F., Ribechini, E., Tamburini, D., Colombini, M. P. Analytical
instrumental techniques to study archaeological wood degradation, Applied

Spectroscopy Reviews, 2015, 50 (7), 584-625.

Manasse, A., Mellini, M., Iron (hydr)oxide nanocrystals in raw and burnt sienna pigments,

European Journal of Mineralogy, 2006, 18 (6), 845-853.

Marutoiu, C., Bratu, 1., Nemes, O. F., Nemes, D., Neamtu, C., Moldovan, Z., Tia, T., Udrea, I.,
Tigae, C. Scientific investigation of the paintings from the Agarbiciu (Cluj county)

wooden church. Journal of Minerals and Materials, Characterization and Engineering,

2020, 8, 177- 196.

Marutoiu, C., Bratu, 1., Buta, M., Nemes, O. F., Siluan, S., Tanaselia, C., Simionescu, A.,
Multidisciplinary investigations of a double sided wooden icon from Nicula

monastery, Romania. Revista de Chimie, 2019, 70, 2747-2752.

Marutoiu, C., Bratu, 1., Budu, A. M., Santa, G., Marutoiu, O. F., Neamtu, C., Tanaselia, C.,
Kacso, 1., Sandu, 1., Evaluation of conservation state by analysis of Imperial Gates'

constituent materials belonging to an Aschileu Mic wooden church, Cluj County,

Revista de Chimie 2015, 66, 992-996.

Marutoiu, C., Bratu, L., Trifa, A., Boti, M., Marutoiu, V. C., FTIR Analysis of painting
materials from the church Saint Paraschiva of Poenile Izei, Maramures, Romania,

International Journal of Conservation Science, 2011, 2 (1), 29-35.

Marutoiu, C., Trofin, M., Bratu, 1., Postolache, D., Kacso, I., Tanaselia, C., Sandu, I.
Evaluation of the conservation state of a wooden icon, St Nicholas, from Transilvania

(XIXth Century), Revista de Chimie, 2016, 67 (5), 916-919.

Mazzeo, R., Prati, S., Quaranta, M., Joseph, E., Kendix, E., Galeotti, M., Attenuated total
reflection micro FTIR characterisation of pigment—binder interaction in reconstructed

paint films. Analytical and Bioanalytical Chemistry, 2008, 392(1), 65-76.

Mecklenburg, M. F., Tumosa, C. S., Edward, E. P, The influence of pigments and ion
migration on the durability of drying oil and alkyd paints. Smithsonian Contributions
to Museum Conservation. 2012, (3), 60-67, Site visited on 14.06.2022.
https://repository.si.edu/bitstream/handle/10088/20490/12.Mecklenburg. SCMC3.Mecklenbur
g.Web.pdf?sequence=1&isAllowed=y .

47



Melchiorre Di Crescenzo, M., Zendri, E., Rosi, F., Costanza, M., A preliminary FTIR-based
exploration of the surface phase processes in contemporary mural paintings, e-

Preservation Science, 2013, 10, 10-18.

Miliani, C., Rosi, F., Brunetti, B. G., Sgamellotti, A., In Situ Noninvasive Study of Artworks:
The MOLAB Multitechnique Approach. Accounts of Chemical Research, 2010, 43
(6), 728- 738.

Miliani, C., Rosi, F., Daveri, A., Brunetti, B. G., Reflection spectroscopy for the non-invasive

in situ study of artists’ pigments, Applied Physics. A, 2012, 106, 295-307.

Monico, L., Rosi, F., Miliani, C., Daveri, A., Brunetti, B. G. Non-invasive identification of
metal-oxalate complexes on polychrome artwork surfaces by reflection mid-infrared

spectroscopy. Spectrochimica Acta, Part A, 2013, 116, 270-280.

Murcia-Mascar, R. C., Ferrero, S., Villaverde, J., Lopez, V. E., Domingo, E., Martinez, I. R.,
Guillem, P. M., Application of field portable EDXRF spectrometry to analysis of
pigments of Levantine rock art, X-Ray Spectrometry, 2010, 39, 243-250.

Neamtu, C., Bratu, 1., Marutoiu, C., Marutoiu, V. C., Nemes, O. F., Comes, R., Bodi, S., Buna,
Z., Popescu, D., Component Materials, 3D Digital restoration and documentation of

the imperial gates from the wooden church of Voivodeni. Sdlaj County, Romania,

Applied Sciences, 2021, 11, 3422

Nemes, O. F., Bratu, 1., Marutoiu, C., Kacso, 1., Miclaus, O., Mihali, D., Nica-Badea, D.,
Spectroscopy investigation of triptych icon from the Borsa Church. Maramures

County. Revista de Chimie, 2018, 69, 76-79.

Nemes, D., Marutoiu, C., Bratu, 1., Neamsu, C., Kacso, I., Nemes, O. F., Udrea, I.
Characterization of the paint used by Dumitru Ispas in the wooden Straja church, Cluj

County, Romania, Analytical Letters, 2021, 54:1-2, 255-264.

Pharr, C. M., Griffiths, P.R., Infrared spectroelectrochemical analysis of adsorbed
hexacyanoferrate species formed during potential cycling in the ferrocyanide/

ferricyanide redox couple. Analytical Chemistry, 1997, 69 (22), 4673-4679.

Poli, T., Chiantore, O., Diana, E., Piccirillo, A. Drying oil and natural varnishes in paintings: a

competition in the metal soap formation, Coatings, 2021, 11, 171.

48



Polkownic, C., Buisman, 1., Prussian blue: Limitations associated with the analysis of early
synthetic pigments and their extenders. In Bulletin 8, Cambridgeshire, UK: Hamilton
Kerr Institute, 2020.

Pozo-Antonio, J. S., Barral, D., Herrera, A., Elert, K., Rivas, T., Cardell, C., Effect of tempera
paint composition on their superficial physical properties-application of

interferometric profilometry and hyperspectral imaging techniques, Progress in

Organic Coatings, 2018, 117, 56-68.

Radepont, M., de Nolf, W., Janssens, K., Van der Snickt, G., Coquinot, Y., Klaassen, L., Cotte,
M., The use of microscopic X-ray diffraction for the study of HgS and its degradation
products corderoite (a-Hg3S2CI2), kenhsuite (y-Hg3S2Cl2), and calomel (Hg2CI2) in
historical paintings. Journal of Analytical Atomic Spectrometry, 2011, 26 (5), 958-959.

Rosi, F., Miliani, C., Clementi, C., Kahrim, K., Presciutti, F., Vagnini, M., Manuali, V.,
Daveri, A., Cartechini, L., Brunetti, B. G., Sgamellotti, A., An integrated spectroscopic

approach for the non-invasive study of modern art materials and techniques, Applied

Physics, 2010, 613-624.

Roy, A., Artists' pigments: A handbook of their history and characteristics, 1993, Vol. 2,
National Gallery of Art: Washington, DC, USA

Saikia, B. J. Spectroscopic estimation of geometrical structure elucidation in natural SiO2

crystal. Journal of Materials Physics and Chemistry, 2014, 2 (2), 28-33.

Salem, Z., Synthesis and study of an azo-azomethine dyes with N, O donor set of atoms and
their Cu(Il), Co(Il) and Ni(Il) complexes, Chemistry and Materials Research, 2017, 9
(3), 10— 16.

Salvado, N., Buti, S., Tobin, M. J., Pantos, E., John, A., Prag, N. W., Pradell, T. Advantages of
the use of SR-FT-IR Microspectroscopy: Applications to cultural heritage, Analytical
Chemistry, 2005, 77, 3444-3451.

Serendan, C., Hradil, D., Hradilova, J., Cannataci, J., Early Renaissance altarpieces in
Transylvania: materials and technological characteristics. In Saunders, D., Spring, M.,
Meek, A. (Eds.), The Renaissance workshop: the materials and techniques of

Renaissance Art, Archetype Publications Ltd: London, 2013, pp 60-70.

49



Spring, M., Grout, R., The blackening of vermilion: an analytical study of the process in
paintings, National Gallery Technical Bulletin, 2002, 23, 50-61. Consultat in data de
19.08. 2021: http://www.nationalgallery.org.uk/technical-bulletin/spring_grout2002.

Svecnjak, L., Baranivic, G., Vincekovic, M., Prdun, S., Bubalo, D., Gajger, 1. T., An approach
for routine analytical detection of beeswax adulteration using FTIR-ATR

spectroscopy, The Journal of Apicultural Science, 2015, 59 (2).

Trifa, A., Marutoiu, C., Santa, G., Bratu, 1., Marutoiu, V., Research on the mural paintings
from the church saints archangels, from the village of Aschileu Mic, county of Clu;.

European. Journal of Science and Theology, 2013, 9 (2), 169-177.

Tumosa, C. S., Mecklenburg, M. F., The influence of lead ions on the drying of oils. Reviews
in Conservation, 2005, 6, 39-47.

Udrea, 1., Marutoiu, C., Nemes, F., Pigmentii pe baza de arsenic — Sola dosis facit venenum.
Carte: Caietele restaurarii, numarul 10, pag. 250 — 265, Editura Art Conservation

Suport, Bucuresti, 2022.

Udrea, I., Marutoiu, C., Nemes, O. F., Bratu, 1., Nemes, D., Toader, D., Spectroscopic
analysis of the Romanian icon “The Entry of the Lord into Jerusalem” by Grigore

Ranite, Analytical Letters, 2023, 56:2, 312-330.

Udrea, 1., Nemes, O. F., Bratu, 1., Nemes, D., Toader, D., Marutoiu, C., The spectroscopic
analysis of constituent materials of the Romanian icon “The Entry of the Lord into
Jerusalem” by Grigore Ranite, In 13th International Conference, Processes in Isotopes

and Molecules, September 22-24, 2021, Cluj-Napoca, Romania.

Udrea, 1., Analisi conoscitive per valutare le conditioni di conservare dell’opera Codex - Vitae
di Anna Moro Lin. Tesi di laurea magistrale. Universita Ca’Foscari, Venezia, Italia,
2013. Consultat in data de 17.02. 2019:

http://dspace.unive.it/handle/10579/1895/browse?value=Udrea%2C+Ilina+
%3C1978%3E&ty pe=author

Vahur, S., Expanding the possibilities of ATR - FTIR spectroscopy in determination of
inorganic pigments, Teza de doctorat, University of Tartu, Estonia, 2010, Online 15.

08. 2020. https://dspace.ut.ee/bitstream/handle/10062/14740/vahur_signe.pdf?

sequence=1&isAllowed=y

50


http://dspace.unive.it/handle/10579/1895/browse?value=Udrea%2C+Ilina
https://dspace.ut.ee/bitstream/handle/10062/14740/vahur_signe.pdf

van Loon, A. Colour changes and chemical reactivity in seventeenth-century oil paintings.
Thesis PhD. University of Amsterdam, 2008. Consultat in data de 20.09.2021.
https://pure.uva.nl/ws/files/4280227/53044 thesis.pdf

Vargas, A., Diosa, J. E., Mosquera, E., Data on study of hematite nanoparticles obtained from
Iron(Ill) oxide by the Pechini method. Data Brief 2019, 25, 104183.
https://doi.org/10.1016/j.dib.2019.104183.

Wallert, A., Hermens, E., Peek, M., Historical painting techniques, materials, and studio
practice: preprints of a symposium [held at] University of Leiden, the Netherlands, 26-
29 June 1995, The Getty Conservation Institute.

Weir, C. E., Lippincott, E. R., Infrared studies of aragonite, calcite, and vaterite type
structures in the borates, carbonates, and nitrates, Archive of Journal of Research of

the National Bureau of Standards,1961, 65A, 3-22.

Wes, J. B., Carl Wilhelm Scheele, the discoverer of oxygen, and a very productive chemist,
American Journal of Physiology - Lung Cellular and Molecular Physiology, 2014,
307, L811-L816.

West-Fitzhugh, E., Artists’ Pigments: A Handbook of Their History and Characteristics, Vol.
3, National Gallery of Art: Washington, DC, 1997.

Zotti, M., Ferroni, A., Calvini, P., Mycological and FTIR analysis of biotic foxing on paper

substrates, International Biodeterioration and Biodegradration, 2011, 65, 569-578.

Zumbiihl, S., Soulier, B., Zindel, C. Varnish technology during the 16th—18th century: The use
of pumice and bone ash as solid driers, Journal of Cultural Heritage, 2021, 47, 59-68.

51



List of published papers

Udrea 1., C. Marutoiu C., Nemes F., 2022. Pigmentii pe baza de arsenic — Sola dosis facit
venenum. Carte: Caietele restaurarii. Numarul 10. pag. 250-265. Editura Art

Conservation Suport. Bucuresti.

Udrea 1., C. Marutoiu, O.F. Nemes, 1. Bratu 1., D. Nemes, D. Toader. 2023. The spectroscopic
analysis of the Romanian icon “The Entry of the Lord into Jerusalem” by Grigore
Ranite. Analytical Letters. Vol. 52:2, 312 -330.

DOI: 10.1080/00032719.2022.2067169
Marutoiu C., I. Bratu, O.F. Nemes, D. Nemes, C. Neamtu, Z. Moldovan, T. Tia, I. Udrea, and

C. Tigae. 2020. Scientific Investigation of the Paintings from the Agarbiciu (Cluyj
County) Wooden Church. Journal of Minerals and Materials Characterization and
Engineering. 8. 177-196. https://doi.org/10.4236/jmmce.2020.84012

Nemes D., C. Marutoiu, I. Bratu, C. Neamtu, I. Kacso, O.F. Nemes and I. Udrea. 2021:
Characterization of the Paint Used by Dumitru Ispas in the Wooden Straja Church,
Cluj County, Romania. Analytical Letters. Vol. 54:1-2, 255-264.
DOI: 10.1080/00032719.2020.1749649

List of attended conferences

Udrea I, Nemes O.F., Bratu 1., D. Nemes, D. Toader, C. Marutoiu. 2021. The spectroscopic
analysis of constituent materials of the Romanian icon “The Entry of the Lord into
Jerusalem” by Grigore Ranite. 13™ International Conferemce. Processes in Isotopes
and Molecules. 22-24 September 2021. Cluj-Napoca. Romania

Nemes D., C. Marutoiu, I. Bratu, C. Neamtu, I. Kacso, O.F. Nemes and I. Udrea. 2020:
Characterization of the Paint Used by Dumitru Ispas in the Wooden Straja Church,
Cluj County, Romania. 13" International Conferemce. Processes in Isotopes and

Molecules. 25-27 September 2019. Cluj-Napoca, Romania

52



