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CHAPTER 1
Introduction
Cultural Heritage represents the basis of our identity, the legacy that the past
civilizations have left us and, for this reason, we must protect it for the future
generations. The preservation of our heritage is a current topic of great interest, in
particular due to the increase in the last 30-40 years of threatening factors, such as
environmental contamination, due to the industrialization, wars and political
instability.
The te

Cultu al He itage usuall i di ates o je ts a d uildi gs that ha e a

historical, artistic and monetary value, although also the intangible heritage that
includes traditions, knowledge, dialects, etc. is part of it. It is a dynamic concept,
because new discoveries from all over the world enrich it every day.

Different types of objects, books, archaeological pieces, paintings, statues, oil and
wall paintings, porcelain, jewellery and textiles belong to the cultural heritage and
each item is composed of different materials, organic and inorganic, which have a
variable aging that affect its durability. Undoubtedly, the most threatened artworks
are all those in the open air, as well as those that are kept in places where it is not
possible to have a controlled atmosphere, such as architectural works, statues,
fountains and wall paintings inside churches and castles [1, 2].
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1.1 Multianalytical approach for the study of
environmental stressors
The factors that promote the deterioration may be intrinsic or extrinsic to the work
of art. For example, several studies have shown that the instability and the reactivity
to the atmospheric agents of some pigments employed on wall paintings can cause
aesthetic damage [3]. Many examples of chromatic variations are known in the
literature, the most frequent being of blackening of lead based pigments such as
minium and lead white [4], or the degradation of malachite [5], cinnabar [6] or natural
earths [7]. In the recent work by Coccato et al. [8] the effect of different parameters
on the stability of most common medieval pigments were shown underlining the
complexity in the conservation of polychrome artworks.
Additionally, the formation of soluble salts, in form of carbonate, sulphate and
nitrate, represents one of the most evident and dangerous cause of degradation for
a porous building material, on the surface (efflorescence) or within the porous
structure (subefflorescence), although the stone has been considered for centuries
one of the most resistant materials [9]. The variations in temperature in presence of
water, both infiltration of rainwater or risen by capillarity, cause cycles of salt
crystallization and hydration and dehydration provoking the contraction and
expansion of the material, which over time, undergoes micro fractures and
subsequently disintegrates [10]. In particular, the formation of nitrate salts, such as
ammonium nitrate, is one of the major causes of disintegration of carbonaceous
materials since ammonium ions are highly reactive species and can attack the alkaline
substances of which the masonries are composed [11]. The identification and study
of nitrate salts that may be caused by natural factors, such as the degradation of
organic material in soil, or of anthropic nature following the wet deposition of NOx
gases in areas with a high level of environmental pollution, is a fundamental step for
the protection of building materials, stones, plasters and bricks [12].
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Moreover, the interaction between objects and structures and atmospheric
pollutants is increasingly studied due to the high levels of air contamination present
in many European cities. Air pollution is characterized by the high level of acidic gases,
which in presence of the water rain become into acids (H2CO3, H2SO4, HNO3) [13, 14].
The action of these acidic compounds favours the degradation of the building
materials and ancient and modern artworks in the open air [15]. These processes
cause, in most cases, the presence of thick black crusts that ruin the appearance of
the artefacts and that are very hard to remove [16] (Figure 1.1).

Figure 1.1: Black crusts visible in the Erechteion in the Achropolis of Athens due to the atmospheric
pollutions of the city.

An example of the harmful influence of atmospheric agents on works of art is the
archaeological site of Pompeii (Italy). In fact, as shown by several recent studies, both
the building materials and the wall paintings of the Roman domus, which had been
preserved over the centuries buried by the pyroclastic material generated from the
eruption of Vesuvius, have suffered a sharp deterioration after the excavation
campaigns that brought them to light due to continuous exposure to atmospheric
agents [17]. Thus, it is very important to study the best methodologies of
preservation before exhibiting an artefact, a painting or an archaeological remain.

In addition, several studies have shown that in certain environmental conditions of
temperature, humidity, type of support [18] and presence of light [19], the historical
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and modern building materials can represent a suitable substrate for biological
colonization [20, 21]. The a ote oid o ga i pig e ts β-carotene, zeaxanthin and
astaxanthin) present in photosynthetic organisms are the most common molecules
identified on substrates and are the main responsible for the aesthetic damage due
to the formation of green, pink or brown patinas on the surfaces of the artefacts [22].
A well know study by Ciferri [23] on the damage caused by the presence of
microorganisms on cultural heritage shows very extensively the most widespread
species on organic and inorganic substrates and the damage that they are able to
promote. Indeed, although it may seem that the presence of biological patinas exerts
only an aesthetic damage, microorganism such as fungi or lichens can penetrate into
the material on which they have grown, with hyphae and thallus respectively, causing
cracks. In addition, from the point of view of chemical damage, oxalic acid (H2C2O4),
secreted by microorganisms, reacts with the calcium carbonate of the substrate
causing the formation of calcium oxalate that, depending on the degree of hydration,
is recognized as whewellite (CaC2O4·H2O) or weddellite (CaC2O4·2H2O), two insoluble
mineral species that contribute to the formation of salt efflorescence [24].

A well know study by Edwards et al. [25], was carried out on the frescoes of Palazzo
Farnese, Caprarola, Italy, where, due to the chemical and structural damage caused
by the massive colonization of lichens (Dirina massiliensis forma sorediata), around
the 80% of the Renaissance frescoes were destroyed in some areas. The analyses
indicated a significant chemical activity in lichen encrustations, in which some
metabolic products such as erythrine, lecanoric acid and polyphenolic acids were
identified together with calcium oxalate hydrate, formed by the irreversible reaction
of oxalic acid with the calcium carbonate of the substrate [26]. On the other hand,
some studies have highlighted the presence of calcium oxalate resulting from the
degradatio of o ga i

i de s

edia [27].
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Being this the state-of-the-art, it is interesting to see the way in which all mentioned
degradations perception has changed, as well as the philosophy in which
conservation and restorations works are carried out.

In past years, the evaluation of the conservation status of an artefact was carried out
by curators and restorers according to an empirical method developed over the years
without carrying out chemical-physical investigations. This lack of materials
knowledge sometimes led to wrong diagnosis and to unsuitable restoration
interventions accordingly. In this way, rather than protect a work of art these
interventions worsened its aesthetics and reduced its durability in time. Only in a few
cases the analytical techniques were used, for example, to verify the suitability and
effectiveness of chemical products used in cleaning procedure [28].
Du i g the last de ade, due to the i

ease of de a s factors, it has been necessary

to operate with a renewed attitude and a great attention has been paid to the study
of materials. For this reason, different professionals - conservators, restorers and
diagnosticians - have shared their historical, artistic and scientific knowledge to
characterize and study not only the original materials but also especially the
degradation products, and consequently, identify the factors that caused them.
Therefore, it has been sometimes possible to reduce these factors and choose the
best restoration and conservation treatment. This was possible especially thanks to
the development of new non-invasive diagnostic methodologies, sometimes adapted
from other scientific fields, that have been employed for the study of Cultural
Heritage. Currently, restoration interventions are carried out only after a chemical
study of materials and each artwork is considered as an individual case.

In this sense, portable and mobile diagnostic techniques are the most adequate tools
with considerable advantages for the study of works of art. Thanks to them, it has
been possible to extend the scientific study to the so-called immobile works of art
that cannot be transported to the laboratory and consequently cannot be analysed
by benchtop instruments. Nowadays, statues, architectural works and wall paintings
5
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can be analysed in situ without taking away any sample, and therefore neither the
appearance nor the integrity of the artefact under study is affected because the
techniques are completely non-invasive. Moreover, the results are obtained almost
immediately, thus, it is possible to decide the right intervention method during the
study campaigns, sparing time.
There is some confusion in the literature with regard to the terminology around
portable devices, even though some efforts has been done, such as a publication by
Bersani et al. [29], which tried to clarify the terminology indicating the different types
of non-dest u ti e te h i ues a d the i st u e ts defi ed as
i st u e tatio

o po ta le i st u e tatio . The

o ile

ost i po ta t fa t is that ith

such kind of portable devices it is possible to perform in situ analyses.

The most used in situ techniques for application in analytical archaeometry are the
spectroscopic techniques [30], such as X-ray fluorescence (XRF), Fourier transform
infrared spectroscopy (FT-IR) and Raman spectroscopy. Since the mid-80s, Raman
spectroscopy has become the most used technique for the molecular study of
artefacts of historical and artistic interest [31, 32], especially for direct [33] and in situ
analysis [34]. The use of a portable Raman spectrometer connected to a micro probe
allows a non-destructive approach towards the work of art, if the laser power is under
control to avoid thermal degradation [35]. Its reliability in the characterization of
ancient [36] and modern pigments [37], organic compounds [38] and degradation
products [39] is reported in many studies concerning cultural heritage.

Even in situ, Raman spectroscopy presents a high standard performance and it is
capable to distinguish among polymorphs of the same compound. An example of this
is the work of Prieto- Taboada et al. [40], which showed for the first time the
attribution of Raman bands belonging to five different polymorphic species of
calcium sulphate (CaSO4.2H20, CaSO4.½.H2O, -CaSO4, -CaSO4, -CaSO4), confirming
the importance of Raman spectroscopy for the study of degradation products found
on the surfaces of wall paintings containing calcium sulphate.
6
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Together with Raman spectroscopy, XRF spectroscopy is also a very valuable
technique for in situ analyses since it provides the elemental composition being used
generally as the first screening of the materials [41]. As well as XRF spectroscopy,
laser-induced breakdown spectroscopy (LIBS) is another technique devoted to the
elemental characterization of materials, and presents some advantages over the XRF
approach, like the possibility to detect light elements. However, LIBS is still not used
as often as XRF although a detailed study was reported more than fifteen years ago
by Anglos [42].

In addition to the success of portable instrumentation, researches have showed that
the best results are obtained when portable techniques are supported by laboratory
analyses. In these cases, portable techniques have been fundamental to identify the
areas of interest in which perform further micro-sampling without unnecessarily
affecting the underlying surfaces. Through the use of laboratory techniques, such as
scanning electron microscope combined with energy-dispersive X-ray spectroscopy
(SEM-EDS), micro X- a

fluo es e e μ-XRF), X-ray diffraction (XRD) [43] or

chromatographic techniques (PY-GC-MS, GC-MS) [44], it is possible to obtain
information that could not be obtained only by in situ analysis. In fact, the signal
obtained by in situ analysis, depending on the technique used, can provide
information that relates not only to the surface but also to the underlying layers,
making more complex the interpretation of the results. For this reason, SEM, microXRF and Raman imaging techniques have revealed to be very useful to obtain the
elemental and molecular distribution of compounds in a sample, especially if it has
been previously embedded in resin to be analysed as a cross section to identify the
stratigraphic distribution of compounds in the layers [45, 46]. This preparation of the
sample is particularly important in the case of wall paintings as they are characterized
by a succession of different layers, in particular in the case of the fresco technique,
which needs some substrate preparation layers (arriccio and intonaco), above which
the paint layer is applied. Moreover, during its history, wall paintings may be
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subjected to restoration interventions and new materials from the modern era,
pigments, consolidating materials and varnishes can be found on the surface.

Thus, thanks to the point by point analysis carried out using laboratory instruments,
the materials that make up each pictorial layer can be well characterized as well as
the presence of possible degradation products.

Indeed, among the immovable artefacts, the wall paintings are undoubtedly one of
the most studied categories because they are the most at risk due to the permanent
interaction with the surrounding environment. Therefore, the study of these
artworks provides information not only about the raw materials but also about the
environment in which they are located. In this way an explanation of the reactions
between the original compounds and the chemicals in the environment can be
explained and the subsequent adequate restoration procedures can be applied [47].

1.2 Medieval wall paintings
After the revaluation of medieval art, excellent results have been obtained in recent
years concerning the study of wall paintings. The medieval era covers a very long
period that includes almost a millennium of art history. According to the most
widespread periodization, the Middle Ages would start in 476 AD, the year of the fall
of the Western Roman Empire, and would end in 1492, the year of the discovery of
America. Generally, the main currents that are recognized by the art historians
include a phase following Early- Christian art, Byzantine art, pre-Romanesque and
Romanesque, and Gothic. However, the attempt to classify them in main periods and
styles could be complex due to local currents that spread to different locations in
Europe and in the Middle East.

The strong break with the classical art from which it strongly differs for the symbolic
character, in contrast to the realism, was the main cause of lack of appreciation that
it had espe iall i the Re aissa e pe iod i
8
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to indicate a rebirth of the arts after the dark medieval ages [48]. This denigration for
an art that was considered of a lower level, and therefore, not worthy of being
safeguarded, was the main cause of abandon of medieval art and even of its voluntary
destruction in the phenomenon of iconoclasm when many works of art were lost
forever. The icons were burned and the mosaics were destroyed as well as the wall
paintings inside the churches. In some cases, these were covered under layers of
plaster or hidden with altarpieces.
Around the middle of the 19th century, medieval art conceived as a true artistic
current was rediscovered, thanks above all to the influence of romantic culture
promoted by writers such as John Ruskin, Eugène Viollet-le-Duc, and Pugin, because
they were the first to question the conservation of the architectural heritage that
arose in the Middle Ages and consequently also the treasures located inside them.

Although the paintings preserved in the castles had the purpose of celebrating the
nobility, those located inside the churches and the monasteries had an educational
function and represented the material instrument that connected the believers to
God. Unfortunately, many of them are at risk of conservation and for this reason
several studies have been carried out in recent years and have allowed to bring to
light pictorial cycles belonging to this era and the historical-artistic studies have
rediscovered new meanings of enigmatic paintings until now unknown.

This introduction aims to show the results obtained in the last twenty years in the
study of medieval wall paintings through the use of portable non-destructive and
micro-destructive techniques, highlighting their reliability in the characterization of
original materials and modern materials used during restoration work carried out in
modern times. Thanks to the study of the materials that compose the pictorial layers
it has been possible to obtain important information about the identification of
pictorial techniques as well as the determination of the period of execution, the
studies of provenance of the raw materials and the attribution to an author or a
studio. In particular, the numerous works that have underlined the usefulness of the
9
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scientific approach for the diagnostic of the conservation state of the paintings thanks
to the identification of degradation products caused by the impact of natural and
environmental stressors will be mentioned along this chapter.

1.3 Characterizatio of
materials

ediae al

all pai ti g’s

1.3.1 Study of antique pigments
At first, the analytical techniques were mainly used for the characterization of original
materials of medieval wall paintings. The compositions of plasters for the
identification of the execution techniques and the pigments used were studied in
depth, especially through the use of laboratory techniques applied on fragments for
surface analysis or in cross-section.

Certainly, the research group headed by H.G.M. Edwards was one of the first to prove
the reliability of spectroscopic techniques for the study of works of art. One of his
first researches on the study of medieval works involved the use of Fourier transform
Raman spectroscopy for the identification of pigments on red samples of English
medieval wall paintings [49] where the signals of vermilion (HgS) on a substrate of
calcium carbonate and siliceous material were identified. In addition, a mixture of
vermilion and red iron oxide (α-Fe2O3) was found approximately mixed in a ratio of
1:3 from a comparison of intensity of spectra of standard pigments.

Numerous researches were carried out on the study of medieval wall paintings
preserved in the religious buildings in the north of Spain. The construction of
churches and monasteries in the Middle Ages in this area was due to the need to
provide an accommodation to pilgrims who stopped in villages along the way heading
to Santiago de Compostela in Galicia (Spain). It is precisely through the comparison
of some fragments taken from two churches in the province of Castilla y León (Spain),
that was verified by Edwards et al. [50] an antique controversy regarding the use of
10
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the term "minium" with which both cinnabar and red lead were defined. This work
showed the potential of the FT-Raman spectroscopy for the identification and
quantification of ancient pigments used in the mixture through the construction of
calibration curves. The confusion in the interpretation of ancient recipes for pigment
blends is unavoidable and was exacerbated by the practice of adulteration of
cinnabar with red lead generally for economic reasons.
However, the research carried out on the murals of the Church of Saints Cosmo and
Damian at Basconcillos del Tozo [51] (Castilla y León, Spain) demonstrated a
hierarchical application in the use of red pigments in which the most important
biblical figures were painted with pure cinnabar while mixtures of cinnabar and red
lead or red ochre were employed in other areas. Moreover, thanks to the application
of FT-Raman spectroscopy, two types of cinnabar were identified from two different
locations, one of which, from the Almadén mine, is supposed to be considered more
precious for its use in the paintings. The same pigment was found also in some
microsamples taken from the wall paintings from the thirteenth century Convento de
la Peregrina, Sahagún (León, Spain) [52].

Of particular interest are the studies conducted on microsamples from murals in the
monastery of Saint Baudelio [53] located to the south of the Duero river. The
chromatic palette composed of haematite, charcoal/soot, litharge, goethite, minium
and copper salt (probably malachite or verdigris) was completely different from the
one found in the northern paintings in which cinnabar, realgar, orpiment, barytes and
lapis lazuli were present. This discovery would confirm the theory of art historians
that the monastery of Saint Baudelio was colonized by an enclosed monastic order,
so the materials employed were limited only to those minerals available locally.

Another similar case is represented by medieval frescoes located in the Palencia
region of Spain [54]. Some fragments from four churches, belonging to different
periods (from fifteenth century to twelfth century) and with influences of different
pictorial schools were studied and only in one case cinnabar was used.
11
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Some researchers have highlighted the lack of availability of raw materials in the
Middle Ages and the difficulty of the purchase for economic reasons. This problem
did not concern only the availability of red pigment such as cinnabar and was
remarkable for the blue pigments. Indeed, since they were imported from Germany
(azurite (2Cu(CO3)2 Cu(OH)2)) or from Afghanistan (lapis lazuli (Na8(Al6Si6O24)Sn)) they
were expensive and therefore were reserved for important areas of wall paintings.
Indeed, in the iconographic tradition, the use of the blue pigment takes on a symbolic
value - it was used to paint the Virgin's mantle - as shown in the study of blue
fragments from medieval mural paintings in the South West of France [55]. Thanks
to spectrocolorimetric analysis and microanalysis with SEM-EDS, the use of copper
based pigments was pointed out, lapis lazuli and azurite (non-local source), employed
for the most important figures, while aerinite (local), a rare blue Fe(II)/Fe(III)containing aluminosilicate from the Pyrenees region, was used for the background.
In the absence of these pigments, the artists resorted to using more accessible
pigments, carbon black or lime white for example.
The same blue pigment aerinite was used for the painting of Romanesque frescoes in
the Pyrenean region of Catalonia and in Andorra [56] and its use was probably
dictated both by local availability and by economic factors. A detailed work published
by Pérez-Arantegui et al. [57] has allowed to obtain new analytical data concerning
the microstructure and the chemical composition of the aerinite pigment identified
on Romanesque wall paintings in Aragón (Spain).

The use of azurite for blue areas and posnjakite (Cu 4(SO4)(OH)6·H2O) and atacamite
(Cu2(OH)3Cl) for green decorations was confirmed also by the study of fragments
from the mural paintings of the Tournai Cathedral, (Belgium) [58]. In other cases, as
i the Peć Mo aste

[59], a black layer of coal was identified under a layer of green

and blue colour in order to obtain a more intense blue hue, a typical method applied
in Byzantine times.

12

Introduction

[Titolo del documento]
A series of wall paintings dating from the Romanesque period to the 16 th century
were uncovered during restoration projects at the Pyrenean Church of Santa Eulàlia
of U ha i

the Val d A a

Spai

[60]. The study through different analytical,

elemental and molecular techniques showed the use of traditional colours of the
medieval period (haematite, goethite, vermilion, red lead, carbon black and calcite)
and a variation of the palette based on the period of realization of the works. Only in
Romanesque paintings the aerinite was identified and for the first time its spectra
were shown in the context of a work of art. On the other hand, surprisingly, in the
16th century wall paintings a mixture of lime white and charcoal black was identified
to o tai a

lue olou .

In fact, the work by Daniel et al. [55] highlighted the use of pigments suggested by a
different conception of colour in the medieval period that does not differ from
theories of contemporary colours. The false blues were used because some grey
shades could be perceived as bluish. In this work the false-blue was considered a
typology and a classification of it was proposed.

The use of false-blue was also found in early medieval frescoes of the Longobard
temple of Cividale del Friuli (Italy) [61] in which the blue colour is given by the
diffusion properties of the black and white particles of lime and carbon black
respectively. In this work a particular technique of achievement was underlined. In
fact, SEM images identified the use of textile fibres incorporated in the pictorial film.
Considering the scarce availability of cotton in Europe in the Middle Ages it can be
assumed that this material was imported by the workers of oriental origin.

Pigment analyses have sometimes revealed the money available for the execution of
the paintings. For example, in the case of the study of 14th century wall paintings from
the Church of the Holy Mother of God Hodegetria (Serbia) [59], Raman spectroscopy
showed that the artist's palette was exceptionally limited, consisting of inexpensive
pigments of local origin, testifying that the founder member did not belong to a noble
family.
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On the contrary, the multi-analytical study based on the use of elemental and
molecular techniques, - employed in the study of materials used for the decoration
of the

o aste

of Žiča [62] (Serbia), - was fundamental for the identification of

expensive pigments such as lapis lazuli and cinnabar, as well as gilding with golden
tin, which confirmed the desire of the Serbian aristocracy to assert its economic
power. This was also the case of the materials found in the Gothic wall painting of
the Dominican Monastery in Ptuj (Slovenia) [63], where the use of expensive
pigments such as azurite and cinnabar indicated a wealthy client. Moreover, of great
interest was the discovery of the lead–tin yellow type I in the wall paintings belonging
to 14th century since, until that moment it was considered that it appeared on the
market only in the first half of the 15th century.

In the study by Edwards et al. [64] on a post-medieval wall painting in the church of
St. Peter and St. Paul at Upton (United Kingdom), an unusual palette of pigments was
identified, which included expensive pigments such as cinnabar and lapis lazuli and
materials from the nineteenth century such as barites and chrome yellow. The
hypothesis formulated by the researchers is that an ancient mural painting could
have been repainted in modern times. A similar research using micro-Raman
spectroscopic was reported by Minceva-Sukarova et al. [65] on the study of pigments
used i

edie al all pai ti g i S eta Bogo odi a hu h i Lešok No th- Western

Macedonia) in which a distinction was made between original and new materials
from two layer paint from the 17th and from the 19th century.

Thanks to technological development, new portable instruments have been tested to
make direct measurements on the artworks for the identification of pigments and
the execution techniques. They have proved to be particularly suitable for
archaeometric study, above all because of their non-invasive feature. This means that
sampling can be avoided since the portable instrumentation allows to perform a
satisfactory investigation of the material. Although some pitfalls have been pointed
out in the use of mobile instrumentation (the instrumental set-up, the positioning of
the probe head and stability problems for vibrations of the scaffold, problems related
14
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to environmental conditions [66] or to the presence of some materials [67]), the
spectroscopic portable techniques have been the most used ones for the study of the
conservation state of wall paintings in the last years.

The completely non-destructive work carried out by using only mobile tools (X-ray
fluorescence and Raman spectroscopy) to examine the 15th century mediaeval vault
pai ti gs i the Ou Lad s Cathed al A t e p, Belgiu

[68] can be used as an

example of the difficulties that during an in situ analysis can arise. In fact, the Raman
signals from calcium carbonate, belonged to small particles left after removing the
layer of plaster applied over the paintings during the iconoclast wave, made difficult
the characterization of the pigments by Raman spectroscopy. Despite this, lead
white, calcite, gypsum, lead tin yellow, and vermilion were identified.

Another research work carried out completely in non-invasive way by using just a
portable XRF analyser, concerned the study of medieval wall paintings of
Yemrehanna Krestos Church, Ethiopia [69]. This research was the first research of
Ethiopian wall paintings. The correlation between the element concentration and the
multivariate statistical analysis was used to identify the most probable compounds
and to classify the groups of pigments used. Some authors state that the in situ EDXRF analyses are, in most cases, sufficient to guide in situ conservation and
restoration interventions, as shown by Ferrero et al. [70] in the study of a wall
painting of the 14th and 15th centuries. The identification of inorganic key elements
allowed the characterization of the pigments and the techniques used by the artists.
This approach, however, is sometimes criticized because the same elemental
composition can belong to different molecular composition, thus, data
misinterpretation can occur.

1.3.2 Further than in situ analysis
Although some researches have shown that it is possible to obtain exhaustive results
only through the use of portable techniques, other publications had underlined the
15
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need to continue the study through laboratory analysis. In this sense, the portable
techniques are extremely useful for identifying a particular area in order to minimize
the sampling.

The simultaneous use of portable XRF and Raman spectroscopies was tested for the
study of the range of pigments used in the mural paintings and frescos of the Little
Ch istophe

ha

e i the Mai To

Hall of Gdańsk, Pola d [71]. Subsequently,

the statistical processing of the spectra was applied to minimize the number of
sample extractions to complete the study using micro-Raman spectroscopy in the
laboratory. The presence of copper, lead, iron, mercury and calcium together with
traces of antimony, cadmium, barium and molybdenum, was in accordance with the
composition of the identified pigments by Raman spectroscopy.

In order to solve the problem of the lack of written source concerning the techniques
of execution of Nubian wall paintings [72], different analytical techniques such as
portable X-ray fluorescence, laser ablation inductively coupled plasma mass
spectrometry and Raman spectroscopy were applied to identify the raw materials
and distinguish the use of different pigments. The use of complementary techniques
made it possible to observe some variations in the composition of the pigments in
samples from different archaeological sites and were useful for evaluating the
existence of possible variations among the local Nubian workshops.

The comparison between the materials used in different wall paintings belonging to
the same area can be useful for the identification of the origin of the workers or for
the attribution to an artist as shown in the work by Lampakis et al. [73] where thanks
to the combined use of micro-Fourier transform infrared and micro-Raman
spectroscopy some fragments of Byzantine wall paintings from three Thessalian
monasteries (Greece) were studied. The similarities in the materials and in the
technique supported the hypothesis that the same artist may have worked in the
three churches. On the other hand, the vibrational techniques FT-IR a d μ- Raman
were employed on fragments from the medieval Monastery of Karaach-Teke [74] in
16
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which it was evident the Byzantine influence on the technology and the thematicaesthetic features of Byzantine iconography in Bulgaria. In the research on RussianByzantine wall paintings from Sweden [75], dating back to the 12th century, the
isotopic composition of lead pigments was studied using a mass spectrometer to
clarify the provenance of the materials found in the paintings. The results showed
that the materials were not only locally sourced but rather came from both Russia
and Germany as well.

In another study [76], the natural origin of azurite and malachite found in some
murals was demonstrated by the presence of copper and zinc arsenates, while
artificial malachite was identified by uniform spherulitic particles.

In the same way the objective of the study of wall paintings preserved within two
Byzantine churches in Kastoria, (Greece) [77] was to find similarities in the materials
to hypothesize the presence of a single hand in the realization of the paintings.
Thanks to the use of SEM-EDS and Raman spectroscopy on fragments, similar
pigments were identified for both churches. However, the wall paintings could not
be attributed to a single iconographer due to some differences noted for the
realization of the green tone that in one case was obtained from green earth and in
the other from mixtures of iron oxides and calcite.

A similar approach was employed for the comparative evaluation of the results
obtained studying the materials of wall paintings in the Protaton church [78] and in
the Thessaloniki cathedral [79] by non-invasive analysis with XRF, mid-FT-IR, UV-Vis
diffuse reflectance spectroscopy and laboratory analyses using micro-FT-IR, SEM-EDS
and micro-Raman spectroscopy, which had strengthened the hypothesis of the
attribution of the paintings to the same Panselinos School.
The results of the research by Cheilakou et al. [80] on the study of Byzantine wall
paintings from Rethymno, Crete, demonstrated the reliability of the portable noninvasive technique of diffuse reflectance spectroscopy (FORS) for the in situ
17
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characterization of pigments used in wall paintings, also thanks to the comparison
with the information obtained with laboratory techniques such as ESEM-EDS, ATRFT-IR and micro-Raman spectroscopy. The same FORS technique was successfully
used together with X-ray fluorescence spectrometry and Raman spectroscopy also in
the study of mural paintings attributed to Giacomino di I ea i Valle d Aosta Ital
[81]. From a technical point of view, FORS and XRF confirmed their wide potential as
preliminary methods for the identification of pigments, reducing the need to use
other analytical laboratory techniques such as Raman spectroscopy or SEM-EDS.
Regarding the study of materials, the analyses showed the presence of graphite as
black pigment, instead of the more common carbon black, probably related to the
presence of graphite deposits in Valle d'Aosta.

1.3.3 Unusual findings
Although in most cases there was not a large variation in the palette of medieval
painters, diagnostic techniques have proved to be extremely useful to identify the
use of uncommon pigments and peculiar processes of realization in the wall
paintings.

An interesting example of medieval repointings was identified on the walls of Miravet
Castle [82] in Spain thanks to the use of X-ray diffraction, SEM-EDS and FT-IR. The
repointing, based on a lime-rich mortar, was made not only for waterproofing the
wall but it had a decorative function too. The decoration, obtained with engraving
and with the use of red and black pigments, enhances the visual aspect of the joints.

In the work by Kakoulli et al. [83] the earliest evidence for asbestos composites
connected to the production of Byzantine wall painting in Cyprus was found. In
particular, the use of secondary electron images showed the fibrous nature of the
particles in the finish coating at the interface between the red cinnabar paint layer
and the plaster. The fibrous nature of the particles supported the presence of an
asbestiform mineral, identified as chrysotile. The discovery suggests that asbestos
18
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was discovered and used in Cyprus since ancient times for its good physical
properties.
Concerning the use of rare pigments, the study of fragments from the 13 th century
wall paintings discovered under the Cathedral of Siena [84] (Italy), shown, through
the joint use of XRD, SEM-EDS and micro-Raman spectroscopy, the discovery of
crocoite (PbCrO4) and chrysocolla, whose use in medieval European paintings was not
previously reported (Figure 1.2). Besides, thanks to microstratigraphy, it was possible
to know that three painting techniques, fresco, tempera and lime paint, even with
organic vegetable fibres, were combined according to the desired effects or the
characteristics of the pigments. In addition, the use of gold leaf applied on a ground
preparation together with white lead, red lead and verdigris with an organic binder
was found. Yellow crocoite was also found in Northern Bohemia [85], after noninvasive (XRF) and microdestructive laboratory analyses (micro-Raman and powder
X-ray micro-diffraction).

The presence of glushinskite, a magnesium oxalate, was reported by Chiari and Scott
[86]. It was used as white pigment in the wall paintings of the Church of Saint Fiorenzo
in Bastia, Mondovì (Italy). In the same publication another peculiarity was found in
frescoes preserved in an Italian church. Lead sulphate anglesite, generally identified
as a lead-based pigment degradation product, appeared to be present as a pigment
willingly used by artists in the Saint Andrea Church in Vercelli, (Italy).
I the o k of Š a o á et al. [76] for the first time, cumengeite, (Pb21Cu20Cl42(OH)40),
was identified as a blue pigment in Bohemian Gothic murals paintings using microXRD. Rare copper pigments are also described in the literature linked to their use in
medieval art. In the study of a thirteenth-century wall painting in the Gozzoburg city
palace in Krems, Austria [87], thanks to the use of SEM-EDS and XRD copper
trihydroxy-chloride (clinoatacamite) was identified as a pigment probably
synthesized specifically for these painting. Other green copper pigments, such as
conichalcite (CaCuAsO4(OH)) and dolerophanite (Cu2(SO4)O) were found by using
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Raman spectroscopy in the wall paintings of the Voronet Monastery (Romania) [88].
Aceto et al. [89] reported the use of a mixture of rare green copper arsenate, such as
olivenite

(Cu2(AsO4)(OH)),

cornwallite

(Cu5(AsO4)2(OH)4)

and

conichalcite

(CaCu(AsO4)(OH)) on mural paintings of Ala di Stura (Piedmont, Italy). In addition, in
the same study it was suggested the presence of skutterudite mineral, (Co,Ni)xAs3-x,
used for the production of smalt. This mineral could have probably been excavated
from Punta Corna mine, in the nearby valley of Viù.

Figure 1.2: The pigment chrysocolla (Ccl) is plunge in lime binder; the layer is secco-applied on the
underlying plaster (pl). An azurite (Az) inclusion is highlighted. Transmitted plane polarized light (a),
crossed polarizers (b), BSE image obtained at SEM-EDS (c) and compositional spectrum of chrysocolla
(d) (source: Mugnaini et al.2006 [84]).

1.4 The study of the state of conservation
In the last few years the number of researches focused on the use of portable
techniques, used alone or together with other laboratory techniques for the study of
the state of conservation of paintings, is increasing since their reliability has been
extensively tested not only for the identification of original materials but, above all,
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for the recognition of secondary products with the aim of identifying the factors that
generated them.

Some materials used to create the wall paintings, such as binders and pigments, have
proved to be particularly unstable over time under certain environmental conditions
as described in the work by Vandenabeele et al. [66] on the in situ analysis, with
Raman spectroscopy, of mediaeval wall paintings. Some degradation products, such
as the metacinnabar (HgS), were responsible for a localized darkening that had a
strong impact on the visual appreciation of the paintings. Besides, the clinoatacamite
(Cu2Cl(OH)3) was observed in the laboratory due to the degradation of both malachite
and azurite under the influence of moisture.

In the study of bohemian gothic mural paintings [76], in situ X-ray fluorescence
analyses were applied in some areas that had undergone a colour change from blue
to green colour. The analyses showed the presence of copper pigments. Further
laboratory analysis of micro samples using optical microscopy, scanning electron
microscopy and micro-diffraction of X-ray microscopy verified the transformation of
natural azurite into atacamite and paratacamite due to the action of salts and
moisture in the fragments selected from the wall paintings.

Although malachite is a quite stable pigment to saline attack, its degradation can be
accelerated by the presence of oxalic acid, as it has been reported, produced by the
activity of microorganisms and evidenced by the presence of calcium oxalate
weddellite [76]. The same hypothesis about the degradation of malachite was
proposed in the in situ totally non-destructive study of a wall painting in Santa María
de Lemoniz [90] (Basque Country, Spain) using a portable Raman spectrometer. For
the first time, the mechanism for the transformation of malachite into basic copper
sulphates was proposed by integrating Raman data with thermodynamic speciation
studies. The study showed the presence of calcium oxalate, which favoured the
degradation of the pigment because it provided the acid medium necessary to reduce
the pH.
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The degradation of copper-based pigments was also found in the investigation of the
Madonna and Child Enthroned with Saints of Ambrogio Lorenzetti [91], where some
areas painted with azurite showed numerous colour changes that were attributed to
the presence of copper chloride. Mugnaini et al. [84] found that the environmental
factors, such as the presence of strong humidity, caused the transformation of azurite
into paratacamite and malachite, as well as the presence of salt efflorescence and
biological patinas. In this case the combined use of non-invasive diagnostic imaging
techniques and laboratory techniques was proposed in the study where the digital
mapping Geographic Information System (GIS) was applied for the study of the state
of conservation of the paintings. The increase in humidity in the walls and the high
activity of chloride ions were also the causes of the transformation of copper
carbonate pigments (azurite and/or malachite) to green copper chlorides, as
atacamite (Cu2Cl(OH)3) [85].
Lead pigments also suffer chemical transformations that can be studied. In the
research by Domínguez Vidal et al. [92] by using in situ Raman spectroscopy for the
study of one of the main halls of the Palace of the Lions in the Alhambra (Spain) it
was possible to identify calomel (HgCl)2 as a secondary product of cinnabar, and
anglesite (PbSO4) as the last stage of degradation of minium after plattnerite (PbO2)
formation.

The presence of light yellow mimetite (Pb5(AsO4)3Cl) was found by Hradil et al. [85]
as a degradation product caused by the alteration of the orpiment and the minium
used in the mixture. In the absence of arsenic, the minium decomposed into brownblack plattnerite easily identified by the micro-XRD, but not by the micro-Raman, as
the lead dioxide has a weak Raman spectrum difficult to be registered because of its
thermal decomposition under the effect of the laser [93]. Together with mimetite,
laurionite (PbCl(OH)) whose formation is linked to a white lead saline corrosion
process, was also found.
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Minium degradation, together with azurite degradation was also identified during a
multi-analytical approach through the use of non-destructive techniques proposed
for the material characterization of the 16th century wall paintings from Ribeira Sacra
(Galicia, Spain) [94]. In situ non-invasive XRF and Visible reflectance spectroscopy
(Vis-RS) analyses were generally effective. However, laboratory analyses were
necessary to identify the transformations of red lead and azurite into lead dioxide
and paratacamite respectively.

The analytical study published by Daniilia et al. [95] was focused on the study of the
conservation state of the 15th century wall paintings in the monastery of Christ
Antiphonite in Cyprus. Degradation phenomena were studied in relation to the
surrounding environmental characteristics, through optical microscopy (OM),
scanning electron microscopy (SEM-EDS), micro-Raman and FT-IR spectroscopy. It
was assumed that the transformation of red lead from orange to black plattnerite
may have been induced not only by the effect of temperature, light and humidity but
also by the presence of chlorine salts due to the proximity of the monastery to the
sea. On the other hand, in areas where an alteration of the blue pigment was evident,
a leaching phenomenon of alkali from smalt particles was concluded, because the
decreasing in the potassium oxide content confirmed thanks to electron microscopy
measurements.

A similar case study was reported in the work by Nevin et al. [96] about the original
technique of one of a series of post-Byzantine wall paintings in Galata, Cyprus. MicroFT-IR and Raman were successfully employed for the characterization of alteration
products, such as the alteration of red lead, and the discoloration and the loss of
smalt pigment. In particular, hydrated copper oxalate, analogous to the naturally
occurring blue-green mineral moolooite (CuC2O4), and calcium oxalates were
identified by point by point and imaging analyses (FT-IR reflectance imaging) on cross
sections, assuming the influence of the organic binder in the formation of those
products.
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In the research on Pre-Ro a es ue u als at Kostol a

pod T í ečo , Slo akia [97],

an interesting aspect was discovered by in situ measurements with portable X-ray
fluorescence. In this case, copper compounds were identified although no green or
blue hues were visible. The hypothesis that an organic binder had been used to
stabilize copper-based pigments in an alkaline environment was confirmed by the
MALDI-TOF-MS technique. However, organic binders proved to be less stable over
time. Therefore, the explanation of the loss of colour was attributed to different
intrinsic and extrinsic factors to the work of art: firstly, to the corrosive action exerted
by the salts and consequently the secondary products were washed by the wall
moisture. Furthermore, the X-ray microdiffraction technique also confirmed the
presence of blackening of the minium, which was transformed, probably due to a
natural degradation process, into brown-black plattnerite.

The chemical transformation of red lead into plattnerite was also detected by Raman
spectroscopy in the study of wall painting on Protaton Church [78]. On the contrary,
in the study of wall paintings in Thessaloniki cathedral [79] there was no evidence of
lead dioxide but the Raman analyses showed the presence of lead sulphate and lead
carbonate as decay products of red lead. This degradation could be attributed to a
series of environmental factors such as changes in temperature and humidity and
atmospheric contamination. The colours of the Carolingian and Romanesque
paintings have also changed considerably over time [98], specially areas where red
lead, massicot or red lake were used, producing blackening and the red lead
conversion into plattnerite.

The study by Kotulanova et al. [99] carried out on fragments from wall painting in
Kostol a

pod T í ĕ o , Slo akia - where different products due to the

degradation of red lead were found - and on reference sample, showed the influence
of natural inorganic salts and synthetic salts in the darkening of lead based pigments.
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1.4.1 Degradation due to anthropic factors
In the last 30-40 years the increase of atmospheric contaminants released by
industrial activities and the use of fossil fuels has affected the integrity of the Cultural
Heritage conserved in the open air. Thus, the efforts of scientists have focused on
understanding the chemical reactions that transform the materials and make them
more vulnerable. This is the case of the acid gases that can react with the materials
of cultural heritage, forming in many cases soluble salts, efflorescences and black
crusts. In all cases, sulphates, carbonates, chlorides and nitrates are involved.
Among the sulphate salt, the calcium sulphate dihydrate (CaSO4·2H2O), gypsum, is
certainly one of the compounds that are most frequently found in wall paintings due
to the reaction of calcium carbonate with atmospheric sulphur dioxide as reported
by Edwards et al. [100] in the study of medieval mortar and plaster fragments.
The research presented by Amato et al. [101] on the analyses on three decorative
phases of the presbytery of the church of Santa Maria Antiqua at the Roman Forum
in Rome was conducted by the in situ video microscope investigation that helped in
the selection of the best sampling points for the laboratory analysis. The calcium
sulphate, detected in the superficial layers of many samples, could have a dual
nature. It can derive from the treatment of the paintings with consolidating cement
used during restoration treatments, or from the urban atmosphere of Rome rich in
sulphuric acid aerosols to which the church is constantly exposed.

Following with the gypsum, some studies carried out on Islamic and Christian mural
paintings (from the tenth to the twelfth century) recovered after reconstruction work
in the Alcazar of Seville [102] showed the importance of using different techniques,
both portable and in the laboratory for the identification of materials and execution
techniques. In this case, the presence of gypsum was attributed to both the
environmental contamination and to gypsum residues left after the removal of a
gypsum-containing mortar.
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Unfortunately, the presence of gypsum is recurrent. In the research by Daniilia et al.
[103] about wall paintings from St Stephen's monastery at the Meteora (Greece),
some conservation problems were found. Beyond the vandalism that they suffered
during the World War II and the Civil War, the study showed the presence of a whitish
layer of gypsum on the painted surface that affected significantly the aesthetic
impact of the mural paintings. Calcium carbonate sulphatation process was also seen
in situ without sampling in the study of 15th century wall paintings in a chapel of St.
Orso Priory palace (Aosta, Italy) [104]. Besides the main inorganic pigments, the
collected Raman spectra also enabled the identification of some decay products, such
as calcium sulphate.

Gypsum is not the only compound that can form crusts on the surface of the wall
paintings. Analyses of crust formations on Byzantine wall paintings in some churches
from Mani Peninsula (Greece) [105] revealed that they were made of
hydromagnesite (Mg(CO3)4(OH)·4(H2O)), calcite and small amounts of gypsum, the
latter present as a product of calcium carbonate degradation. Consequently,
hydromagnesite should have been the result of the degradation of a magnesium
product, favoured by the presence of moisture. The wall paintings of all the churches
under study had been probably covered in the same period with a superficial layer of
magnesium lime. In addition, the presence of hydromagnesite also in the preparatory
layer was due to its higher solubility than calcite and it was easily dissolved and
diffused within the mortar. This was an interesting result, as dolomitic or magnesian
limes did not appear often in the Greek area and their use was usually related to the
mineralogy and geology of raw materials available in different areas.

Unfortunately, together with gypsum, other salts can cause damages. Analyses
a ied out ith the salts fou d i the Assu ptio s hu h of Alaiza (Basque Country,
Spain) [106] demonstrated the connection between the deterioration of the wall
paintings and the agricultural activity in the area surrounding the church. The use of
fertilizers such as NH4NO3 and (NH4)2SO4, generates cations and anions that rise from
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the ground to the walls through infiltration water causing the decarbonation of the
calcite and the subsequent disintegration of the plaster of the wall paintings.

Another anthropic degradation factor often identified in the studies of wall paintings
is represented by the use of candles inside places of worship, such as churches and
monasteries. An example is the study of the thirteenth century wall paintings
discovered under the Siena Cathedral [84]. Darkening of colours as well as
dehydration of yellow ochre was attributed to soot deposits from lighted candles or
oil lamps and from the heat given off by the candles.
Similarly, the carbon particles identified on the surface of all samples from a postmedieval wall painting [64] could be ascribed to the soot by candles or oil lamps that
provided illumination inside the church as well as the carbon particles, identified by
Raman spectroscopy, in an Italian crypt [107].
The evidence of the burning of substance such as wax or oil can be demonstrated
also by the chemical transformation of some pigments, as hypothesized in the
research by Damiani et al. [90], in which the transformation of azurite into copper
oxide tenorite was probably provoked by the heat from the candles. The thermal
degradation of the azurite converted into tenorite was found also on the mural
paintings preserved inside the cathedral of Thessaloniki [78], due to the high
temperatures released by a fire. Moreover, this incident has caused a total absence
of yellow tones in some areas affected by the fire. On the contrary, the presence of
red iron oxides was due to the dehydration of yellow ochre during the fire.

In the research by Andreotti et al. [108] in which was proposed a laser cleaning
method on the wall paintings from the monumental cemetery of Pisa, the study of
the surface deposits shown the presence of materials of anthropic origin. Indeed,
nitrocellulose used in a past restoration and contamination of pure lead were
identified. The presence of lead on the surface of the fragments is due to the fires
resulting from the bombardment of the Second World War, when the lead roof
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melted and the fused lead fell on the wall paintings. The removal of lead deposits was
difficult because of the strong adhesion of lead drops. Furthermore, the interactions
between the painted surface and the high temperatures had probably caused the
alteration of the underlying pigment consisting of iron oxides.

1.4.2 Natural degradation
Particular attention, in recent publications, has been paid to the study of salt
naturally formed efflorescences, composed mainly of sulphate, nitrates and
carbonates, since they represent one of the natural degradation products that most
endanger the integrity of the masonry and consequently also the substrate of the
wall paintings. Generally, the study of the composition of soluble salts is useful to
identify a specific marker that indicates the cause that generated them.
For this purpose, spectroscopic techniques, especially Raman spectroscopy, are
particularly useful since are able to differentiate degradation products that can
coexist in construction materials and on pictorial surfaces. An example of the
reliability of the use of diagnostic techniques in the characterization of degradation
products is the work published by Iordanidis et al. [109] where Raman spectroscopy
and ESEM-EDS were successful employed for the characterization of salt
efflorescence on fragments from mural paintings in three different churches
belonging to post-byzantine period. The compounds responsible for the decay were
calcite, dolomite, gypsum, alite, nitratine (NaNO3), natron (Na2CO3·10H2O) and
mirabilite (Na2SO4·10H2O), all caused by temperature and humidity variations.
Although in many studies gypsum is present as a product of sulphuric anhydride
contamination, it has been identified as a component of medieval mortars as
documented in the research of Damiani et al. [91] where it was macroscopically
visible in the surface of wall paintings along fractures and detachments in areas
where the humidity found preferential flow paths showing that the original materials
of the masonry were the sources of sulphates (Figure 1.3).
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Figure 1.3: evidences of gypsum cristallization (a) Backscattered images of the Ca sulphates showing
different shapes and textures (b–d). The darkening of the red pigment (e) and backscattered image
of coalescent Ca sulphates present in the darkening area e (f) (source: Damiani et al. 2014 [91]).

Non-destructive image techniques were also used even to evaluate the conservation
status of the wall painting Mado

a o Ba

i o

XIII-XV century) (Fontecchio -

L'Aquila, Italy) [110]. Electronic speckle pattern interferometry (ESPI), ultraviolet (UV)
imaging and infrared vision allowed to recognize different degradation products
including the action of soluble salts and the leaching of the surface that caused the
loss of clay pigments. In this case, it is very important to highlight that the combined
use of the integration between ESPI, SEM and thermographic techniques was useful
to establish the cause of a superficial lea age ithi a sa ple. I fa t, a sa d i h
st u tu e

ith a i te stitial full of

The sa e a al ti al app oa h

oistu e as lea l ide tified.

as e plo ed i the stud of Gio a

etti s
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paintings in the Chartreuse (Villeneuve-les-Avignon, France) [111] in which in situ
digital images (Fluorescence under UV light, IR thermography and photogrammetry)
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provided information about the original and new materials used during past
restoration work and structural aspects. The mural paintings were affected mainly by
erosion and chromatic alteration. In situ and in laboratory analysed samples shown
that in some areas the surface deformations were caused by the presence of
hygroscopic salts composed of calcium and sodium sulphate.
Most of the studies on the state of conservation of building materials have
highlighted the danger of the presence of nitrate salts on carbonaceous materials
that are the main component of brick mortar and wall paintings. In consequence, it
is very important to identify these compounds in order to limit the presence of the
factors that caused their formation, when possible. For example, in the research by
Pérez-Alonso et al. [112] on the study of mortars and wall paintings of Santa María
de Hermo (Spain), carried out by the use of portable Raman instrumentation,
extensive decay of the carbonaceous materials caused by the absorption of nitrates
from the ground was found. Their presence was explained by the migration of
nitrates from the old cemetery attached to the church wall.

Portable techniques (visible reflectance and Raman spectroscopies) and in the
laboratory (attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FT-IR) and micro-Raman spectroscopies) were applied for the study of the
conservation state of medieval wall paintings preserved in a crypt in Puglia region
(Italy) [107]. The study was focused on the characterization of degradation products
caused mainly by moisture problems due primarily to the fact that the crypt was
excavated in the tuff, a highly porous and hygroscopic material. On-site Raman
spectroscopy allowed the identification of sulphates, nitrates and calcium oxalates
(whewellite and weddellite) that were also quantified together with chlorides,
fluorides, nitrites and acetates by ion chromatography, thus, obtaining a clearer
picture of the poor state of conservation caused by physical factors (water
infiltration), chemical (reactions of materials with atmospheric particulate) and
biological ones favoured by the high humidity.
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In the study of wall paintings located in two church in the Basque Country [113], the
origin of the nitrate salts (potassium nitrate and calcium nitrate) and the presence of
ammonium sulphate was ascertained. Their presence could be related to the reaction
between calcium carbonate and gypsum, present in the mortar, with the ammonium
nitrate from the soil and transported by infiltration waters through capillary rising
towards the paintings.
In the study of medieval wall paintings from the Basque Country presented by
Veneranda et al. [114], in situ analyses allowed the characterization of different types
of nitrate salts, such as nitrocalcite (Ca(NO3)2·4H2O) and natron, in a high hydration
state suggesting that they were formed due to high humidity.

Another study in which conservation problems were presented, but in this case in a
low-contamination rural environment, is the work presented by Madariaga et al.
[115], in which it was highlighted how the degradation processes generated by
natural factors can be dangerous as much as the impact of industrial atmospheres
without a conservation plan. Using in situ analyses it was possible to demonstrate
that the greatest damage was caused by the presence of salt efflorescence, which
thanks to Raman spectroscopy were characterized in the laboratory. An extensive
presence of nitrates (potassium and sodium nitrate) was confirmed both on the wall
paintings and on the building materials. The source of the nitrate salts was the
nitrogen compounds from the ground (mainly ammonium nitrate from the plant and
grass decomposition) that were absorbed by the porous materials due to capillary
rise of water infiltration favoured by a very damaged masonry and that lost cohesion
over the years.

Another detailed study in which different environmental factors have accelerated the
degradation of wall paintings is shown in the study concerning the Carolingian wall
paintings and Romanesque in the Müstair convent [116, 117] (Switzerland),
influenced by a saline system originated by rising damp and percolation. Thanks to
the use of complementary diagnostic techniques, the study showed that the decay
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was produced by the presence of soluble salts, nitrates and sulphates, whose
formation was influenced by seasonal variations in air humidity.

As the nitrate salts are the most responsible for the degradation of porous materials,
the research of Maguregui et al. [12] presented a protocol to assess its impact on
construction materials using non-invasive and microdestructive analytical techniques
with chemometric and thermodynamic data analysis. The church under study
showed evidence of problems deriving from the infiltration of soluble salts from
natural sources represented by the level of the ground above the zero level of the
church and which represents the main entry point for the nitrate salts from the
outside. Subsequently, they spread by capillarity involving both the masonry and the
wall painting.

In the work published by Martínez-Arkarazo et al. [47] portable Raman monitoring
was performed to follow the progress in two cleaning operations based on new
technologies: a wall painting affected by the impact of nitrate and a black crusted
stone altarpiece. Nitrate and gypsum Raman bands decreased after treatment, which
allowed the restorers to make decisions in situ and suggested when to stop the
cleaning operation.

1.4.3 Biodeterioration processes
In certain environmental conditions building materials may be subjected to
biodeterioration processes, visible in the form of patinas or encrustations, generated
by the colonization of microorganisms such as algae, moss, lichens or fungi. Besides
the aesthetic damage, that is the most evident and the first that can be identified
over pictorial surfaces, the penetration of fungal hyphae and lichen thallus can cause
serious structural damage such as the deterioration of plasters and the consequent
loss of the paint layer in the case of wall paintings.
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One of the first works in which a degradation due to biological attack was identified
by the use of Raman spectroscopy was published in 1999 by Edwards and Rull [118].
Although the ha a te isti
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o alate

o oh d ate, β-

carotene, chlorophyll, and para-depside phenolic acids were obtained from
fragments of the outer wall of the convent, the degradation was so strong that the
damage was extended to the medieval wall paintings in the interior. Indeed, the
presence of calcium oxalate dihydrate weddellite was confirmed on fragments of wall
paintings, while was evident a chromatic damage due to the leaching of red ochre
caused by lichenic acids.

The complementary use of different laboratory analytical techniques (optical
microscopy, scanning electron microscopy, micro-infrared spectroscopy and microX-ray diffraction with synchrotron light and gas chromatography-mass spectrometry)
was essential to identify the nature of black spots visible on the surface of micro
samples taken in the Saint Michael's Chapel from the Royal Monastery of Pedralbes
(Barcelona) [119]. Complex mixtures of calcium salts of low molecular weight organic
acids (LMWOA) were determined and their presence was explained by the reaction
between the acids produced by the filamentous fungi and the deposited aerial
calcium compounds on the surface of paintings. The analyses shown that these
substances did not have a strong ability to penetrate the painted layers and that the
dark tone was probably given by the presence of a colorant or pigment produced by
fungi, of a polar nature as being soluble in water, and therefore easily removable.

A mechanical and aesthetic damage was identified during the study of the frescoes
of the Chapel of the Holy nail, Siena [120] (Italy), in which the scanning (SEM) and
transmission electron microscopy (TEM) together with a molecular study allowed to
confirm that the cause of the chromatic alteration of the paintings was the presence
of a fungus. It accumulated in its hyphae large concentrations of copper, which
generally inhibits the colonization of bacteria, taken from the azurite, which was
transformed into malachite due to the dissolution of carbonates by organic acids
occurred, promoting the leaching of copper.
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The same medieval frescoes were studied a few years later in order to clarify the
cause of the presence of some blackened areas [121]. The analyses conducted
(scanning microscopy with X-ray scattering microanalysis) attested that the
blackening of the paints was closely linked to the use of Paraloid B72 acrylic resin
during some restoration interventions carried out in the 60s. Thanks to some
laboratory tests on fragments, it was noticed that the presence of the resin film
inhibited the interaction of the painting with the environment, including
transpiration and gaseous exchange. Paraloid-treated and untreated samples
showed potential deleterious species on the surface in quiescent state while Bacteria
of the genus Bacillus were isolated only from untreated samples, proving the fact that
the Paraloid resin is resistant to the colonization of bacteria. Moisture combined with
different chemical compounds accelerated chemical oxidation and blackening. The
hypothesis stated was that the Firmicutes bacteria presumably produced
extracellular material, which retains water and provides a carbon source available to
other bacteria. Numerous alteration products linked to biodegradation, such as
oxalates (calcium dihydrate weddellite and monohydrate whewellite) have been
detected in Italian wall paintings [91].

In the research by Tortora et al. [122] the analysis by non-destructive and microinvasive techniques were extremely useful for the chemical and structural studies of
edie al all pai ti gs i O e L A uila, Ital a d fo the de elop e t of a detailed
plan for the restoration work. The in situ techniques allowed to identify structural
problems caused by rising damp together with biodegradation and calcium oxalate
formation.

The identification of whewellite by using XRD [94] showed that the degradation of
the organic binder used to mix copper pigments was probably accelerated by the
presence of microorganisms in a high humidity environment. However, in the wall
paintings located in the Thessaloniki cathedral [78], the formation of calcium oxalates
was probably originated from the yellowing of a protein material, employed by
restorers to consolidate the surface during the restoration works after a fire.
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In the in situ study of gothic wall paintings preserved inside the Church of Valderejo
[115] (Basque Country, Spain) in addition to the presence of hydrated calcium oxalate
weddellite, it was possible to identify carotenoid pigments on biological patinas that
were sampled and characterized by micro-Raman in the laboratory. In this way it was
possible better distinguish different organic pig e ts su h as zea a thi , β-carotene
and astaxanthin.

1.5. Why is it important to apply diagnostic
techniques?
Among the anthropic factors that may endanger the conservation of a work of art,
some restoration interventions that were carried out in the past must also be
considered because in some cases they have proved to be inappropriate or even
harmful due mainly to the use of aggressive and non-compatible (from the chemical
point of view) products. In these cases, rather than restraining the damage, the
chemical reactions between new and ancient materials have caused the formation of
even more harmful decaying products. Therefore, knowledge of the chemical
behaviour of the materials and degradation products to be treated is essential before
applying any restoration method.

A suitable example is the study by Dei et al. [123] on the case of the restoration of
the painting of San Antonio Abate in the church of San Pietro at Quaracchi (Italy). The
green paratacamite, present as a result of a degradation process, was treated by
applying ammonium carbonate followed by barium hydroxide. But the subsequent
measurements revealed that paratacamite was transformed into copper hydroxide
and not into azurite, as it was thought. This incorrect procedure created further
instability in materials, as documented by colour changes.

Another example of an invasive restoration is the study of the unique surviving fresco
paintings of Manuel Panselinos (13th century AD), one of the most celebrated Greek
iconographers of the Byzantine era, located in the Protaton Church [78] (10th century
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AD) on Mount Athos (Greece). Thanks to the use of in situ ultraviolet fluorescence
images, superficial salts deposits, flaking and detachments were identified as the
main decaying products/processes. They were formed due to the addition of a
cement coating during a restoration intervention in modern times, that prevented
the transpiration of moisture from the surface, with the subsequent formation of
new salt deposits.
Unfortunately, modern cements are behind many described degradations in cultural
heritage. For example, the use of alkaline materials such as Portland cement in the
Müstair convent [117] influenced the compositions of the salts already present in the
walls and increased their quantity. Moreover, another cause of the decay was
represented by the installation of a heating system, which caused strong seasonal
variations in relative humidity.

In the study carried out by Irazola et al. [113] by using portable instrumentation
(Figure 1.4) it was possible to characterize some decaying compounds in two wall
paintings in churches of the Basque Country region (Spain). To better characterize the
degradation processes, some microsamples were analysed in the laboratory. The
superimposing Raman images on the SEM-EDS images of the cross-sections were
used to explain the spatial distribution of anhydrite (CaSO4), caused by a
phenomenon of dehydration of gypsum in the mortar due to the application of
Paraloid resin during past restoration work, which prevented the transpiration of
water from the surface. A similar case was studied by Veneranda et al. [114] where
bassanite (CaSO4·0.5H2O) was identified as a consequence of the gypsum
dehydration due to the use of an acrylic resin, and its distribution in the sample was
established by Raman imaging in a cross section sample.

In other cases, the lack of a scientific approach to the study of materials before
carrying out restorations has led to the application of not compatible procedures and
colours with the original appearance of the paintings, as described in the research on
late Gothic paintings in the church of Ribera de Valderejo (see chapter 6). For
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example, analyses conducted in situ and in the laboratory revealed the presence of a
modern green pigment, phthalocyanine green, in areas where originally any green
pigment was used; restorers probably took a wrong decision due to the lack of
knowledge about the original raw materials used in the wall paintings.

Figure 1.4: In situ Raman analysis of the medieval wall paintings located in the Saint Andrew Church
(Biañez, Basque Country).

Other important aspect in this research (see chapter 6) was the identification of a
biocide product based on arsenic. Arsenic was first identified by portable XRF and
subsequently its molecular composition was identified by micro Raman spectroscopy.
The discovery of this product, used in modern times for the removal of biological
patinas, proved to be particularly important for restoration interventions in the
future in order to warn the restorers of the presence of a highly toxic substance for
their health and take adequate precautions.

Another detailed study conducted on medieval wall paintings in Hermo (Spain) [124]
demonstrated the importance of a scientific study of the conservation state of wall
paintings. The study confirmed the absence of an organic binder unlike the opinion
of the restorers. In addition, some biodeterioration process were suggested based on
visual inspections; however, the hypothesis was rejected after the spectroscopic
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analyses revealed the formation of soluble salts (sulphate and above all nitrates) as
the main deterioration cause.

1.6 Final remarks
This introduction gives an overview of the results obtained in the study of medieval
wall paintings and emphasizes the usefulness of different analytical techniques for
the study of the materials. In particular, portable analytical techniques have proved
to be reliable in the characterization of ancient and modern pigments and binder
media, and in particular in the investigation of the conservation state of wall
paintings. The advantages for the preservation of works of art in the use of portable
tools are evident above all because they are completely non-invasive, a fundamental
requirement for the study of immovable objects especially medieval wall paintings,
many of which are already strongly damaged due to neglect and too invasive
restoration interventions.

Since the mediaeval era was characterized by a stagnation of economy, the use of
poor materials of natural origin and local origin for the realization of mural paintings
was widespread. Because of the limited access to pigments, new techniques and
unusual pigments were used to make up for the lack of raw materials.

Almost all the studies related to the identification of degradation products have
shown a close connection between the conservation status of paintings and the
characteristics of the environment in which they were found. In fact, wall paintings,
after their realization, must be considered as objects in continuous evolution because
new compounds, according to environmental changes, can be formed in a continuous
exchange with the surrounding environment. At the same time, it is not possible to
attribute to just one agent a certain secondary product because different factors,
both natural and anthropic, contribute to the degradation of materials. For this
reason, studies concerning the conservation of cultural heritage should focus not only
on the work of art itself but also on the environmental study with the aim of
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identifying the environmental stressors that limit the durability of the materials, in
an exchange of knowledge that involves scientists, biologists, conservators and art
historians.

This chapter highlights that the spread in the use of diagnostic techniques has
developed at the same time a change in sensitivity in the study of cultural heritage
for which each artwork is unique and must be preserved for future generations. Some
researches showed that the application of unsuitable restoration interventions or the
use of products incompatible with the original materials, applied without a thorough
knowledge of the materials, can lead to dangerous choices for the preservation of
the artworks. Therefore, this introduction underlines the importance of using a
scientific approach for the study of the original materials before carrying out
restoration operations and for the development of innovative procedures for
cleaning, restoration and conservation previously tested in the laboratory in order to
suggest to restorers the best method to apply. It is precisely the concept that will be
the leitmotif of this PhD project as demonstrated through the case studies and the
experimental researches in the following chapters.
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Objectives
This PhD thesis concerns the study of some late Gothic mural paintings, belonging to
Basque and Italian territory, using non destructive and micro-destructive analytical
techniques. The main objective is to retrace the history of these artworks through
the characterization of original materials and new materials employed in the past
restauration works carried out in modern era. In addition, it will pay a particular
attention to the conservation state of the murals and to the study of degradation
products with the aim to understand the factors that have caused the observed
damages.
The study of the murals paintings of the Basque territory is part of the Research
Projects CTP09-P04 and CTP12-P10, founded by the Basque Country Government,
thanks to which medieval mural paintings, located in the north of Spain, have been
studied by the IBeA research group.

One of the last example of gothic mural paintings in the Basque Country is located in
the Saint Stephen’s church in the abandoned village of Ribera de Valderejo (Álava),
in a rural area outside of direct sources of pollution.
The murals have an unusual aspect since some portions of wall paintings are
characterized by a grey colour. Thus, our objective was to check if the area is really
uncontaminated and understand the degradation phenomena that caused the
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degradation of the materials over the years and, understand if the appearance of
murals paintings was the result of a process of degradation of a pigment used or if it
was a choice of painters in medieval times.

Another research project developed in collaboration with the Department of Physics
and Earth Science "Macedonio Melloni" of University of Parma (Italy) was about the
study of late Gothic wall paintings preserved in the Saint Stephen’s church in Montani
(Bolzano, Italy) where a phenomenon of blackening is visible on the surface of the
wall paintings.
In order to answer the numerous questions, an research program was planned with
the following particular objectives:
-

elemental and molecular analysis of original materials used for the creation

of wall paintings such as buildings materials, mortars and pigments (chapters 5 and
6).
-

recognition and characterization of materials used during past restorations

works in the modern era, to verify the compatibility with the original materials, the
danger for the work of art and for the surrounding environment (chapters 5 and 6).
-

study of the conservation state by means of characterization of new mineral

phases generated from the interaction of materials with the surrounding
environment. Indeed, it has been studied the influence of the surrounding
environment in triggering the reactions that cause or accelerate the degradation of
raw materials (chapters 5 and 7).
-

Propose new methodological approach to the determination of degradation

products and the impact agents that degrade the studied wall paintings (chapters 8
and 9).
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Emplacement and samples
The wall paintings analysed in this PhD work belong to the Saint Stephen’s church in
Ribera de Valderejo (Álava) and to the Saint Stephen’s chapel in Montani (Bolzano)
located in the Basque and Italian territory (Figure 3.1) and belonging to the Gothic
and Late-Gothic period respectively.

The study campaigns were mainly carried out using portable non-destructive
diagnostic techniques. However, as will be discussed later, it was necessary to take
micro samples only in selected areas in order to complete the analysis in the
laboratory.

The state of conservation of the buildings and consequently of the wall paintings
conserved inside them is very different due mainly to the state of abandonment in
which the church of Ribera de Valderejo stands, contrary to that of Montani.
However, in both cases the pictorial surfaces present some problems that will be
discussed below.

Different diagnostic techniques were used in order to identify the original materials
used for the realization of wall paintings, for the study of products used in modern
times during restoration interventions and to verify the suitability of these
treatments. Thus, a conservation status study was carried out through the
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characterization of secondary products and assessing the environmental impact in
the formation of degradation products and the influence that the environment may
have in favouring or accelerating their formation.

Figure 3.1: Localization of the studied wall paintings in Ribera de Valderejo (Álava, Spain) (a) and in
Montani (Bozen, Italy) (b).

3.1 Saint Stephen’s church in Ribera de Valderejo
(Álava, Spain)
The church of Saint Stephen is the only still standing building in the abandoned village
of Ribera de Valderejo (Figure 3.2). In this northern area of Spain, the depopulation
of rural areas in the twentieth century caused the desertion of small villages that are
currently facing ruin. Unfortunately, the Cultural Heritage preserved in these places
has paid a high price.
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Figure 3.2: Church of Saint Stephen (Ribera de Valderejo, Álava, Spain).

The structure has a single nave covered with a pointed barrel vault like most of the
churches in the Basque territory. It has undergone many renovations over the years.
However, the remains of the Romanesque temple are still visible, including the
entrance portal of great value decorated with columns and capitals carved with
human and fantastic themes (Figure 3.3).

Figure 3.3: Romanic portal and particular of carved capitals.
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In the early 80's, below a thick gypsum plaster, some mural paintings, traced back to
the end of the 15th century or the beginning of the 16th century [1], were partially
discovered in the apse wall and some in the lateral naves after the relocation of the
Renaissance altarpiece in the Fine Arts Museum of Álava.

The scenes that are well preserved are located in the apse wall divided in two groups
by the proto Gothic window and represent several religious subjects: the Apostolate,
the Temptation of Adam and Eve and the Expulsion from Paradise and images of
Saints (Figure 3.4). The paintings are one of the few examples of Gothic painting
present in the Basque territory and require special attention in order to be preserved
since their conservation is at risk.

Figure 3.4: Painted apse wall of Saint Stephen’s church.

3.1.1 Wall paintings description
Currently, only the paintings in the apse wall and some of the lateral naves were
discovered (Figure 3.5). The cycle of paintings shows different religious themes:
above the proto Gothic window, which divides the apse wall, a badly damaged scene
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was attributed to a Deesis, below the Apostolate divided into two groups of six people
by the window. On the left, in the lower part of the wall, a particular scene from an
iconographic point of view is found: the depiction of the Original Sin. On the left side
a snake with a human head is twisted around the tree of life, and on the right side
the figures of Adam and Eve. On the right, in the same scene, it is possible to see a
figure covered with feathers, except the face, that represents an angel. The painter
wanted to represent in the same scene three different moments: the Temptation of
the Snake, Adam and Eve that Realize their Sin and Try to Cover Themselves up, and,
finally, the Expulsion from the Paradise by an angel.

At the bottom on the right, we find the representation of Saint Lawrence, who holds
in his right hand the grill, symbol of his martyrdom. This is the only example of this
saint preserved in the late medieval painting in Álava. Further below, on the left,
there are two figures representing Saint Sebastian pierced by arrows, and Saint
Michael, more deteriorated, with a spear while he strikes a snake.

Figure 3.5: Wall paintings discovered and investigated in the Saint Stephen’s church.

On the top of the right side wall, the representation of the Tetramorph can be
observed, but it is unfortunately damaged due to a further construction of a window.
However, it is possible to recognize the symbols of the evangelists: the winged bull
corresponding to Saint Luke, the angel of Saint Mark and in the centre the moon with
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human features. On the left side, there are more deteriorated figures, and only the
representation of Saint Christopher can be recognized.

3.1.2 Conservation state
The church of Ribera de Valderejo is in critical condition and actually it is closed to
visitors for security reasons. The church is located in a natural park and there is not
industrial activity in its surroundings. Thus, the damages must be considered mainly
as the result of the natural decay. Due to the state of abandon of the church, the
infiltrations of the rainwater and snow are causing the partial collapse of the roof and
this makes a particular scenario for the formation of saline efflorescence products
inside and outside the masonry. Moreover, the building is almost completely
surrounded by vegetation. Therefore, there are visible aesthetic, chemical and
structural damages caused by both, microorganisms and macroorganisms (plant
roots) that are stifling and destroying this interesting building (Figure 3.6).

Figure 3.6: Degradation process caused by infiltration water and presence of biological patinas.

The murals are in bad conditions because of the state of decay of the entire building,
which has not windows or a door. Therefore, the paintings are continuously exposed
to the atmospheric agents. Moreover, the infiltration of water inside the masonry in
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some areas is causing the detachment of the plaster with the consequent loss of the
paint layer.

In these paintings there are extensive areas of grey colour especially in places that
should be green (representing the grass in the scenes). In contrast, the only green
part seems to be a repainting made in modern times. From existing documents, we
know that over the years some restoration works have been carried out, but they still
do not clarify why the grass is grey in the paintings. A first intervention was done in
1983. In 1992 it was suggested to move the murals at the Museum of Fine Arts to
prevent their loss because the building was already in a complete state of disrepair.
This proposal that could have definitively secured the wall paintings was rejected and
it was decided to make an in situ restoration treatment.

3.1.3 Sampling
During the mural painting studies, it was not possible to clarify some important
aspects only with the portable instruments, thus, micrometric wall painting samples
were taken with a scalpel in areas of already deteriorated frescoes, in order to not
cause further damage to the artwork. Some samples were collected in the Original
Sin representation, which is the most interesting area for research. They were
embedded in resin in the laboratory to study the stratigraphy (Figure 3.7) and
additional analyses were conducted using benchtop techniques able to provide
complementary information.

In addition, in order to study the composition of some salts efflorescence, some
samples were collected to be analyzed in the laboratory to understand the effects of
the surrounding natural environment on the onset of these secondary products.
These samples were collected using a scalpel and stored in a plastic sample bag
(Figure 3.8). The analysis in the laboratory was carried out both on efflorescence as
it is and in the form of pellets.
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Figure 3.7: Optical image of cross section of a sample collected in the Original Sin representation.

Figure 3.8: Sampling of salt efflorescences present in the structural walls.

Besides, some samples of biological patinas were collected in an attempt to better
characterize them using laboratory diagnostic techniques. All collected samples are
summarizing in the table 1.
Table 3.1: Samples taken from the wall paintings and walls of Saint Stephen of Ribera de Valderejo.
Sample

Acronym

Analytical technique

Grey paint fragment

1-G

Micro-Raman, SEM-EDX

Grey paint fragment

2-G

Micro-Raman, SEM-EDX

Grey paint fragment

3-G

Micro-Raman, SEM-EDX

Green paint fragment

4-GR

Micro-Raman
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Salt efflorescence

1- SALT

Micro-Raman

Salt efflorescence

2- SALT

Micro-Raman

Salt efflorescence

3-SALT

Micro-Raman

Salt efflorescence

4-SALT

Micro-Raman

Salt crust

5- SALT

Micro-Raman

Salt crust

6- SALT

Micro-Raman

Structural stone

1-ST

Micro-Raman and XRD

Biological patina

1-BIO

Micro-Raman, DNA extraction

Biological patina

2-BIO

Micro-Raman, DNA extraction

Biological patina

3-BIO

Micro-Raman, DNA extraction

Biological patina

4-BIO

Micro-Raman, DNA extraction

Biological patina

5-BIO

Micro-Raman, DNA extraction

3.2 Saint Stephen’s chapel of Montani (Bolzano,
Italy)
The chapel of Saint Stephen’s is a splendid example of preservation of late medieval
artistic heritage. It is perched in a rock spur above the open barrier between the Val
Martello and the village of Montani (Figure 3.9).

The structure consists of a single nave with a wooden ceiling, divided by profiled
cornices in narrow squares, with the exception of the spaces previously covered by
five painted wooden tables dating back to 1430, which were removed for security
reasons and are now preserved in the civic museum of Bolzano.
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Figure 3.9: Saint Stephen’s chapel of Montani (Bolzano, Italy).

The nave culminates in the choir, with a cross vault, in whose center there is the high
altar enriched by crosses incised in the plaster. The building, in its simplicity, retains
some details, such as the rectangular shape of the choir, not found in other Gothic
buildings of worship in Val Venosta. The eastern wall has a round-arched wall, which
bears witness to the presence of a previous construction. The shapes of the windows
and the use of tufa cornices suggest that the building was built in the early decades
of the fifteenth century: the openings in the southern wall are wider than the lancet
window, with fish bladder, located on the wall at the conclusion of the choir, while
the north wall has no opening.

3.2.1 Wall paintings description
The interior of the chapel of Saint Stephen is completely covered with paintings,
realized with the fresco technique, belonging to two different periods: the north wall,
the presbytery and the triumphal arch are of Lombard origin (Figure 3.10), belonging
to a period between 1430-1440, while the walls to the south and west were painted
by a Swabian shop: next to the Montani coat of arms, on the west wall, there is the
date of the cycle of frescoes, 1487 (the same year in which the church was
consecrated) [2].
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In the north wall the life of Saint Stephen is depicted. The narration is divided into
two registers and the scenes unfold within rectangular backgrounds: the upper area
houses the Election of Saint Stephen as a Deacon, the Dispute Between the Saint and
the Elders of the People, the scene of the Stripping and that where the Jews Collect
Stones and lay their cloaks at the Feet of a Man Called Saul. They follow in the lower
register: the Stoning, the Funeral, the Burial, Gamaliele Appears in Rome to the Priest
Luciano and the Finding of the Mortal Remains in 365 near Jerusalem.

Figure 3.

: Interior of Saint Stephen’s chapel of Montani.

The representations of the triumphal arch are not part of the Saint Stephen cycle; it
is occupied by the representations of Saint Anthony the Great and the Martyrdom of
Saint Ursula while the intrados are occupied by various figures of saints: Dorothy,
Michael, Pantaleon, Sebastian, George and Mary Magdalene. Above the altar in the
pendentives we find the scene of the Annunciation, on the left the Virgin is
represented, on the right the angel Gabriel; in the part to the left of the altar a
Crucifixion is painted and above we see a group of three saints: Christopher, Erasmus
and Acacius. Part of this iconographic program is the two images of Saint Eustace and
Saint Alexis under the staircase.
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In the vault, the Triumph of the Virgin is depicted in the genre of the garden of
paradise, opposed to a half-length image of Christ Blessing in almond that occupies a
rather important space; near the figure of God there are the Four Evangelists and
their symbols, the angel, the lion, the ox and the eagle. In the back wall of the choir,
the Apostles are represented in groups of two in a sitting position within an
architecture that gives depth to the representation.
In 1487 the decoration of the walls was completed by a painter from the Swabian
school, although it is not possible to trace the name of the artist. In the south wall is
shown the cycle of the Passion of Christ divided into nine scenes beginning with the
Entrance to Jerusalem; followed by the Last Supper, the scene in the Garden of Olives,
the kiss of Judas combined with the Healing of Malchus's Severed Ear, the
Presentation to Pilate, the Flagellation with Two Tormentors, the Crowning of Thorns.
The iconographic program completes the scene by Simon of Cyrene who Carries the
Cross and the Crucifixion.

Most of the west wall houses the representation of the Last Judgment: the figure of
Christ in almond and placed above the entrance door, with a cornice in tufa and a
round arch on the sides of the Judge, Christ kneeling Mary and John the Baptist. On
the side where the blessed are placed, stands the crest of the Montani Family with
the date of construction of the pictorial cycle. In the intrados of the windows there
are four figures of saints: Stephen and Sebastian, Leonard and Ursula, painted, like
statues, on shelves in false tabernacles.

3.2.2 Conservation state
The state of conservation of the cycle of frescoes in the complex is good, except for
the lower part of the north wall. In this area, some pictorial film leaks have occurred
and quite large plaster has fallen due to the presence of strong humidity, which, due
to capillarity, creeps into the wall. This is due to the fact that the outer wall of the
church is in contact, for about 50 cm in height, with an embankment that surrounds
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it. This deterioration process has irreparably damaged the lower part of the narration
of Saint Stephen's life and the representation of the Epiphany in the presbyter.

The state of conservation of the cycle of murals from the Swabian period is not
particularly critical and it is, therefore, still possible to admire the minuteness of
details and the plasticity in the rendering of the bodies; the colours also seem to have
retained their original vivacity. Even in the south wall the loss of colour concerns the
masonry areas in correspondence of the floor slab.

Regarding the murals located in the presbyter and in the triumphal arch, painting
surfaces show a phenomenon of blackening probably caused by the degradation of a
lead-based pigment used originally (lead white according to restorers). This
phenomenon is sometimes circumscribed in small areas where the pigment was used
in order to create chromatic contrasts, such as chiaroscuro effects. In other areas,
instead, its layout concerns larger coloured areas. The chromatic alteration strongly
influences the correct usability of the work because it drastically distorts the true
effect sought by the artists (Figure 3.11).

Some delimited areas in the east wall were treated with preliminary cleaning tests
carried out with the traditional method of reconverting the lead, using a solution of
acetic acid and hydrogen peroxide in cellulose pulp [3]. Since the results obtained
were not considered satisfactory, we made a complete analysis to understand this
blackening phenomenon as well as the suitability of the used treatment. Indeed,
although there is not much evidence of the use of this treatment in the scientific
literature, it is nevertheless used by restorers as confirmed by this case study [4, 5].
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Figure 3.11: Vault of chapel where the blackening of paintings is evident.

3.2.3 Sampling
In this work, portable instruments were applied for a first screening of the painting
surfaces allowed identifying the areas of interest where the blackening appeared and
micro-sampling was then necessary to perform further analyses to better understand
the degradation phenomena. The samples taken from the wall paintings come from
blackened areas and areas subjected to reconversion treatment, yellow (Figure 3.12)
and green, of lead white in order to verify the affective suitability of the treatment
not only visually but also through an analytical study.

In addition to these fragments, some powdered samples composed only of the
degradation material were taken from blue, yellow and red areas not subjected to
cleaning tests, scraping the surface with a scalpel. In this way it was possible to obtain
a more accurate characterization of the degradation material and to characterize the
pigments used by the painters. All the collected samples are listed in table 3.2.
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Figure 3.12: Microsamples taken in a darkened area (a) and in a cleaned area after the reconversion
treatment (b) (magnification 40X).
Table 3.2: Samples taken from the wall paintings preserved inside the Saint Stephen’s chapel of
Montani.
Sample colour

Type

Acronym

Analytical technique

(Cleaned) green

Fragment

1-CYF

Micro Raman

Blackened green

Fragment

2-BYF

Micro Raman

(Cleaned) yellow

Fragment

3-CGF

Micro Raman

Blackened yellow

Fragment

4-BGF

Micro Raman

Blackened red

Powder

5-BRP

Micro Raman

Blackened red

Powder

6-BRP

Micro Raman and XRD

Blackened blue

Powder

7-BBP

Micro Raman and XRD
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Experimental techniques
As documented in the chapter 1, different diagnostic techniques have been used
since the 1990s for the characterization of wall paintings. Undoubtedly, portable nondestructive techniques are the most used ones for works of art that represent the
immovable cultural heritage, thanks to which it was possible to obtain in situ
information without affecting the pictorial surfaces and without sampling. Moreover,
as demonstrated in the following chapters, portable techniques are extremely useful
for selecting areas of particular interest from a diagnostic point of view and identify
an area where take samples in order to complete the investigations using benchtop
instruments.
This chapter summarizes the diagnostic techniques used both in situ and in the
laboratory, the laboratory instruments used for treatment of samples and the
commercial products employed to develop this PhD project.

4.1 General purpose instruments and tools
Loading analytical balance
To know the exact weight of the samples, powder samples were weighed using an AS
200 analytical balance (Mettler Toledo, USA) with a precision of ± 0.0001 g.
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Stereoscopic microscope
The analytical study of mural paintings samples was often assisted by their visual
assessment at microscopic scale. Thanks to the support of Dr. X. Murelaga Bereicua
from the Department of Stratigraphy and Paleontology (UPV/EHU), high quality
images of the fragments under analysis were acquired by means of the SMZ-U
microscope (Nikon, Japan) coupled to the Nikon Digital Sight DS-L1 camera (Figure
4.1).

Figure 4.1 SMZ-U microscope.

Metallographic polisher
With the aim of collect elemental (SEM-EDS) and molecular (Raman spectroscopy)
chemical images, mural painting fragments were prepared as cross sections. The
fragments were first embedded into acrylic resin. Once the resin polymerization
process was completed, embedded samples were treated with the Forcipol®1
metallographic polisher (Metkon, Turkey). In the first step the fragments were
ground with finer and finer sandpapers (P320-2000). Afterwards, the roughed
samples were polished with a diamond suspension on a synthetic napless cloth to
produce a scratch-free mirror finish.
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Agate mortar
In order to ensure reliable results, the particle size of some efflorescence salts
samples needed to be reduced and homogenized. To achieve this purpose, the
grinding procedure was carried out manually by means of an agate mortar. The
commercial products used for the realization of pellets were calcium carbonate
(CaCO3, Merck, 99.95 Suprapur®), gypsum (CaSO4.2H2O, Fluka, ≥ 99.0%) and
potassium nitrate (KNO3, Merck, ≥ 99.0%).
Digital hydraulic press
In order to perform semi quantitative analyses with Raman spectroscopy, salt
samples were mixed thoroughly in an agate mortar. Some salt pellets were prepared
using a CrushIR hydraulic press (Pike technologies, USA, Figure 4.2). The press,
specifically designed for making high quality KBr pellets, ensures excellent
reproducibility thanks to the combination of digital pressure reading and adjustable
pressure setting (maximum value: 13.6 tons/cm2). The instrument is equipped with a
PIKE Evacuable Pellet Press having a pellet holder with a diameter of 13 mm.

Figure 4.2: CrushIR hydraulic press.
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Cutting plotter, laser ablation system-excimer/CO2 laser, and Thermal roller
laminator
After AutoCAD design of the 3D structure the COP and PSA polymer layers were cut
using a cutter plotter (Graphtec CE5000-40 Craft Robo Pro, Tokyo, Japan). On the
other hand, PMMA layers were cut using a CO2 laser ablation system (Optec Laser
Micromachining Systems, Belgium). A thermal roller laminator (Titan-110, GBC Films,
USA, Figure 4.3) was employed to assemble the microfluidic devices (see chapter 9).
Zeo o COP sheets of

μ

thi k ess

e e pu hased

Zeo e

Düsseldo f,

Germany). ArCare®8939 PSA of 127 μm double side roll was provided by Adhesive
Research (Limerick, Ireland). Poly(methyl- etha

late PMMA

μ

slides were

purchased from Goodfellow, UK.

Figure 4.3: Cutter plotter Graphtec CE5000-40 Craft Robo Pro.

For the realization of microfluidic sensors, described in the chapter 9, two types of
ionogel were prepared, for the ILs: (IO-1) 1-ethyl-3-methylimidazolium ethyl sulfate
(Sigma-Aldrich, ≥ 9 %, opaque) and (IO-2) trihexyltetradecyl-phosphonium
dicyanamide (Sigma-Aldrich, ≥ 9 %, transparent). The ionogel was obtained by
mixing two monomers, one linear (N-isopropylacrylamide, Sigma-Aldrich, 97%), and
the other for giving the three-dimensional structure N,N’-methylene-bis acrylamide,
Sigma-Aldrich, 99%). In addition, a photoinitiator was added (2,2- Dimethoxy-2phenylacetophenone, Sigma-Aldrich, 99%) to induce photopolymerization.
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Copper chloride (CuCl2, Sigma-Aldrich, ≥ 99%) was chosen as a reagent substance and
was placed over the ionogel for its ability to form a stable metal complex with
ammonia.

In order to simulate the formation of ammonium nitrate in the laboratory ammonium
chloride (NH4Cl, Sigma-Aldrich, 99.99 Suprapur®) and potassium nitrate (KNO3,
Merck, ≥ 99.0%) were dissolved in milli Q water at different concentrations.

4.2 Hand-held and portable analytical techniques
for in situ analyses
4.2.1 X-Ray Fluorescence Spectroscopy
Energy Dispersive - X-Ray Fluorescence (ED-XRF) XMET5100 ED-XRF spectrometer
(Oxford Instruments, UK)

Figure 4.4: Use of portable ED-XRF i st u e tatio o the st u tu al alls of Sai t Stephe ’s hu h
(Ribera de Valderejo, Álava).

The hand-held XMET5100 ED-XRF spectrometer (Oxford Instruments, UK, Figure 4.4),
used fo ele e tal a al sis i the Sai t Stephe ’s hu h of Ri e a de Valde ejo
(Álava, Spain, see chapter 6), makes use of an X-Ray tube excitation source composed
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of a rhodium anode (maximum voltage of 45 keV). The analyser has a silicon drift
detecto that p o ides a e e g

esolutio of

eV al ulated fo the M Kα li e

at -20° C) and a spectral resolution of 20 eV. Data acquisition is carried out thanks to
a personal digital assistant (PDA) integrated into the instrument, which also provides
semi-quantitative information of the detected elements. With regards to mural
paintings characterization, in situ ED-XRF data were collected by putting in contact
the head of the system with the paint surface.

Thermo Scientific Niton XL3t GOLDD+ XRF Analyzer
The elemental analyses within Sai t Stephe ’s hurch of Montani (Bozen, Italy) were
carried out by a portable spectrophotometer Niton™ XL3t GOLDD+, Thermo Fisher
Scientific Inc. (Waltham, Massachusetts, USA) equipped with a multi-channel silicon
Peltier-cooled detector, a beryllium window, silver anode working at a maximum
oltage of

kV, tu e u e t of

μA,

easu i g a eas of

i dia ete a d

applying acquisition time of 60 second.

4.2.2 Raman Spectroscopy
InnoRam™-785S Raman spectrometer (B&WTEK Inc., USA)
The portable InnoRam™ spectrometer (B&WTEK, Inc., USA, Figure 4.5) is equipped
with a diode 785 nm laser. The spectrometer works in a spectral range 65 - 2980 cm1.

The maximum nominal laser power of the system is 300 mW. Spectra acquisition
as a ied out ith the soft a e BWSpe ™ .

. The spe t a e e a ui ed ith a

measurement time varying from 0.5 to 10 s, in a spectral range from 100 to 2200 cm1

and with a number of accumulations varying between 20 and 200 (depending on

the case of analysis, the presence of fluorescence and the signal-to-noise ratio). The
laser power was reduced to 10% in order to avoid any thermal photodecomposition
or laser induced chemical transformation of the materials. The obtained Raman
spectra were processed by Nicolet Omnic 7.2 software (Madison, USA).
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Figure 4.5: Use of portable InnoRamTM-785S spectrometer (785nm) spectrometer within the Saint
Stephe ’s hu h i Ri e a de Valde ejo Álava, Spain).

BWS5445-532S Raman spectrometer (B&WTEK Inc., USA)
The BWS5445-532S portable Raman system is equipped with a 532 nm green laser
(maximum power of 45 mW) and a CCD detector. The system works in a range
between 62 and 3750 cm-1 and with a mean spectral resolution of 4.2 cm-1.

On the one hand, mural paintings were analyzed by putting in contact the hand-held
probe with the wall surface. However, the portable instrument can be coupled to a
BAC151B video-microscope (BWTECK, USA). The benefits provided by the use of this
tool are manifold. For example, the integrated camera and objectives (20x and 50x)
allows to better focus on the sample, improving the Raman signal. Furthermore, its
unique dual laser wavelength port provides flexibility because it allows collecting two
molecular spectra from the same spot of analysis by sequentially using the green and
the red lasers. Considering the different power of the excitation sources, specific
measurement conditions were adopted for each Raman system. Raman spectra were
a ui ed ith the BWSpe ™

B&WTEK I c., USA) software.
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ASD High Resolution FieldSpec4 spectroradiometer (Analytical Spectral Devices
Inc., Boulder, USA)

Figure 4.6: ASD High Resolution FieldSpec4 spectroradiometer

Reflectance measurements of all samples were carried out using the ASD High
Resolution FieldSpec4 spectroradiometer (Analytical Spectral Devices Inc., Boulder,
USA, Figure 4.6) equipped with a bare optic fibre for remote mode operations. The
light source consisted of a halogen lamp (ASD Iluminator) placed at 30 cm of distance
from the samples. The angle between the incident light and the sample, and that
between the sample and the detector fibre was 45° in both cases. The fibre has an
acceptance cone with an angle of 25° and was placed to a minimum distance of the
sample to minimize the measurement surface. This device works in the 350-2500 nm
wavelength range and uses three detectors for the different spectroscopic ranges:
350-1000 nm (silicon photo-diode array for Vis-NIR), 1001-1800 nm (InGaAs photodiode for SWIR1) and 1801-2500 nm (InGaAs photo-diode for SWIR2). The spectral
resolution is 3 nm in the visible region and 6 nm in the near infrared region. Sensor
optimization and calibration was set with a Spectralon® white reference scanned
once before each sample, and each spectrum is the result of the average of 10 scans.
Spectra were collected with RS3 software (ASD Inc.), analysed with ViewSpecPro
software (ASD Inc.) and compared with those found in the bibliography.
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4.3 Bench top analytical techniques for nondestructive laboratory analyses
4.3.1 Scanning Electron Microscopy (SEM) Energy
Dispersive X-Ray Spectrometer (EDS)
EVO40 Scanning Electron Microscope (Carl Zeiss STS, Germany)
Elemental images of selected samples were performed using an EVO40 scanning
electron microscope (Carl Zeiss STS, Germany) coupled to an X-Max EnergyDispersive X-Ray Spectrometer (Oxford Instruments, UK). Previous to SEM-EDS
analyses, the selected samples were fixed in specific aluminium sample holders (pin)
with carbon type. Furthermore, with the aim of improving the quality of SEM images,
a thin gold fil

<

μ

as applied o the surface of the sample using a Emitech

K550X sputter coater vacuum chamber (Quorum Technologies, UK). EDS analyses
were carried out using a working distance of 8–10 mm, an I Probe of 180 pA, a 35º
take-off angle, an acceleration potential of 30 kV, an integration time of 50 s and a
number of scans between 6 and 10. The INCA Microanalysis Suite 4.3 (Oxford
Instruments, UK) software was used to collect and manage the collected data.

4.3.2 Raman Spectroscopy
InVia Confocal Raman spectrometer (Renishaw, UK)
The inVia Confocal Raman microscope (Figure 4.7) is equipped with a 514 nm
(maximum power of 50 mW) and a 785 nm (maximum power of 350 mW) excitation
laser, a DMLM Leica microscope (Bradford, UK) and a CCD detector. The
spectrometer works in a spectral range between 65 and 3800 cm-1 with a mean
spectral resolution of 1.2 cm-1. On the one side, StreamLine technology was employed
to generate high definition molecular images of specific samples. Briefly, the
motorized stage of the microscope coupled to the Raman spectrometer moves the
sample beneath the lens so that the line of laser-light is rastered across the area
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under analysis. Afterwards, from the collected spectra, chemical images are
generated by taking into account the position of main band of the compound of
interest. In both cases, the Renishaw Wire 3.2 (Renishaw, UK) software was used for
data collection and analysis.

Some powered samples of pure commercial plattnerite (PbO2, Sigma Aldrich, 99%)
was analysed with InVia Confocal Raman spectrometer in order to compare the
spectrum with those obtained during the Raman analyses of wall paintings fragments
take i the Sai t Stephe ’s hapel of Mo ta i Boze , Ital

(See chapter 5).

Figure 4.7: InVia Confocal Raman spectrometer.

Renishaw RA100 spectrometer (Renishaw, UK)
The RA100 Raman system (Renishaw, UK) is equipped with a 785 nm red laser
(maximum power of 150 mW) and a CCD detector. The system works in a spectral
range from 200 to 3200 cm-1 and with a mean spectral resolution of 2 cm-1. The
spectrometer is coupled to a X-Y motorized tripod which mounts a microprobe
implementing a video-camera (which allows focusing the laser beam on the sample)
and long range objectives (4x, 10x, 20x and 50x). Spectra acquisition was performed
with the WIRETM 2.0 software (Renishaw, UK), and data interpretation was carried
out by comparison with the reference spectra.
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Horiba - Jobin Yvon LabRam micro-spectrometer
The micro-Raman measurements were carried out with a 632.8 nm laser in a nearly
backscattered geometry by using a Horiba - Jobin Yvon LabRam micro-spectrometer
(300 mm focal length) equipped with an integrated Olympus BX40 microscope. The
spectral resolution was about 1.5 cm-1. The Rayleigh radiation was blocked by a
holographic edge filter and the backscattered Raman light was dispersed by an 1800
grooves/mm holographic grating on a Peltier cooled CCD, consisting of an array of
/

pi els. The e t a e slit idth as fi ed at

μ . The lase po e o the

samples was adjusted by means of density filters. Raman spectra were collected at
very low laser power (< 0.1 mW) in order to avoid photo-thermal effects on the
samples induced by the laser excitation as well as at varying power to check the
thermal behaviour of the pigments. The spectra were collected using a 50x ultra long
working distance (ULWD) microscope objective. Typical exposures were 10-20 s, with
3-5 accumulations. The system was regularly calibrated using the 520.6 cm -1 Raman
band of silicon. The data analysis was performed by LABSPEC 5.78.24, Horiba - Jobin
Yvon LabRam, built-in software package. All collected spectra were compared with
reference spectra.

4.3.4 X-Ray Diffraction (XRD)
PRO PANalytical Xpert X-Ray Diffractometer (PANalytical, Netherlands)
The used X-Ray Diffractometer is equipped with a copper tube, a vertical goniometer
(Bragg-Brentano geometry), a programmable divergence slit, a secondary graphite
monochromator and a Pixcel detector. The condition of all measurements were set
at 40 KV, 40 mA and a scan ranging between 5 and 70º 2theta.

Bruker D2 PHASER diffractometer
Powder XRD analysis of mural paintings samples were carried out with a Bruker D2
PHASER diffractometer operating in Bragg-Brentano geometry, equipped with a
LYNXEYE detector (based on silicon strip te h olog
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powdered samples (few milligrams) were analysed on a zero-background sample
holder (ZBH) and measurements were taken in steps of 0.02° o e

θ a ge f o

to 60°.

4.4
Isolation
and
characterization
of
biodeteriogens genomic DNA sequences via PCR
amplification
To genomically characterize the main biodeteriogens the biological strains, collected
in Ribera de Valderejo, sterile swabs and PDA petri dishes were sent to the BAT
laboratory (CIAL institute, Madrid) for their characterization.

Starting from the genomic characterisation of green patinas, the biological strains
contained in the PDA Petri dishes were cultured for seven days at room temperature
(25 °C). Then, metagenomic DNA was isolated in a biological safety cabinet (BIO II
Advance, Telstar, Spain) using the soil DNA isolation commercial kit. All the steps in
the isolation procedure were carried out following the manufacturer's instructions.
In order to amplify the region of internal transcribed spacer (ITS), a polymerase chain
reaction (PCR) and secondary PCR procedures were performed as described by Leake
et al. [1]. To verify the success of the extraction, the metagenomic DNA was checked
by using 0.8% w/v agarose gel electrophoresis. A Inc PTC-100 (MJ Research, USA)
thermal cycler was used to amplify segments of DNA via the PCR. For the
characterisation of the fungi and bacteria species, the 18S and 16S ribosomal RNA
gene region was amplified, respectively. An output file containing ITS sequences with
a partial 18S and 16S ribosomal RNA genes' sequence were then analysed by using
Bioedit software. Finally, ITS sequences' identification was carried out by comparison
with the National Centre for Biotechnology Information (NCBI) database [2].
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CHAPTER 5
Investigation of mural paintings
blackening in the chapel of Saint
Stephen’s in Montani (Italy)
As reported in chapter 3, a part of the doctoral project was carried out through a
collaboration with the Department of Mathematical, Physical and Computer Sciences
of the University of Parma (Italy) and involved the study of wall paintings preserved
inside the Saint Stephen s chapel in Montani (Val Venosta, Bolzano, Italy) in order to
characterize the alteration products that cause the blackening of paintings.
Chemical alterations of raw materials, like pigments and organic binders, can cause
chromatic changes with a negative aesthetic effect, preventing a full appreciation of
the artwork. Blackening phenomena or alteration of pigments are widely described
in the literature [1]: the most known examples are the darkening of vermilion [2],
haematite [3], azurite [4] and of lead-based pigments, in particular white and red lead
[5-9]. Since these processes endanger the preservation of the wall paintings, it is
essential to understand the chemical alteration processes that occur during the
ageing of the pigments.

The lead-based pigments (the most used are white lead, 2PbCO3·Pb(OH)2, and red
lead, Pb3O4) have been widely employed in the production of artworks since ancient
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times [10]. The formation of their secondary products are well known to conservators
and scientists as well as their instability and their tendency to blacken, especially
when using the fresco technique [11]. However recent research has shown the
presence of blackening of lead white even in secco mural paintings [7].

The natural ageing of lead-based compounds can manifest in the form of different
chromatic alterations from light pink to dark brown depending on the type of decay
products. The factors that cause the degradation of lead-based pigments are
different and interrelated, and over the past years several studies have been
conducted to clarify which conditions may give rise to the different decay compounds
[12].

The blackening of white lead and red lead can occur in the form of lead sulphide PbS
(galena mineral) in the presence of atmospheric hydrogen sulphide (H2S). This
degradation path has been observed especially on manuscripts [13-15]. The
formation of lead sulphide could be caused also by the interaction of the lead
pigments with sulphur-based pigments, even if in the literature there is, however, no
clear evidence of this effect [16, 17].
The fo

atio of la k lead dio ide β-PbO2 (plattnerite mineral) as a degradation

product is a rarer phenomenon than the development of lead sulphide. Plattnerite
has been identified in mural paintings as a decay product of both white lead and red
lead [18]. It is worth mentioning that recent studies claimed that plattnerite was
intentionally used as pigment in some mural paintings in Iran, after the discovery of
this mineral in a nearby mine [19], but this is a very particular case.

The darkening of lead white in the fresco technique has been attributed to oxidation
processes favoured by the alkaline environment before the lime is transformed into
calcium carbonate and in the presence of moisture [11]. However, the use of a
hydrophobic binder such as egg or oil can inhibit the process of degradation despite
the alkaline environment [20]. Chemical tests conducted on white lead in a NaOH
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alkaline solution have shown the transformation of the white pigment in a mixture of
assi ot β-PbO), as the main product of reaction, together with red lead and
plattnerite [20].

Other studies have suggested that the presence of microorganisms such as bacteria
(Arthobacter genus [22] or Flavobacterium species [23]) can favour the degradation
of white and red lead into plattnerite. As stated by Matteini and Moles [11], the
blackening of red lead can occur in presence of hydrogen peroxide (H2O2) produced
by the metabolic activity of microorganisms. Furthermore, some bacteria can
transform lead white, red lead and massicot into PbS. This phenomenon is caused by
the interaction of hydrogen sulphide, produced by bacteria utilizing sulphurcontaining amino acids, with lead-based pigments [15].

Tests performed in laboratory on reference samples of lead based pigments have
highlighted the influence on the degradation of natural inorganic salts and synthetic
salts that may be present on wall paintings after cleaning interventions [24]. The
results showed that blackening of white lead occurred only in the presence of a
strong oxidizing agent, such as NaClO, used as fungicide agent, with formation of
platt e ite, s uti ite α-PbO2) and cerussite (PbCO3). On the contrary, the
blackening did not occur in the presence of hydrogen peroxide. However, red lead
tends to darken in all salt solutions containing dissolved atmospheric CO2 in the form
of hydrogen carbonate anions, forming a mixture of plattnerite and cerussite [24].
Thus, relatively drastic conditions seem to be needed for the darkening of lead white
in wall paintings.

Moreover, studies on naturally aged wall paintings and physical-chemical tests on
raw materials in sulphuric acid solution, proved the presence of a mixture of
platt e ite β-PbO2) and anglesite (PbSO4) as decay product of red lead pigment [12].
This degradation of the red lead, proposed by Aze et al. [12], has been explained by
a process of sulphation or carbonation of β-PbO, a highly reactive specie, which can
e fou d as i pu it i the ed pig e t. β-PbO is transformed into anglesite, and
85

CHAPTER 5

subsequently a solvolytic disproportionation process of Pb 3O4 takes place with the
formation of plattnerite.

The whitening of the red lead, converted into lead carbonates cerussite and
hydrocerussite (Pb3(CO3)2(OH)2), or in lead sulphate anglesite, is a less known
phenomenon although it has been observed over pictorial surfaces. It occurs when
the pigment reacts with atmospheric pollutants such as SO2, CO and CO2 in specific
temperature and moisture conditions [12, 25]. Other authors suggest that the
alteration of minium gives initially a dark colour, with formation of plattnerite, which
then turns into a more stable anglesite, causing the total loss of the colour [26].
Othe lead o pou ds su h as lead

o o ides,

assi ot β-PbO-orthorhombic) and

litha ge α-PbO-tetragonal), have been frequently identified in wall paintings
together with red lead. They may be present either as pigments, or as impurities of
the same red lead. I fa t, α-P O a d β-PbO are intermediate products generating
from the calcination of the white lead at high temperatures during the manufacturing
process of red lead [27]. Lead monoxides are instable in the presence of moisture and
in an alkaline environment. In fact, the carbonation processes cause the formation of
lead carbonates cerussite, hydrocerussite and plumbonacrite (Pb5O(OH)2(CO3)3) [28].
The present work concerns the study of wall paintings preserved in the Saint
Stephe s chapel located in Montani (Bolzano) in Val Venosta (Italy). They are
affected by a degradation phenomenon, which is clearly visible as an extended
darkening, especially on the apse and on the vault.

Preliminary cleaning tests on yellow and green areas were carried out, according to
the method of white-lead reconversion, using hydrogen peroxide in a solution of
acetic acid, at very low concentration, and distilled water [29]. The darkening,
supposed to be due to transformation of white lead into lead dioxide (plattnerite),
has been explained by Matteini et al. [30] as an oxidation reaction where the lead
changes its oxidation number from +2 to + 4. The proposed treatment consists in the
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reverse process, a chemical reduction through hydrogen peroxide: the use of acetic
acid at low concentration gives lead acetate and subsequently, after hydration and
carbonation, basic lead carbonate. This procedure has been, in some cases,
successfully applied for the reconversion of oxidized white lead pigment found in wall
paintings [31, 32]. Although the conversion of the pigments is still debated, the
method of reconversion to white lead has been studied in the last years also for
different substrates. [33-35].
Since the darkening of the

all pai ti gs i the Sai t Stephe s chapel was initially

attributed to a degradation process of lead-based pigments without a prior analytical
exploration, the aim of the research conducted in this PhD project was initially to
support this hypothesis and consequently verify the sustainability of the cleaning
tests. First, X-ray fluorescence spectroscopy analysis was carried out in situ in the
areas of interest with the aim to select the areas to be sampled. Then, on a limited
quantity of micro-samples collected from the painting surface, it was possible to
complete the study thanks to additional laboratory analyses by micro-Raman
spectroscopy and powder X-ray diffraction.

5.1 Results
5.1.1 In situ analysis
X-ray fluorescence spectroscopy
X-ray fluorescence spectroscopy analysis was first carried out in situ in order to check
the presence of lead in all black alterations and confirm in this way the initial
hypothesis of restorers.

Lead was systematically detected in all chromatic alterations. An important example
was the case of two angels on the vault, one painted in white and the other
apparently painted in brown black. In the white angel, XRF analysis shown the
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presence of calcium (probably CaCO3, Saint Giovanni white), whereas in the dark one
lead was found (Figure 5.1).

Figure 5.1: (Top) Detail of the vault and points (in red) of XRF analysis. (a) The spectrum collected in a
white robe point gives evidence mainly for calcium. In the black robe, the XRF spectrum shows the
presence of lead-based compounds probably mixed with copper-based pigments (b).

The same phenomenon was seen in one of the three wise men (Figure 5.2), whose
slave was partially darkened. In the dark part lead was found whereas in the light part
it was not detected. Some millimetre size samples were taken for further microRaman and XRD analysis.
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Figure 5.2: Detail of the sleeve of one of the three Wise Men, where different blue colours are
observed.

5.1.2 Laboratory analyses
Micro-Raman spectroscopy
Analysis of plattnerite standards

Since the hypothesis formulated by the restorers was that the blackening of paintings
was caused by the presence of plattnerite (PbO2), Raman analysis were carried out in
order to confirm this assumption.

As attested by previous studies, plattnerite has a very weak Raman scattering, and it
can degrade if the excitation laser power is not kept sufficiently low [36]. The problem
of laser induced degradation of lead pigments is indeed a well-known phenomenon,
even if some aspects have still to be better understood [37,38]. It has been repeatedly
shown that if the laser power is higher than some threshold, depending on the laser
wavelength and the nature of the analysed sample, degradation phenomena may be
triggered during Raman analyses and secondary products, as red lead, massicot and
litharge, are formed. [39-41]. Thus, we decided to perform Raman measurements
first on plattnerite standards, both on mineral plattnerite and on powdered synthetic
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plattnerite (with excitation lines 633 and 532 nm), with the aim to choose the suitable
analysis parameters and to avoid any thermal degradation on the real mural painting
samples.

Previous study assigned the observed features of synthetic plattnerite at 424, 515
and 653 cm-1 to Eg, A1g, and B2g modes, respectively, by analogy with the
corresponding modes of isostructural SnO2 [36]. As the few published Raman spectra
[42] of plattnerite are reported starting from 200 cm-1, our Raman analysis on the
standard samples were carried out to verify also the possible presence of other
features at lower wavenumbers.
In mineral plattnerite (Figure 5.3a) we observed a Raman feature at 159 cm-1 that has
never been reported belonging to plattnerite together with other bands at 380 and
515 cm-1 and a shoulder at 540 cm-1. Raman spectra obtained in commercial
plattnerite powder showed the same features together with a weak peak at 653 cm 1

(Figure 5.3b). Finally, the features at 159, 380 and 653 cm-1 were visible with the

characteristic band at 515 cm-1 also in the spectra of synthetic plattnerite collected
with the 532 nm excitation laser (Figure 5.3c). Our Raman analyses that allowed
obtaining defined spectra, without inducing degradation due to the laser power,
were carried out at laser powers lower than 1.0 mW on the sample, with 50x ULWD
objective, using attenuation filters D1-D2 (Horiba).

Previous studies carried out on synthetic plattnerite powder attributed the presence
of the peak at 380 cm-1 and the shoulder at about 540 cm-1 to residues of red lead
which has a very intense Raman scattering [36]. However, our XRD analyses
performed on the commercial plattnerite showed that only a crystalline phase was
present in the sample (Figure 5.3). Thus, we propose to ascribe such bands to
plattnerite.
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Figure 5.3: Unpolarised Raman spectrum of mineral plattnerite (a) and powdered synthetic
plattnerite analysed with 633 nm (b) and 532 nm (c).

Figure 5.4: X-ray diffraction pattern of pure plattnerite in the commercial compound.

Study of pigment degradations in the wall paintings
As p e iousl

e tio ed, the esto e s h pothesis as that platt e ite as p ese t

in the mural paintings as decay product of white lead. Thus, the Raman analysis were
carried out for the identification of this pigment first on fragments of wall paintings
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belonging to cleaned areas, green and yellow, where the reconversion method of
white lead was applied.

The analysis performed on a green sample showed that the colour was provided by
natural green earth celadonite (K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2), identified by the
features [43] at 178, 275, 394, 553,701 cm-1 (Figure 5.5a) mixed with lead-tin yellow
type I and II. The bands at 78, 126, 193, 273, 289, 377, 454, 522 cm-1 were assigned
to lead-tin yellow type I (Pb2SnO4) pigment (Figure 5.5d) and those at 65, 88, 136,
324, 450 cm-1 to lead-tin yellow type II (PbSn1-x SixO3) (Figure 5.5e) [44].

Figure 5.5: Raman spectra of pigments identified on the yellow and green fragments taken from
cleaned areas: celadonite (a), lazurite (b), goethite (c), lead-tin yellow type I (d) and lead-tin yellow
type II (e).

The Raman spectra taken from the surface of yellow sample suggested the use of
yellow earth, mainly goethite (α-FeOOH), evidenced by the features [45] at 91, 245,
298, 384, 479, 550 cm-1 (Figure 5.5c). Moreover, lead tin yellow type I and II were also
detected. Some blue grains were also found and the spectra (Figure 5.5b) showed the
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characteristics bands at 259, 542, 579, 804, 1089 cm-1 of lazurite (Na8(Al6Si6O24)Sn),
main component of lapis lazuli [46].

Although a treatment for white lead conversion was used, no spectrum of this
compound was collected during Raman analysis on fragments of wall paintings taken
from cleaned zones (Figure 5.6). The only lead-based pigments identified were lead
tin yellow pigments type I and II. The same situation was found in the green and
yellow fragments coming from blackened areas where plattnerite was identified. No
evidence of the use of white lead in the past was found.

Figure 5.6: Detail of yellow area partially cleaned with the traditional method of white-lead
reconversion and points (in red) of XRF analysis where lead was detected and where Raman
spectroscopy only found lead tin yellow.

Raman spectra obtained analysing a powdered sample of degradation material,
scraped by a scalpel from the surface of the wall paintings, showed a structured wide
band centred at 515 cm-1 that confirmed the presence of lead dioxide PbO2
(plattnerite mineral, tetragonal symmetry) [36].
The main Raman band in our samples has never been identified at wavenumbers
higher than 515-516 cm-1. Additionally, all spectra collected in brownish samples
showed additional features, at 165 and 228 cm-1 (Figure 5.7), which did not appear
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neither in the Raman spectra of pure plattnerite, nor of mineral plattnerite. These
features have not been reported, according to the existing references, to any known
phase of the lead oxides family and they remained unassigned, although we though
they belong to stannate, the side product of the decomposition of lead tin yellow
pigments.

Figure 5.7: Spectrum of black alteration product presents on the wall painting.

Recently, Gutman et al. [47] reported the darkening of the red lead in a wall painting
into black or brown plattnerite. The characteristic Raman band of plattnerite claimed
at 521 cm-1, was, however, too sharp and did not correspond to the plattnerite Raman
spectrum as reported by Burgio et al. [36].

The Raman features of plattnerite identified in this work and in literature are listed
in the Table 5.1. The last row of table collects our proposed Raman features of
plattnerite.
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Table 5.1: Main features in the Raman spectra of plattnerite found in this research and in the known
literature.

Samples

Wavenumbers of the main features observed (cm-1)

PbO2 mural paintings

165, 228, 515

PbO2 crystalline

159, 380, 515

PbO2 synthetic (632 nm)

159, 515, 540 (sh), 653

PbO2 synthetic (532 nm)

159, 380, 515, 540 (sh), 653

PbO2 synthetic [36]

515, 653

PbO2

u al pai ti gs alte ed
i iu
[ ]

515, 545

PbO2 from minium alteration [48]

520

PbO2 from minium alteration [12]

518

PbO2 from minium alteration [8]

226, 512

PbO2 from lead white alteration [7]

515

PbO2 from lead white alteration [9]

515

Proposed Raman bands for PbO2

159(m), 380(s), 515(vs), 540(sh), 653(m)

The Raman spectra collected in a brownish red sample showed not only the
plattnerite features but also the peaks of red lead (Pb 3O4) at 62, 86, 121, 221, 386,
479 and 548 cm-1 and of

assi ot β-PbO) at 70, 142 and 287 cm-1 (Figure 5.8a). In

addition, Raman spectra collected in another reddish area of the same sample
revealed the presence of haematite (Fe2O3) with features at 222, 242, 291, 409, 494,
608, 659 cm-1 (Figure 5.8b) and of vermilion (HgS) with Raman bands at 252, 283 and
342 cm-1 [49] (Figure 5.8c).

As the measurements were performed at very low laser power, it was possible to
hypothesize that red lead and massicot were used as pigments. Although massicot
has been often identified as a yellow pigment [50], it may be present as an impurity,
formed during the production of red lead [51].
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Figure 5.8: Raman spectra of pigments identified on a red blackened sample: massicot (M) and red
lead (R) (a), haematite (b), vermilion with the main feature of plattnerite (P) (c).

The Raman spectrum reported in Figure 5.9, collected from another blackened
reddish sample, shows low frequency features at 80, 128 cm-1 that can be attributed
to lead tin yellow type I (Pb2SnO4) and haematite (main Raman bands at 222, 291,
608 cm-1), whereas a well-defined band at 978 cm-1 can be attributed to lead sulphate
(PbSO4, mineral anglesite). The characteristic large band of plattnerite at 515 cm -1 is
present as well. Red lead was identified also in this sample. This pigment was
probably used in a mixture with lead tin yellow and haematite. The distribution of
these pigments was shown in the Raman maps collected in the surface of the sample
and reported in Figure 5.10.
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Figure 5.9: Raman spectrum collected in a blackened red sample, showing the presence of lead tin
yellow type I (LT), haematite (H), plattnerite (P) and anglesite (A).

Figure 5.10: Raman imaging analysis of the blackened reddish sample shows the distribution of
calcium carbonate (a), haematite (b), red lead (c) and lead tin yellow type I (d).

The presence of both plattnerite and lead sulphate confirms the results of a recent
investigation about the natural ageing of red lead [11] suggesting the sulphation of
lead monoxide, present as a manufacturing residue of red lead. The formation of
plattnerite can results by further interaction of Pb 3O4 with acidic environmental
pollutants, such as sulphuric acid [11]. However, as other authors argued, the
blackening of the lead red may have been caused by a natural aging process favoured
by the presence of sunlight and moisture [52].
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Raman spectra collected in a darkened blue-green sample showed the main feature
of plattnerite at 515 cm-1 together with the aforementioned Raman bands at 165 and
228 cm-1. Azurite, a basic copper carbonate (Cu3(CO3)2·(OH)2) is the mineral pigment
that determines the blue colour. Its Raman bands are located at 111, 137, 153, 177,
193, 236, 246, 280, 330, 400, 764, 838, 1095 cm-1 (Figure 5.11a).

Figure 5.11: Raman spectra collected in dark/blue sample show the presence of azurite (a),
brochantite (b) and malachite (c).

Moreover, in this sample the presence of three different yellow pigments was
determined, such as goethite, lead tin yellow type I and II. In addition, the green
copper pigment malachite (Cu2(CO3)(OH)2) with Raman features at 120, 151, 168,
177, 218, 266, 350, 430, 508, 532, 717, 750, 1056, 1092, cm-1 was also identified
(Figure 5.11c).

Although the degradation of azurite used in mural paintings into greenish-brown
pigments is a known phenomenon [53], Raman analysis carried out in this sample
shown that the colour change was caused by the degradation of a lead-based
pigment used in a mixture with azurite and malachite. Among the lead-based
pigments only lead tin yellow (I and II) were identified and any traces of red lead nor
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lead white were found, as initially hypothesized, from which the plattnerite could
originate according to known literature. Thus, another decaying pathway must be
established.

In the samples with azurite and plattnerite we never detected lead white although it
has a very intense Raman scattering. Thus, the presence of lead white should have
been detected even if present at trace levels. A similar situation was found in other
samples in which plattnerite is present, such as in the samples from yellow and green
areas, both blackened and subjected to cleaning tests. In all these samples lead tin
yellow type I and II were the only lead-based pigments identified and, although the
white lead conversion method was applied, any trace of this pigment was identified
in the original nor in the treated samples.

Therefore, an involvement of the lead tin yellows, in particular of type I, in the
darkening process cannot be excluded. From a thermodynamic point of view (values
of the stability constants and redox potentials), lead stannate could be transformed
(degrade) under the influence of SO2 gas into anglesite (PbSO4) and plattnerite. This
hypothesis could justify the presence of the Raman bands at 165 and 228 cm-1 that
have never been identified in lead pigment decay products and that could belong to
a tin compound that was formed together with plattnerite.

Furthermore, the process of synthesis of lead tin yellow pigments, according to
ancient recipes found in Bolognese Manuscript (recipes 272 and 273) [54], involved
calcination of mixtures of compounds in various stoichiometric ratios between lead
oxides, generally PbO and Pb3O4 and tin oxide (IV) (SnO2). The complete formation of
lead tin yellow type I occurs at 800° C while for the type II higher temperatures are
necessary and also a 10% weight percentage in silica. [55] Although the
stoichiometric ratios between the components during the calcination were
respected, residual phases or mixtures of compounds coexisting in the final product
could be formed. Therefore, even an involvement of possible intermediate residual
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phases, in particular of red lead, should be considered in order to understand the
degradation of lead tin pigments.

Raman analysis carried out on three black-brown samples showed that blackening is
not caused only by the presence of plattnerite. Indeed, the Raman analysis
performed on black grains showed a further degradation process, the darkening of
haematite. In addition to the bands of haematite and goethite, used in mixture, the
spectra showed the characteristic band at 660 cm-1 of the iron oxide magnetite
(Fe3O4) (Figure 5.12).

Figure 5.12: Raman spectrum collected in the black grains show the features of haematite with the
main bands of goethite (Go), magnetite (Ma) and calcite (Ca).

Besides, the presence of coquimbite or paracoquimbite, iron (III) sulphate
nonahydrate (Fe2(SO4)3·9H2O), with the most intense Raman band at 1025 cm-1 was
detected. The two polymorphic compounds present the main band in the same
position, the only one visible in the spectrum collected in the wall paintings (Figure
5.13).
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The degradation process of haematite was studied for the first time by Maguregui et
al. [56] following the identification of magnetite and coquimbite on wall paintings in
the archaeological site of Pompeii (Italy). These decay products were caused by a
phenomenon of sulphation due to the presence of SO2 gas released by the eruption
of Vesuvius, but also present in the modern atmospheres around Pompeii. The study
of the chemical reactions was carried out by laboratory experiments exposing
haematite to SO2 vapours [57]. At first, haematite pigment, in the presence of sulphur
dioxide, is reduced to magnetite whose formation causes the blackening of the
paints. On the other hand, the SO2 is oxidized to SO3, which is mixed with the water
present as atmospheric humidity giving H2SO4. In the Pompeii mural paintings, the
formation of coquimbite on the surface is generated by the interaction of iron (III)
oxide with carbonate and sulphate anions of the plaster generated by cycles of wet
deposition of acid aerosol (SO3 or H2SO4) of the environment.

Figure 5.13: Raman spectrum collected in a red blackening sample show the features of lead tin
yellow type I, plattnerite (P), red lead (R), coquimbite (Co) and calcite (Ca) and the features at 165
cm-1 and 228 cm-1 (⁎).

As attested by Gómez et al. [58] the formation of iron sulphate in the pore stones can
occur at pH values lower than 4.5, as occurs in the presence of acid pollutants.
Subsequently coquimbite is produced by hydration processes.
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Thus, the presence of magnetite in the chapel of Saint Stephen could indicate an
impact of SOx gases, degrading the haematite. The presence of coquimbite could also
be a consequence of such degradation favoured by the presence of gypsum in the
mortar and the rain water infiltration.

Another issue that would support the role of SOx in the darkening phenomena inside
the chapel could be the presence of basic copper sulphates. Together with malachite,
the copper sulphate brochantite (Cu4(SO4)(OH)6) was found in a sample. The
identification was possible, thanks to literature [59], taking into account the position
of minor bands that are different from other compounds with different hydration
state such as posnjakite (Cu4(SO4)(OH)6·H2O) or langite (Cu4(SO4)(OH)6·2H2O). The
Raman features were located at 118, 140, 156, 169, 195, 243, 298, 319, 365, 390,
420, 448, 482, 506, 596, 608, 620, 769, 870, 909, 972, 1076, 1096, 1125 cm -1 (Figure
5.11b). Previous studies showed brochantite as an alteration product from the
sulphation of malachite by SO2 in wall paintings [60], but also in nature mixed with
malachite [61]. However, an intentional use of brochantite as a green pigment has
been also demonstrated [62].
The state of conservation of the wall pai ti gs of the Sai t Stephe s hapel is good,
except for the wall exposed to the north that shows a particularly severe degradation
phenomenon, being covered for about half of its height of the ground in the outer
part and this favours the infiltration of water into the walls. This process and
continuous rainwater infiltration may have created favourable conditions for
pigment degradation.

In addition, although the area in which the chapel is located seems an
uncontaminated mountain area, the contribution of anthropological factors must be
considered in the study of the degradation phenomena affecting the wall paintings.
Indeed, studies on air quality in the district of Bolzano showed that the collected data
in the detection station of Laces, adjacent to the town of Montani, represented an
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anomaly compared with other stations due to the high values of PM10. The
atmospheric pollution in Val Venosta is increased by the orographic layout of the
valley and by the cold currents which, due to thermal inversion phenomena, drain
the air masses full in contaminants into the plains zones where then they tend to be
stagnant. The use of wood heating in rural areas have contributed significantly over
the years to the increase in concentrations of pollutants in this area, especially in
winter.

With regards to sulphur dioxide, values above the norm were not recorded in the
studies carried out over the past ten years. However, the values of SO 2 have
decreased significantly in Europe thanks to new environmental policies that have
promoted the use of biomass fuels, which have a lower environmental impact instead
of coal fuels widely used in past decades. This means that SO2 values in the past were
much higher than present.

X-ray diffraction
X-ray powder diffraction analyses were also carried out in order to characterize the
decay products of lead-based pig e ts o pai ti g s su fa e. The follo i g esults
were obtained by powdered samples taken from red and blue areas, analysed also
by Raman spectroscopy. The diffraction pattern representative of a red darkened
area (Figure 5.14

o fi

ed the p ese e of platt e ite at θ =

. °,

. °,

. °,

49°, 52.1°, 58.8°, massicot (29.1°) and red lead (26.3°, 30.8°). The most intense peak
at 26.7° is likely due to quartz of the mortar, corresponding to its most intense
reflection.

Figure 5.15 reports the diffraction pattern collected in a darkened blue sample.
Azurite was the main component in the powder and it was identified by the features
at θ =

. °,

. °,

. °,

. °,

. °,

. °,

. °,

. °,

. °,

. °,

. °,

. °,

40.4°, 41.5°, 47.7°. Malachite (CuCO3·Cu(OH)2), was identified by peaks at 14.7°,
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29.4°, 31.2°. Also in this case the diffraction pattern showed the features of
plattnerite (P), confirming that the darkening was caused by a lead base pigment.

Figure 5.14: X-ray diffraction pattern of a powdered darkened red sample 7-BRP. Peaks assigned to
plattnerite (P), massicot (M) and red lead (R) and quartz (Q) are indicated.

Figure 5.15: X-ray diffraction pattern of the darkened blue sample. Peaks assigned to plattnerite (P),
azurite (A) and malachite (M) are indicated.
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Final remarks
This research concerning the study of late - Gothic wall paintings preserved inside the
Saint Stephen s hapel in Montani (Val Venosta, Bolzano, Italy) confirms the presence
of lead, either in the darkened area, or in cleaned areas treated according to the
method of reconversion of lead white.
Thanks to the use of laboratory techniques, especially of Raman instrumentation, it
was possible to identify the nature of mortar and pigments (Table 5.2 summarizes
the different compounds detected during this research) belonging to the Gothic
period.
Samples of commercial pure plattnerite and in mineral form were analysed and all
the Raman features at 159 (m), 380 (s), 515(vs), 540 (sh) and 653 (m) cm-1 were
reported for the first time belonging to the  form of lead dioxide.
Ra a spe t a o tai ed at lo lase e itatio po e ≈ .

W a d po de XRD

evidenced the presence of plattnerite (PbO2) on all blackened samples and, in minor
amount, of anglesite as alteration products of lead-based pigments. The aging
process occurs in the presence of a basic substrate, humidity and sunlight (dry and
wet cycles) and was favoured by the presence of acidic pollutants (SOx) in the
atmosphere, which stagnate in the area where the chapel is located, due to the
particular orographic characteristic of the valley.
Red lead was clearly identified on the samples belonging to red painted areas
originally. Actually, we have no evidence that the darkening of wall paintings could
be attributed to the use of white lead because its Raman spectrum has never been
collected on the samples.
A cleaning test using the method of reconversion of white lead was applied in a very
limited area of the paints, unfortunately before verifying the composition of the black
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patina to prove the actual presence of lead white. The Raman spectra collected on
the cleaned areas gave no evidence of plattnerite, confirming apparently the
effectiveness of the conversion treatment but no traces of lead white were identified.
However, it was decided not to proceed with the cleaning of larger areas because the
method was considered too aggressive and the treated areas showed a pulverization
of the pigments. This work represents another example of the importance of the use
of non-destructive diagnostic techniques with the aim to identify the secondary
products and to give indications to restorers and conservators on the suitable
method to be used.

All the Raman spectra collected in brownish samples taken from the mural paintings
showed unassigned features at 165 and 228 cm-1 that cannot be attributed to known
lead oxide phases. The constant presence of lead tin yellow pigments on all the
analysed blackened samples suggested that these bands, always visible together with
the main plattnerite band, could prove the presence of tin and lead based
compounds as secondary products not yet mentioned in the literature. To verify this
new decaying process, laboratory tests in which lead tin pigments are subjected to
aging with SO2 vapours, in the presence of moisture, should be conducted in order to
verify the blackening of the pigments, the possible formation of plattnerite, and the
formation of side tin and/or lead based compounds.

The spectroscopic results obtained after applying all these techniques allowed us to
identify another degradation process other than the initially expected one. Indeed,
the blackening process of haematite was also demonstrated by using Raman
spectroscopy, and the presence of magnetite caused, together with the plattnerite,
the chromatic change of the painted surfaces. Among the sulphate compounds
identified in the samples, coquimbite was also identified as a haematite decay
product, which confirmed that a strong sulphation process has been produced.
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Table 5.2: Compounds identified in wall paintings with Raman spectroscopy.
Assigned
species

Chemical formula

Wavenumbers of the main
features observed (cm-1)

Sample

Haematite

α-Fe2O3

222 (s), 242 (w), 291 (s),
409 (m), 494 (w), 608 (w),
659 (w)

5-BPR, 6-BPR

Goethite

α-FeOOH

91 (m), 245 (w), 298 (m),
384 (s), 479 (w), 550 (w)

1-CYF, 4-BYF,
6-BPR, 7-BBP

Celadonite

K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2

178 (w), 275 (w), 394 (w),
553 (m), 701 (w)

1-CGF, 2-BGF

Lazurite

Na8(Al6Si6O24)Sn

259 (w), 542 (s), 579 (sh),
804 (w), 1089 (w)

1-CGF

Cu3(CO3)2 · (OH)2

82 (m), 111 (vw), 137 (m),
153 (m), 177 (w), 193 (vw),
236 (w), 246 (w), 280 (vw),
330 (w), 400 (vs), 764 (w),
838 (w), 1095 (m)

7-BBP

Cu2(CO3)(OH)2

120 (m), 151 (vs), 168 (s),
177 (vs), 218, 266 (s), 350
(m), 430 (s), 508 (m), 532
(m), 717 (w), 750 (w), 1056
(m), 1092 (m), 1365 (w),
1490 (m)

7-BBP

Brochantite

Cu4(SO4)(OH)6

118 (w), 140 (m), 156 (w),
169 (w), 195 (m), 243 (m),
298 (vw), 319 (m), 365 (vw),
390 (m), 420 (w), 448 (w),
482 (m), 506 (w), 596 (m),
608 (m), 620 (w), 769 (vw),
870 (vw), 909 (w), 972 (vs),
1076 (w), 1096 (m), 1125
(w)

7-BBP

Vermilion

HgS

252 (vs), 283 (w), 342 (m)

6-BRP

Lead tin
yellow type I

Pb2SnO4

78 (m), 126 (vs), 193 (m),
273 (w), 289 (w), 377 (vw),
454 (w), 522 (vw)

1-CYF, 2BGF, 3-CGF,
4- BYF, 5BRP, 6-BRP,
7-BBP

Lead tin
yellow type II

PbSn1-xSixO3

65 (m), 88 (sh), 136 (vs),
324 (w), 450 (vw)

1-CYF, 2BGF, 3-CGF,
4- BYF, 5-

Azurite

Malachite
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BRP, 6-BRP,
7-BBP

Red lead

Pb3O4

52 (w), 62 (w), 85 (vw), 120
(vs), 222 (vw), 390 (w), 478
(w), 549 (s)

5-BRP, 6-BRP

Massicot

β-PbO

70 (w), 86 (m),142 (vs), 287
(m), 388 (w)

5-BRP

Plattnerite

β-PbO2

515 (m) 540 (w)

Anglesite

PbSO4

978 (s)

6-BRP

Magnetite

Fe3O4

660 (m)

5-BPR, 6-BPR

Coquimbite

Fe2(SO4)3 · 9H2O

280( w), 1025 (m)

6-BPR
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CHAPTER 6
In situ and laboratory analyses for
the understanding of a
controversial restoration work
As discussed in detailed in the chapter 1, the wall paintings belong to a category of
artworks particularly at risk since they are generally preserved in situ, and therefore,
their conservation depends both on the characteristic of original materials used and
on the environmental conditions [1, 2]. Thus, it can be very complex to determine
their state of conservation, because the causes of damage are multiple.
First of all, they are exposed to natural decay factors such as variation of humidity
and temperature [3], biological attacks [4, 5] or atmospheric pollutants in the air [6].
Furthermore, the chromatic change of the pigments caused by the natural aging
and/or anthropogenic agents actions are widely known phenomena [7-9]. In addition,
some studies have highlighted the inadequacy of obsolete conservation products
used in the past, which were incompatible and even harmful for the conservation of
the works of art [10], thus, new non-reactive and removable treatments have been
proposed [11, 12].
Moreover, in the past years some restoration works have been carried out without a
careful diagnose study. In fact, the restorers have been focusing for a long time on
visual observation and on their experience. Unfortunately, this approach has caused
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incorrect diagnoses and, accordingly, the application of unsuitable conservation
procedures to the artworks [13]. This is the reason why due to the complexity in the
conservation of wall paintings, integrated analytical approaches have become an
esse tial step for the ide tifi atio of the degradatio ’s auses and, especially, for
the election of the conservation treatments required [14].
This chapter presents the results of a multianalytical methodology for the study of
wall paintings, based on the use of Raman and X-ray fluorescence spectroscopy in
situ, SEM-EDS microscopy and Raman spectroscopy laboratory measurements. The
paintings belong to the late Gothic period and they are preserved in the Saint
Stephen’s hur h in Ribera de Valderejo (Álava, Basque Country). This research was
focused on characterizing the plaster composition, the colour palette used by the
artists and the materials employed during the recent restoration works.

6.1 In situ analyses
Portable Raman and X-ray fluorescence spectroscopy were selected to perform the
in situ study of the chromatic palette and to identify the original and new pigments
employed in the past restoration works. As summarise in the section 3.1.1, since the
paintings located in the apse wall are characterized by a grey colour, the analyses
were conducted mainly in those areas, in order to verify any degradation process (see
Figure 6.1).

The Raman analysis carried out in deteriorated areas, in which the paint layer is lost,
showed that the original preparation mortar (arriccio, used to make the wall flat) is
composed of a mixture of calcite and siliceous material. The acquired spectra showed
the features of calcium carbonate (CaCO3, Raman bands: 1086, 712, 282 and 156 cm1) (Figure 6.2a) and quartz

(SiO2, Raman bands: 206, 262, 356, 465 cm-1) (Figure 6.2b).

Unlike other studied churches in the Basque territory, gypsum was not found in this
mortar [15, 16].
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Figure 6.1: Representation of Original Sin in the apse area in which are visible grey areas (pointed by
arrows) and green areas (pointed by circles).

Figure 6.2: Raman spectra acquired in the preparation mortar give evidence of calcite (a) and quartz
with the contribution of calcite (b).

Raman analyses were also carried out in order to identify the composition of the
white layer of plaster that still covers the majority of the nave and the west wall. This
layer was applied to cover the deteriorated paintings in the past. It is composed of
two different sub-layers. The Raman spectra acquired in the exterior part showed the
well-defined peaks of gypsum (CaSO4·2H2O, 1008 and 415 cm-1). The part underneath
has a heterogeneous granulometry and a reddish colour. The Raman analyses
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showed, in addition to gypsum, the features of quartz and of iron oxide hematite (αFe2O3, Raman bands: 224, 245, 292, 410, 495, 612 cm-1).
The analysis conducted in situ allowed the identification of the pigments used in the
wall paintings. A first screening was done by X-ray fluorescence to determine the
elemental composition.

In the red areas, which appear particularly bright, arsenic and mercury were detected
by ED-XRF. In most red areas, vermilion (HgS, Raman bands: 342, 281, 252, 110 cm-1)
was identified using Raman spectroscopy. In other points, the Raman analysis
showed that the red colour was produced by a mixture of a yellow pigment and a red
one, orpiment (As2S3, Raman bands: 200, 290, 308, 352, 380 cm-1) and vermilion,
respectively (Figure 6.3a).

Figure 6.3: Raman spectra of original pigments identified in yellow and red areas: vermilion plus
orpiment (a), hematite (b) and goethite (c).

The ED-XRF analysis performed in the orange areas of the apostles' robes in the
Apostolate representation, showed evidence of iron and mercury. In this case, the
shade is gi e

er ilio used together ith the red iro o ide he atite α-Fe2O3

Raman bands: 225, 245, 292, 410, 495, 612 cm-1) (Figure 6.3b). In addition to
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orpiment, in the yellow areas, where iron was present, the yellow iron oxide goethite
α-FeO(OH), Raman bands: 300, 388, 480, 547 cm-1) was identified (Figure 6.3c). From
a comparison with other studies in mural paintings of the Gothic period, we can
affirm that the pigments identified in the Saint Stephen’s hurch are fairly compatible
with this period [17].
Thanks to the portable devices used in situ, it was possible to identify the modern
pigments used during the restoration works in recent times. In most of the analysed
points, although they present different colours, ED-XRF analyses did not always show
the key elements of the respective colorants. In fact, only calcium, zinc, barium and
iron were detected.

The Raman analysis conducted in the yellow areas revealed the use of the arylamide
yellow (C17N3O3H8, Raman bands: 460, 510, 786, 953, 1136, 1215, 1246, 1307, 1387,
1482, 1521, 1595, 1620, 1670 cm-1) (Figure 6.4a) while in the blue areas the use of
ultramarine blue (Na6-10Al6Si6O24Sn, Raman bands: 365, 546, 580 cm-1) (Figure 6.4b)
was noticed. Moreover, a synthetic red pigment was found. Thanks to further
comparisons with the literature [18], this pigment was identified as the organic
pigment red manganese (C18H11ClN2O6SMn, Raman bands at 358, 495, 742, 969,
1039, 1180, 1233, 1263, 1330, 1364, 1484, 1554, 1600 cm-1) (Figure 6.4c) known also
as a naphtol pigment (C.I.PR48:4). The white pigment barium sulphate (BaSO4, Raman
bands: 453, 460, 618, 987, 1040) (Figure 6.4e) was also identified frequently in the
surface together with calcium carbonate. The green areas visible on the mural
paintings, with evidences of colour reintegration, are very few and represent the
leaves of the plants over a white background. Analysis with Raman spectroscopy
identified only the synthetic pigment phthalocyanine green (C32H3Cl13CuN8, Raman
bands: 220, 262, 289, 330, 345, 684, 740, 775, 814, 956, 978, 1082, 1212, 1282, 1336,
1388, 1503, 1536) (Figure 6.4d).

As already mentioned, some areas of the mural paintings are unusually dark-grey. For
e a ple, i the part that represe ts a tree’s tru k. Ho e er, i this area o l a
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mixture of carbon black (Raman bands: 1300, 1590 cm-1), barium sulphate and
anatase (TiO2, Raman bands: 142, 196, 395, 514, 638 cm-1) were detected by Raman
spectroscopy.

Figure 6.4: Raman spectra of modern pigments identified in wall paintings: arylamide yellow with the
most intense peaks of calcium carbonate and barium sulphate (a), ultramarine blue and calcite (b),
red manganese with the most intense peak of calcite (c), phtalocianine green (d), barium sulphate
together with the features of calcite (e) and anatase (f).

Other grey areas are rather extensive and suggested that this colour was caused by
factors beyond the artwork. In fact, one grey area represents a garden and in the past
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it could have been green in colour. Therefore, special attention was given to the study
of these areas in order to understand if the tone was an intentional act or if it was
caused by a process of degradation of the raw materials used in the wall paintings.
Raman analyses carried out in this grey area, representing grass, in addition to the
features of calcite, provided evidence of a mixture of carbon black and barium
sulphate. Moreover, the modern white pigment anatase was also identified (Figure
6.4f). There were not recorded spectra of any antique green pigment or blue or
yellow pigments that may have been mixed to obtain a green colour [19]. During the
analysis in situ some green areas painted over this grey background were discovered.
However, these areas, representing leaves, were painted with the modern pigment
phtalocyanine green; thus, we must assume that this green area is a reintegration.

Unfortunately, there were still doubts about the origin of the possible blackening,
and analyses in the laboratory were fundamental. Some samples were taken and
submitted to the laboratory. Besides, large amounts of arsenic were detected by Xray fluorescence in different points of the grey areas (Figure 6.5), even with arsenic
signals higher than in the areas where orpiment was found by Raman spectroscopy.

Figure 6.5: ED-XRF spectrum collected in grey areas.
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Thus, despite the evident arsenic signals in these areas are evident, as pointed out by
the result obtained in situ, it seemed to be scarcely plausible that the grey colour was
caused by a blackening of orpiment, the only arsenic containing compound found in
the wall paintings, since this pigment was detected only in red-orange areas, where
the Raman analysis allowed to identify the orpiment in a perfect state of
conservation. Moreover, it seemed that the grey colour was not due to any
blackening process.

6.2 Laboratory analyses
According to the results obtained with the portable equipment, only the areas of
greatest interest were sampled. In order to know the origin of the detected arsenic,
to investigate the cause of grey coloration of the wall paintings and the absence of
original green pigments, some micro samples were collected in the grey areas. They
were embedded in resin and then they were analysed as cross sections using SEMEDS microscopes and Raman spectroscopy in the laboratory. Moreover, another
sample was taken in the green areas to verify the presence of original green pigments
and it was analysed also as a cross section. In this way it was possible to study the
stratigraphy to better distinguish the original green paint layer from chromatic
retouching belonging to the modern times.
First of all, the grey samples were observed at the lowest magnification (200 x) using
the scanning electron microscope. The image obtained allowed us to distinguish a
complex stratigraph . The ele e ts’ distri utio i Figure 6.6 shows the composition
of a grey sample in cross section.
The elemental maps show 3 layers (Figure 6.6). The mortar is characterised by the
presence of calcium, carbon and silicon (not shown). The original paint layer presents
a heterogeneous composition with evident grains of carbon in a matrix of sulphur
and calcium. Over this, there is another layer with heterogeneous composition in
which some grains of various sizes can be observed. The elemental maps show that
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the grains are composed by magnesium and arsenic. Together with Mg and As, there
is a very thin layer containing Zn, S, Ba and Ti.

In addition, the analyses with SEM-EDS confirmed the presence of zinc in the outer
layer together whit titanium and barium, which was also detected by ED-XRF during
in situ analysis. Although the Raman spectrum of zinc sulphide was not collected (it
has a very weak Raman signal), based on the SEM-EDS cross-sections results, it is
possible to assume that the lithopone (ZnS · BaSO4), was used in a mixture with
anatase since they coexist in the same layer. There are examples in the literature of
the use of mixtures of lithopone and anatase in the modern age [20]. This thin
painting layer applied in modern times is visible in all the analysed samples collected
from the grey areas. Since the documentation regarding the past restoration works
is incomplete, we cannot report the reason for this choice. However, we can assume
that probably a white painting layer was applied by the restorers to attenuate the
original and real black colour of the paintings.

Figure 6.6: Optical microscope image (a) and secondary electron SEM image (b) obtained in a grey
sample in cross-section. The elemental distribution maps show evidence of calcium, carbon and
silicon (not shown) in the mortar, of sulphur and calcium in the original painting layer together with
large amounts of carbon, of the grains composed by arsenic and magnesium, and of zinc, barium and
titanium on the surface.
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To complete the results obtained by means of SEM-EDS analysis in cross-section,
further studies were carried out by Raman spectroscopy for the molecular
characterization of this area.

The Raman spectra collected in this layer gave evidence of the massive presence of
carbon black (Figure 6.7a) mixed with gypsum (CaSO4 · 2H2O, Raman bands: 180, 415,
492, 618, 670, 1008, 1135 cm-1) (Figure 6.7b). The observation of samples in the cross
section allowed us to distinguish in the original painting, characterized by large grains
in a sulphur matrix, small orange grains. The Raman spectra showed very defined
features of cinnabar in scarce orange grains (Figure 6.7c).

Figure 6.7: Raman spectra of pigments detected in the original paint from samples collected in grey
areas: carbon black with the contribution of gypsum (a), gypsum alone (b) and cinnabar (c).

In addition, the samples observed as cross-sections under the microscope did not
show evidence of the use of a green pigment in the original painting layer, where no
signals of green pigments (or mixtures of yellow and blue pigments) were recorded
by Raman spectroscopy.
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The fragment taken from green areas was also observed and analysed in crosssection by Raman spectroscopy in the laboratory. Below the green layer, consisting
of phtalocyanine green, no original green pigments were identified.

From the results obtained it is possible to conclude that originally, the areas that now
appear grey, were not green because no trace of green pigments were found. In fact,
the original paint layer was painted with a black hue composed primarily of carbon
black and gypsum and cinnabar in smaller amounts. In addition, the areas that were
retouched in green (with phtalocyanine green) were originally white.
With regard to the grains composed of arsenic and magnesium found over the
original painting layer, several Raman analyses were conducted in the laboratory.
They showed the presence of magnesium arsenate (Raman bands at 159, 206, 243,
271, 302, 366, 405, 428, 468, 810, 877 cm-1), a highly toxic product, both for the
human health and for the environment. Figure 6.8 shows a comparison with the
spectrum of magnesium arsenate in mineral form (hornesite, Mg 3(AsO4)2·8H2O) [21,
22] and the spectrum recorded, in which the characteristic peaks of gypsum and
carbon black are also present. There are not documents proving the use of this
product during previous restoration works, but considering that this product is sold
as a biocide, it may have been used to remove biological patinas [23]. It seems that
the restorers left the product on site for the preservation of the frescoes and to
prevent the formation of further biodeterioration processes or that some product
remained on the wall paintings during the removal.
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Figure 6.8: Raman spectra of the compound found in the wall painting (a) with the features of
gypsum and carbon black and the spectra of mineral hornesite (b).
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Table 6.1: Compounds determined by Raman spectroscopy in situ and in laboratory.
Reference

Type

Measurements

Location

Colour

Identified compounds

1

Original preparation
mortar

In situ

Lateral nave

Whitesand

Calcium carbonate and quartz

2

Modern plaster

In situ

Lateral nave

White

Gypsum, quartz and hematite

3

Polychromy

In situ

Apple in the tree (O.S.)

Red

Vermilion, vermilion plus orpiment

4

Polychromy

In situ

Camel (lateral nave)

Yellow

goethite

5

Polychromy

In situ

Apostles' robes (Ap.)

Orange

Vermilion, hematite

6

Polychromy

In situ

Bricklike painting (O. S.)

Yellow

Arylamide yellow

7

Polychromy

In situ

Columns (Lateral naves)

Blue

Ultramarine blue

8

Polychromy

In situ

Flower (O.S.)

Red

Red manganese

9

Polychromy

In situ

Leaves of the plants (O.S.)

Green

Phthalocyanine green

10

Polychromy

In situ

Tree canopy, tree’s trunk, grass on the
background (O. S.)

Grey

Carbon black, barium sulphate, anatase

11

Polychrome and
mortar

Laboratory (Cross
section)

Tree canopy, grass on the background
(O. S.)

Grey

Anatase, barium sulfate, calcite, magnesium
arsenate, gypsum, carbon black

12

Polychrome and
mortar

Laboratory (Cross
section)

Leaves of the plants (O.S.)

Green

Calcite, phthalocyanine green

*Abbreviations: Representation of Original Sin (O.S), Apostolate (Ap.)
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6.3 Final remarks
The results obtained confirm the reliability of the scientific approach for the
evaluation of the state of wall paintings preservation. However, it should be noted
that the simultaneous use of different elemental and molecular techniques allows a
complete study of the materials (see Table 6.1).
By means of spectroscopic techniques, X-ray fluorescence and Raman spectroscopy,
used in situ, it was possible to get a fairly complete evaluation of the original pigments
used by the artists. The pictorial palette is homogeneous in the different parts of the
church; hematite, goethite, vermilion, orpiment, gypsum and carbon black. Besides,
all the pigments used in restorations works carried out in the modern era, such as
arylamide yellow, phtalocyanine green, ultramarine blue, red manganese, barium
sulphate, carbon black, and anatase were identified.

In addition, the in situ analyses permitted the identification of a very interesting area,
from a diagnostic point of view, and a selective sampling was done to complete the
study in the laboratory. This allowed us to avoid collecting other useless samples from
the wall paintings. In this way, only some micro samples were collected and analysed
as cross-section.

The laboratory techniques showed that the presence of a grey-dark colour in the wall
paintings was caused neither by an external factor nor by a process of degradation of
raw materials but by a voluntary act of the painters. By means of Raman spectroscopy
measurements carried out on cross sections, we could verify that the original layer
was painted mainly with gypsum and carbon black and with a lesser amount of
vermilion. Thus, these parts of the wall paintings would have been originally darkgrey in colour because no green pigment or mixture (yellow and blue pigments) was
ever identified. Probably, the lack of green pigments is due to an insufficient
availability of the raw materials such as the green earths, malachite, celadonite or
glauconite [24].
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The only green colour found was phtalocyanine green, which was applied on the
surface during a past intervention. In this case, a scientific approach with diagnostic
instruments would have allowed to define the original appearance of mural paintings.
In fact, the restorers conducted the restoration work starting from a visual
observation and from a personal point of view assuming that the grass and the foliage
must have been painted in green. They probably thought about a blackening
phenomenon of the pigments, in particular about the degradation of the azurite into
black tenorite as reported in literature [25]. It may have been mixed with a yellow
pigment to obtain a green colour and probably for that reason the restorers used the
phtalocyanine green for colour reintegration. Furthermore, the choice of painting
some areas that originally were white with phtalocyanine green, as shown in the
laboratory analysis, is a further evidence of an arbitrary choice of the restorers which
is not compatible with the original appearance of the paintings.

In addition, the analyses in cross-section clarified an important aspect that was not
possible to solve in situ with the spectroscopic techniques. In fact, it was possible to
explain the presence of arsenic detected by the X-ray fluorescence analysis
conducted in situ. Thanks to the elemental maps obtained by SEM-EDS, and to the
molecular maps obtained by Raman spectroscopy, the use of the highly toxic
substance magnesium arsenate, that was not documented, was identified.

This seems particularly serious because it is a very hazardous material for the
environment and especially for human health. Thus, it was very important to
document the presence of such product, especially to make sure that further
restorations can be carried out safely and with appropriate precautions for the
restorers in the future.

Moreover, magnesium arsenate is a rather invasive product and the restorers did not
consider the possible damages that it could induct to the painted surfaces. Without
an analytical approach we could not have information since the restoration
documents at our disposal did not specify the substance used. For further restoration
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works, it is not only necessary to know the original materials but, above all, the
materials used in the modern era and, as we have verified, a careful study of the
materials can only be made with the use of complementary diagnostic techniques.

This work shows the importance of using scientific diagnostic techniques for the
study of cultural heritage, especially to provide guidelines to the restorers for an
appropriate intervention. In fact, the study of the original materials should be
indispensable before making chromatic reintegration to ensure that the choices are
compatible and respect the original appearance of the paintings. What we could
verify is that, certainly, in the church of Ribera de Valderejo no physico-chemical
analyses were carried out and, for this reason, inappropriate interventions were
conducted in the past years.
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CHAPTER 7
Study of natural impact on wall
paintings and building materials of
the abandoned church of Ribera
de Valderejo
The present chapter concerns the study of the conservation state of Saint Stephen s
church in the village of Ribera de Valderejo (Álava, Basque Country) and of the wall
paintings preserved inside of it. The town is located in a rural area and it is in a state
of abandonment, therefore, in these environmental conditions the preservation of
artworks is complex.

The interest for the presence of degradation processes in the church of Ribera de
Valderejo was born during the study of murals paintings, discussed in the chapter 6,
when the presence of accumulation of soluble salts on the surface of wall paintings
was noticed together with an extensive colonization of microorganism. Thus, in order
to identify the causes that provoked them, considering primarily its natural
environment, a deepen research only on the state of preservation of the building was
carried out.
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The diagnostic of the conservation state of the building heritage is a current topic
that has been discussed in several previous works with the aim to identify the
degradation processes and the mechanisms that provoked them [1, 2]. Certainly,
nowadays, a special attention is paid on damage caused by anthropogenic factors
due to the increase of contaminants in the atmosphere [3, 4]. In contrast, the
degradation of cultural heritage assets in rural areas does not depend primarily on
anthropogenic agents but also on their natural surrounding environment.

Independent of the area, rural or industrial, the artworks located in the open air are
difficult to preserve and the impact of environmental agents such as the variation of
the soil moisture, the presence of macro and microorganism, the variations of
temperatures and humidity, the presence of salt weathering and the biological
attacks can be harmful without a conservative strategy [5]. Thus, the identification of
the degradation processes described above is an essential step for the conservation
of cultural heritage in particular in order to suggest the guidelines for an appropriate
restoration work.

Over the last years, several diagnostic techniques have been successfully employed
for the evaluation of conservation state of building materials and pictorial surfaces,
especially thanks to the use of portable instruments due to their non-destructive and
non-invasive characteristics [6]. In particular Raman spectroscopy has demonstrated
its reliability for the characterization of secondary products found on historical
building materials thanks to its high spectral resolution [7].

For this aim, in this chapter, building materials and decay products were
characterized first using Raman spectroscopy and X-ray fluorescence portable
devices and subsequently, some collected samples were analysed by laboratory
techniques.
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7.1 Results
The in situ analyses with portable devices (Raman spectroscopy, X-ray fluorescence)
allowed us the study of the secondary products found in wall paintings and in building
materials. On the other hand, Raman spectroscopy and X-ray diffraction were
employed in the laboratory for a complete characterization of materials, in particular
for secondary products like efflorescence salts, which were complex to analyse in the
form of efflorescence. The analysis was focus on the determination of their
composition and the factors that have caused them. Moreover, in order to make it
possible to distinguish the composition of the original materials from the degradation
products, the structural stone of the church and of the portal were also sampled.

7.1.1 Study of soluble and insoluble efflorescence salts
By using in situ Raman spectroscopy on mural painting surface it was possible to
identify different degradation products. Hydrated calcium oxalate weddellite
(CaC2O4·2H2O) was detected in some points of the original mortar. The most intense
peaks were visible at 869, 910 and 1474 cm-1 (Figure 7.1).

The presence of weddellite and the most stable form whewellite (CaC 2O4·H2O), may
result from the concomitant biological activity of microorganisms, such as algae or
bacteria, and environmental conditions. The microorganism can excrete oxalic acid
(H2C2O4) that reacts with the carbonaceous materials in the wall paintings, such as
calcium carbonate, the main component of the plaster of the wall paintings [8].

In addition, the presence of nitrates was determined, both in the inner layers of the
plaster and in the pictorial surfaces. In this case, the presence of the single feature at
1050 cm-1 can be attributed to nitrocalcite (Ca(NO3)2·6H2O) and niter (KNO3) since
both have the main band in this position (the intense fluorescence did not allow us
to detect the bands of lower frequencies). However, both salts can be differentiated
due to their different FWHM (Full Wide at Half Maximum) values, FWHM=8 cm-1 for
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KNO3 and FWHM=22 cm-1 for Ca(NO3)2.6H2O [9, 10] being niter, in this case, the
nitrate present in the efflorescence. Besides, nitratine (NaNO3) was identified on the
wall paintings surface. Its identification was made thanks to the presence of the most
intense peak at 1067 cm-1, that is specific for this nitrate salt.

Figure 7.1: Raman spectrum collected on the plaster showed the presence of calcite (Ca), weddellite
(We) and niter (Nit).

Further Raman analyses carried out in the laboratory confirmed the presence of niter
(KNO3, Raman bands at 715, 1050, 1343 and 1358 cm-1) over the paintings. In
addition, Raman analyses showed the presence of nitratine (NaNO3, Raman bands at
190, 724, 1067 and 1385 cm-1), detected also during the in situ analysis, over the
pictorial surfaces (Figure. 7.2a). Sodium nitrate or nitratine may indicate a
biodeterioration process by microorganisms acting on urine, manure, guano and
vegetable waste. Probably, the fact that the church is completely open to the
environment (without windows or door) favours the entry of animals such as birds or
bats that can deposit the excrements on the walls and paintings. This nitratine
compound has been identified even on prehistoric mural paintings [11] and on
historical building materials [12].
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The salt efflorescences that were taken from the structural walls inside the church
had a similar composition. Raman analyses showed that they were mainly composed
of gypsum (CaSO4·2H2O, Raman bands at 413, 492, 615, 669, 1008 and 1135 cm-1)
and calcite (CaCO3, Raman bands at 156, 282, 713 and 1086 cm-1) (Figure 7.2b). The
composition of salts found in the surface of wall paintings is strictly connected with
the composition of a new plaster that was applied to cover the wall paintings. In fact,
as already mentioned, it is composed almost entirely of gypsum. Thus, it is plausible
to assume that this compound is also present on the pictorial surfaces. It must be
taken into account that gypsum is partially soluble, and, by the action of moisture,
rainwater and/or infiltration water, it can migrate and re-precipitate as efflorescence.

Figure 7.2: Raman spectra collected in the salt efflorescences showed the presence of sodium nitrate
(S.n.) and potassium nitrate (P.n.) together with calcite and gypsum (a), calcium carbonate (Ca) and
gypsum (Gy) (b).

A high percentage of nitrates, such as sodium nitrate and potassium nitrate together
with reprecipitated calcium carbonate, were identified in the salt samples taken from
the inner area of the portal too. This area is always exposed to the atmospheric
agents and it is directly in contact with the soil, thus it is more exposed to the capillary
rise of water from the ground than in the inner walls.
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A screening by the X-ray fluorescence portable device was done in different points of
the Romanesque portal where the crystallization of salts was particularly evident
(Figure 7.3) in order to verify the elemental composition of the stone. All spectra
collected in different areas showed a prevalence of calcium together with iron and
potassium. The sulphur main peak was also evident (Figure 7.4).

Figure 7.3: Evidence of salt crusts on the portal stone.

Figure 7.4: ED-XRF spectrum collected in the portal stone.

Raman analyses carried out in the laboratory showed that the salt samples taken
from the stone of the Romanesque portal, are mainly composed of potassium
sulphate (K2SO4, Raman bands at 455, 617, 983, 1102 and 1143 cm-1) (Figure 7.5) and
potassium nitrate (niter). Although sulphates were generally found at the bottom of
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the walls due to their lower mobility compared to nitrates, potassium sulphate was
identified in higher area of the walls than potassium nitrate [13, 14].

Figure 7.5: Raman spectra collected in the salt efflorescences showed the presence of potassium
sulphate (P.s.) and calcite (Ca).

Figure. 7.6: X-ray diffraction pattern of the stone taken from the Romanesque portal show all the
peaks belong to the mineral dolomite in addition to goethite and quartz.

Moreover, the stone used for the construction of the portal is mainly composed of
mineral dolomite (CaMg(CO3)2) as demonstrated by both Raman and by X-ray
diffraction analysis (Figure 7.6). In addition, the X-ray diffraction measurements
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pointed out the presence of quartz in small quantities (SiO2, 26.65 2θ), and of iron
o ide goethite α-FeO(OH) 21.24, 36.68 2θ) that would be responsible of the yellow
colour of the stone, explaining the presence of the iron detected by in situ ED-XRF
analyses.

In contrast to in situ ED-XRF analyses, where the presence of potassium was evident,
both Raman and X-ray diffraction analyses did not identify any potassium compound.
This may be due to the fact that it is not a crystalline compound or that it is present
in concentrations lower than 5%, therefore, hardly detectable with these techniques.
However, the most likely hypothesis is that potassium comes from the soil and the
plants that surround the church and it was not a component of the stone, as
described below.

As previously mentioned, some original building materials samples were taken. The
original structural stone sampled in a very deteriorated area of the apse wall,
analysed by Raman spectroscopy, showed only the peaks of calcium carbonate in
contrast to the dolomite found in the portal. X-ray diffraction analysis performed on
the same sample gave the same results. In addition, Raman analyses carried out also
on the mortar that binds the stones showed that it is mainly composed of calcite and
a minor amount of gypsum. The features of calcium carbonate (156, 282, 713 and
1086 cm-1) and calcium sulphate dihydrate (180, 415, 492, 618, 670, 1008 and 1135
cm-1) were noticed in the recorded spectra.
In contrast to the analyses carried out in the materials from the portal, any traces of
potassium or potassium compounds were found. This lack of potassium compounds
in the original structural stones, as confirmed by Raman and XRD analysis, was a
further confirmation of the environmental influence in the formation of potassium
salt efflorescences that were found in the portal. In the same way, the presence of
calcium sulphate dihydrate in the mortar validates the formation of potassium
sulphates on the masonry. The rainwater that infiltrates in the stones drags
potassium from the ground and from the roots of the plants and dissolves the
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sulphate ion of gypsum present in the mortar causing the development of potassium
sulphate on the surface.

In contrast to other investigations [15], these results demonstrated that the
degradation of the building was not due to anthropogenic contamination caused by
the use of fertilizers rich in nitrates or sulphates, but by the natural and continuous
accumulation of salts coming from the soils and from the natural decomposition of
the vegetable covering.

7.1.2 Characterization of biopatinas
Different types of biological patinas were identified, with naked eye, over the
paintings and extensively on stones in the interior walls of the church.
In bibliography diffe e t t pes of

a ote oids

β-carotene, zeaxanthin and

astaxanthin) have been identified as main responsible of chromatic alteration in
cultural heritage materials [16]. They are a class of organic pigments produced by
photosynthetic organisms such as algae, fungi or bacteria. Depending on the
presence of oxygen in the molecule, they differ in non-oxygenated carotenoids βa ote e, α-carotene, lycopene) and xanthophylls (luteins, zeaxanthin, astaxanthin).
In recent studies, the presence of different types of carotenoids was investigated as
markers of air quality [ 17]. In this sense, the research of Ibarrondo et al. [17]
demonstrated, thanks to the use of Raman imaging, that the growth of xanthophyll
astaxanthin in short time is faster in polluted areas.

All Raman spectra recorded in situ showed the three main features of carotenoids
(carotene or xanthophyll), the common organic pigments found mainly in the
materials preserved in the open air and synthesized by different biodeteriogens. The
Raman spectra of carotenoids showed the most intense features located at 1507–
ν1), 1152–

8 ν2), and 1002–

ν3) cm−1 and they are assigned to the C=C
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stretching mode, to the C–C stretching mode and to the C–H in plane bending
vibrational mode of carotenoids respectively [16].

Unfortunately, the in situ analyses did not allowed to identify the specific type of
compound because the main Raman bands of carotenoids are in similar positions,
and the bands of lower frequencies and the overtones must be considered for the
accurate identification. Thus, some biological patinas were sampled and further
analysis was carried out in the laboratory by Raman microspectroscopy.

Raman spectra gave evidence of zeaxanthin, a xantophyll carotenoid, and one of the
most common carotenoid found in the nature. (Figure. 7.7 a). The Raman spectrum
sho ed the

ost i te se peaks at

ν1 C=C ,

ν2 C–C) and

ν3 C–H) the

most affected ones by the Raman resonance effect. The other Raman bands were
located at 960, 1187, 1207, 1267, 1285, 1347, 1386, 1443, 2153, 2345 and 2666 cm 1.

Astaxanthin, another carotenoid of the xanthophylls class containing alcohol and
keto groups with 12 conjugated C=C double bonds, was also identified in a green area
of a patina. (Figure 7.7 b) The main Raman bands were located at 1507 (ν1 C=C), 1152
ν2 C–C) and 1002 (ν3 C–H), cm-1. In addition, other peaks of lower Raman intensity
that allowed to identify the compound were detectable at 883, 958, 1193, 1212,
1358, 1448, 1568, 2015, 2146, 2294, 2339, 2435, 2461, 2502, 2647, 2785, 2982 and
3015 cm-1.

Raman analyses carried out in some samples in which some orange spots were
e ide t usi g opti al

i os ope, sho ed the p ese e of β-carotene (Figure 7.7 c)

This type of non-oxidized carotenoid is the main pigment present in non-polluted
areas. The most intense Raman bands are located at 1518 (ν1 C=C) 1158 (ν2 C–C) and
1005 (ν3 C–H) cm-1. The overtones at 2316 cm-1 (2ν2) and combination-tones at 2518
cm-1 (ν1ν3) and 2668 cm-1 (ν1ν2) were evident. In addition, the features at 874, 966,
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1193, 1274, 1310, 1355, 1390, 1450, 1518, 1577, 2161, 2347, 2470 and 3030 cm-1
were also noticed.

Figure 7.6: Images at optical microscope (50X) on the left and Raman spectra of carotenoids found
on wall paintings surface and on structural walls: zeaxanthin (a), astaxanthin (b), β-Carotene (c) and
the measuring points.
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Photosynthetic organisms such as cyanobacteria, fungi and algae can synthesize
carotenoids as a self-protective mechanism to defend against damage caused by air
pollution or direct solar radiation. Moreover, the presence of carotenoids as auxiliary
DNA repair agents has been recognised also in extreme environmental conditions
[18].
The same biological patinas sampled for the Raman analyses were rubbed with
cotton swabs and an in vitro growth assay in Petri dishes with Potato Destrose Agar
was performed. Then, in order to identify the biological strains, a genomic DNA
extraction was carried out. A high similarity (99%) was found with database entries
of all biodeteriogens identified.

In two samples of black patinas taken from the wall paintings, fungi of the genus
Cladosporium cladorporioides were identified (Figure 7.8a). It is a rather common
genus of Ascomycetes fungi found on the mural paintings often together with
Aspergillum or Penicillum genus and its spores can be found in the atmosphere, in
the soil or in the water. In three green colour patinas, the fungi of the genus
Mortierella alpina were found (Figure 7.8b). Both identified genes live as saprotrophs
on dead organic materials in the soil.

Moreover, two bacteria genus were identified. The first belongs to the genus
Streptomyces sp., a genus of filamentous bacteria of the family Streptomycetaceae
(order Actinomycetales) (Figure 7.8c). The second kind of bacteria was the Bacillus
amyloliquefaciens, a microorganism of the Bacillus genus (Figure 7.8d). Both bacterial
strains are characterized as gram positive bacteria [19] commonly found in the soil
and vegetation.

Isolated strains, both fungal and bacterial, belong to spore formers, more properly
called an endospore for the bacterial spore. They are certainly the most popular
especially for their high rate of spore dissemination, and consequently, for the high
colonization capability [20]. The spores are also produced to protect the cell and they
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allow biodeteriogens to adapt to adverse environmental conditions and survive for a
long time [21].

Figure 7.8: Fungi and bacteria strains isolated from wall painting and walls and cultured in PDA Petri
dishes: Cladosporium cladorporioides (a), Mortierella alpina (b), Streptomyces sp. (c) and Bacillus
amyloliquefaciens (c).

7.2 Final remarks
In contrast to the general opinion, mainly derived from the deterioration processes
suffered by buildings and artworks in urban-industrial polluted areas, the
preservation of an historical building in a rural area is very complex. The
environmental impact can be extremely deleterious especially in absence of a
conservation plan. This is the condition of the church of Saint Stephen now, as this
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multianalytical study using several diagnostic techniques has demonstrated, pointing
out the causes of the degradation processes.

With regard to the study of the conservation state of the church, in situ analyses
identified different degradation products, in particular salt efflorescences and
organic patinas, that later were sampled and analysed in-depth in the laboratory. For
example, an extensive presence of nitrate salts, potassium and sodium nitrate, was
identified by Raman spectroscopy and, as evidenced by the obtained results, it seems
to be a consequence of natural environmental impact rather than of the
a th opoge i polluta ts. The efo e, the ai

it ate salts sou es, ide tified o the

surface of the mural paintings and building materials, are nitrogen compounds,
ammonium salts and nitrates, present in the soil from the decomposition of organic
matter and from plants that absorb the ions through the roots.

The church is constantly exposed to conditions of the surrounding environment and,
in addition, it is set directly on the ground in an agricultural area, thus, the ions
coming from the soil and from the plants penetrate easily in the walls thanks to the
phenomena of rain water infiltration and capillary rise. The water acts as a medium
and transports the ions from the ground into the masonry. Besides, the temperature
changes trigger dissolution-crystallization cycles and cause the development of white
salts surfacing. In the case of the Saint Stephen church these phenomena are
favoured by the presence of a masonry that has lost cohesion, and therefore, is
characterized by cracks through which water can easily trace.

Moreover, the building is almost covered by vegetation, herbaceous and higher
plants that contribute through the roots to transfer the substances. The prolongation
of these phenomena over time has caused a massive loss of materials and the
collapse of a part of the building.
The stud of uildi g
to the fo

ate ials as a fu the step to u de sta d the auses that led

atio of salts. I fa t, as de o st ated
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the environmental impact is so strong that the potassium sulphate, generated by the
interaction of potassium from the soil and the gypsum of the mortar, generally
located in lower parts of the masonry than nitrates, was found in the portal stone at
about 2.50 meters high.

The research performed shown that the degradation of walls and mural paintings
cannot be attributed only to the presence of saline efflorescence but also to an
intense biological activity as documented by the molecular and microbiological
techniques. For example, the presence of calcium oxalate weddellite identified in situ
with portable devices appeared strictly connected to biodeterioration processes.
Raman spectroscopy has proven to be extremely efficient for the recognition of three
different carotenoids, β-carotene, zeaxanthin and astaxanthin, identified in the
biological patina samples. The identification of astaxanthin, the most oxidized of the
carotenoid species, is particularly interesting. Until now, it was documented that it
was formed, in a short time, in the presence of acidic environmental stress, such as a
high SO2 concentration in the atmosphere. We are not able to know how long the
church has been in abandonment but, as documented in this study, the astaxanthin
can develop in a long time in an uncontaminated countryside as well.

The detection of fungi and bacteria using analyses of PCR-amplified 18S and 16S rDNA
fragments, contributed to better understand the genus of biodeterioration markers
that grow within the church. These microorganisms may have a negative effect on
the conservation of the mural paintings especially in a place where the atmospheric
conditions cannot be controlled. They are causing not only a chromatic damage but
also a structural damage caused by the production of mycelium, which can grow in
the paintings and in the mortar.
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CHAPTER 8
PALME software as an alternative
tool for semi-quantification of salt
efflorescence
As demonstrated in the previous chapter, the identification of salt deposits is a crucial
first step in understanding the causes that led to the degradation process and even
which chemical reactions have taken place between the environment and the
artwork. Since in most cases, the causes of the presence of products of degradation
are multiple, currently it is also important to quantify the precipitated salts to better
understand the contribution of each factor on the phenomenon of deterioration that
can be anthropogenic or natural, intrinsic or extrinsic to the material [1-3].

Many studies show the reliability of the vibrational spectroscopic techniques, FT-IR
and Raman, for the study of salt efflorescences [4, 5]. Compared to FT-IR
spectroscopy, the Raman technique has a number of advantages; the interpretation
of spectra is easier and faster because there are not overlapping bands or overtones.
Besides, it can be applied for analysing solid and liquid samples without
pretreatment. Although the Raman technique can be considered the most one used
for the study of saline deposits, performed in situ and in the laboratory, less
researches use Raman spectroscopy for the quantitative analysis of these
compounds. As the bibliography's demonstrates, the most widespread method used
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for semi-quantification with Raman spectroscopy is based on the so-called external
calibration curves, where the intensity of the Raman signal is proportional to the
concentration of the compound within the sample [6]. An example for this is the work
of Veneranda et al., where a quantitative study of salt deposits, present as
degradation product on mural paintings, has been successfully performed with
Raman spectroscopy using linear external calibration plots [7].

Quantitative Raman analysis has been performed always more frequently with
samples in solution [8] and less in solid state [9]. In fact, to get good results
homogeneous samples are needed and these can be hardly to obtain when you work
with samples in solid state. However, the problem of the homogeneity of the solid
phase samples can be overcome by using different procedures during Raman
analysis. The use of a rotating sample holder, for example, allows to cover a wider
area that represents the whole composition of the sample. Moreover, it is possible
to record some spectra for each sample in different areas chosen randomly averaging
the results obtained [10].

In this chapter Raman spectroscopy has been used to identify the different
compounds present in such salts, but can also be used for the semi-quantification of
such salt deposits based on the use of external calibration curves. Normally, this
method takes time for the preparation of pellets composed both by mixtures of
standard and or by real samples. In the present work we propose an innovative
approach for semi-quantification of salts in the solid state by portable micro-Raman
spectroscopy. It is based on the use of the PALME software (MONARIS-UPMC, Paris)
that has been developed in order to obtain the quantitative information from the
vibrational spectrum using a Multivariate Linear Regression approach (MLR). PALME
software considers a mixture spectrum as a linear combination of the suspected pure
materials spectra and in the field of Cultural Heritage studies it has been applied to
various contexts [11-14]. In this investigation both calibration curves and PALME
software have been applied to the quantitative analysis on samples of pure salts at
different concentrations of calcium carbonate (CaCO3), gypsum (CaSO4·2H2O) and
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potassium nitrate (KNO3) in order to compare the results obtained and verify which
method can be considered the most reliable. In addition, both methods have been
used to quantify real efflorescence salts found in the Saint Stephe ’s church (Ribera
de Valderejo, Basque Country, Spain).

8.1 Methodology
8.1.1 Samples preparation
In order to perform the quantification analysis using external calibration curves and
PALME software, a set of fourteen pellets composed by mixtures of commercial salt
powders was prepared. As can be seen in Table 8.1, twelve pellets composed by
mixtures at different concentrations of calcium carbonate (CaCO3), gypsum
(CaSO4·2H2O) and potassium nitrate (KNO3) (from 0 to 750 mg/g each) were prepared
for the construction of calibration curves. Besides, two control pellets were used to
assure the proposed method.

Table 8.1: Chemical composition of standard samples used for the external calibration procedure.
Concentration of compounds % (w/w)
Calibration pellet
CaSO4·2H2O

KNO3

CaCO3

1

89.0

10.9

0

2

88.8

0

11.1

3

11.1

88.8

0

4

10.9

0

89.0

5

0

12.4

87.5

6

0

88.6

11.3

7

49.8

20.5

29.6

8

49.1

30.5

20.2

9

30.4

49.3

20.1

10

30.1

20.1

49.7

11

20.3

49.7

29.9

12

20.2

29.8

49.9

13

4.7

80.3

14.9
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Calibration pellet

Concentration of compounds % (w/w)
CaSO4·2H2O

KNO3

CaCO3

14

15

5.1

79.7

15

79.6

0

21.3

16

66.3

36.4

0

17

35

0

64.9

18

0

64.6

35.3

1

39.6

39.9

20.4

2

69.3

30.6

0

Control sample
pellet

The standard powders were weighed, aggregated, and mixed thoroughly in an agate
mortar to obtain homogenous mixtures that weighs 0.2 g. The mixed compounds
were then placed in a cylindrical die to form pellets, applying a pressure of 7 tn/cm 2
for 5 minutes.

Since the PALME software allows the analysis of mixture of spectra considering them
as a sum of pure compounds spectra, it was necessary to prepare three reference
pellets made of pure salts alone, calcium carbonate, gypsum and potassium nitrate
respectively.
Finally, three real salt efflorescence samples, taken from the walls of Sai t Stephe ’s
church (Ribera de Valderejo, Basque Country, Spain), a building affected by both
capillary and rainwater infiltration phenomena, were prepared in the form of pellets,
like those used for calibration, for perform the semi-quantitative analysis.

Obviously, in order to perform the quantitative analysis, all Raman spectra, both of
standard and of real samples, were recorded with the same acquisition parameters.
All Raman spectra were acquired from 700 to 1400 cm-1 because this region collects
the most intense features of the compounds of interest (CaCO3, CaSO4.2H2O, KNO3)
used for the preparation of pellets. To assure reproducibility in the Raman spectra of
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the pellets, the analyses were performed coupling the Raman probe with a longdistance objective lens (4x) allowing to analyse a eas of ea

μ

2

where the

required homogeneity is attained. Each spectrum was collected with 30 seconds of
exposure time and 5 accumulations using the 10% of the nominal laser power. In
order to obtain a good level of accuracy and to verify the repeatability of analysis,
eighteen spectra were recorded in different points of each pellet.

8.2 PALME software
Software PALME was developed in order to obtain quantitative information from the
vibrational spectrum of the mixture compound using a Multivariate Linear Regression
approach (MLR) [15, 16]. As a first step, each reference spectrum is decomposed into
elementary bands (the user can select the Gaussian or Lorentzian band profiles) and
adjusted on the experimental spectrum. It defines the reference spectra profiles
which are stored to be used for decomposition.

Then, the mixed spectrum is loaded and its adjustment procedure is performed by a
linear combination of pure materials spectra using a least-squares criterion and the
Levenberg-Marquardt algorithm. The software shows graphically (Figure 8.1) the
decomposition of the spectrum.

The contribution of each pure component that is required to compose the
experimental spectrum is expressed as two different coefficients, the weighting
coefficient (á) and the area proportion depending on the employed spectroscopic
technique. In the case of Raman spectroscopy, the contribution of each component
pure on the mixture is expressed as a weighting coefficient (á) expressed as
percentage. In order to achieve a good level of accuracy in the semi-quantitative
analysis a series of spectra are collected in the same sample and the amount of
analyte is given by the average of the coefficients.
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Figure 8.1: Spectral adjustment of Raman spectrum recorded on a pellet of real salt composed by a
mixture of calcium carbonate, gypsum and potassium nitrate.

8.3 Results and discussion
In order to perform the quantification of each compound in the samples using
calibration curves, 18 pellets were analysed using micro Raman spectroscopy. Six
calibration curves were constructed, three evaluating the height (Figure 8.2) and
three evaluating the integration area (Figure 8.3) of the main Raman band of calcium
carbonate (1086 cm-1, CO32- ν1), gypsum (1008 cm-1, SO42-ν1) and potassium nitrate
(1050 cm-1, NO3- ν0), for each Raman spectrum recorded.

Due to the experimental uncertainty, the uncertainty of the intercept was always
higher than 50% of % relative standard deviation (RSD); thus, the intercept of all
calibration curves was fitted to 0 value. The changes in the slopes were within the
estimated uncertainty of the results.

As demonstrated by previous studies carried out on salt efflorescence, it occurs a
direct proportionality between the intensity of the main peaks of salts with their
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concentration [17]. Considering the height of the main Raman bands, the R2 values
for calcium carbonate, gypsum and potassium nitrate were 0.9544, 0.9788 and
0.9525 respectively.

Because the height of the Raman bands is influenced by the degree of crystallinity of
the compounds, three calibration curves were built considering also the area of the
peaks. As it can be seen, the values have a slightly improvement using the integration
area of the main peaks. The R2 were 0.9531 for CaCO3, 0.9795 for CaSO4.2H2O and
0.9606 for KNO3. However, the general distribution of dots around the regression line
is about the same for both extracted parameters (i.e. band intensities or areas),
underlining that the measurement dispersion is mo e

elated to sa ple’s

characteristics than spectra treatment.

The obtained calibration curves showed that the linear correlation between both,
peak integration area and height, is reasonably good. Moreover, taking into account
that the work is based on the study of solid samples, the results obtained were quite
good. In fact, it is much more difficult to achieve a good level of homogeneity of the
samples with powders in the solid state compared to samples in solution. However,
with regard to the homogeneity, the relative standard deviation of the signals of the
analytes of interest in each pellet varied between 4%-10%, which can be acceptable
for solid samples.
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Figure 8.2: Raman calibration curves built evaluating the height of main Raman bands of calcium
carbonate (CaCO3), gypsum (CaSO4.2H2O) and potassium nitrate (KNO3).
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Figure 8.3: Raman calibration curves built evaluating the integration area of main Raman bands of
calcium carbonate (CaCO3), gypsum (CaSO4.2H2O) and potassium nitrate (KNO3).
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Two control pellets were also analysed by Raman spectroscopy in order to verify the
reliability of the method. The quantitative results obtained respectively with the
calibration curves, and with PALME software, concerning control samples with known
concentration, are summarized in Table 8.2. Through the equation of the straight line,
the contribution of each compound within the mixture was calculated. Concerning
the control sample number 1 considering the integration area of main Raman bands
the relative difference between the real concentration and the calculated one was
for calcium carbonate 0.1%, for gypsum 3.1% and for potassium nitrate -12.7%. On
the other hand, evaluating the height of Raman features the relative difference
between real and calculated concentration was for calcium carbonate 1.3%, for
gypsum and 0.4% and for potassium nitrate -9.5%. Concerning the control sample
number 2 the relative difference between the theoretical and calculated percentages
was for gypsum -5.4%, for potassium nitrate -25.2% considering the integration area
of the Raman bands. Evaluating the height of Raman features the relative difference
between real and calculated concentration was for gypsum -14.7% and for potassium
nitrate -21.5%. Even though the results seem to present lack of accuracy, the paired
test-t demonstrates that there are no significant differences between the obtained
results and the real values. The results obtained analysing the control pellets show
that the external calibration curves procedure is reliable for semi-quantitative
analysis of salts samples in the solid state. Besides, the evaluation of the integration
areas has returned results closer to the real ones confirming that they are more
reliable for the semi-quantitative analysis of compounds.

Table 8.2: Results obtained with external calibration (8% of average %RSD) and with PALME software
(4% of average %RSD) for control samples.
% (w/w)

Compound

Pellet 1

CaCO3
CaSO4.2H2O
KNO3

20.4
39.6
39.9

20.4
38.3
45.0

20.1
39.4
43.7

11.9
42.2
44.8

Pellet 2

CaCO3
CaSO4.2H2O
KNO3

0
69.3
30.6

6.0
73.1
38.3

5.7
79.5
37.2

0
67.4
32.5

real

% (w/w) integration area

% (w/w)

Control sample
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Because PALME software only require the spectra from pure samples (reference
spectra) it was applied directly on all Raman spectra from prepared pellets, both,
those used for the construction of external calibration curve and those of control
samples to determine the contribution of each salt in the mixtures. The reference
spectra have to be recorded in the same conditions, i.e. with the same laser power
and for the same number of accumulated scans, in order to obtain meaningful
relative intensities between them. Treated experimental spectra do not require to be
acquired with the same conditions as references, as only proportions between
references spectra are used in the treatment. By working on site, according to
situatio s, a uisitio pa a ete s ould the

e adjusted to o tai

good spe t a,

offering more adaptability than using quantification through calibration curves. As
the program needs the definition of a baseline to obtain the adjustment of spectra,
they were corrected in the data pre-treatment step to exclude fluorescence
background. The semi-quantification study of all spectra was performed through the
deconvolution procedure. They were fitted with linear combinations of the reference
Raman spectra for 700 to 1400 cm-1. Decomposition was performed also for binary
mixture. The software allows to keep out the corresponding pure spectrum before
the quantitative analysis. The amount of each pure material required to form the
experimental mixed spectrum is provided with the weight coefficient expressed as
percentage.

Tables 8.2 and 8.3 show the average in percentage obtained collecting eighteen
Raman spectra for each pellet compared with the real concentration of calcium
carbonate, gypsum and potassium nitrate present in the standard samples.
Polynomial trend line (Figure 8.4) reveals a good correlation between the real
concentrations and the average of calculated values with PALME for all analysed
pellets. Moreover, the paired test-t demonstrates that there are no significant
differences between the obtained results and the real values.
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Table 8.3: Real concentration of the pellets used for external calibration and calculated concentration
by PALME (3% of average %RSD).
External
calibration

Compounds

% (w/w)
real

% (w/w) average
PALME

Pellet 1

CaCO3
CaSO4.2H2O
KNO3

0
89.00
10.90

0
87.48
12.31

Pellet 2

CaCO3
CaSO4.2H2O
KNO3

11.10
88.80
0

7.13
92.77
0

Pellet 3

CaCO3
CaSO4.2H2O
KNO3

0
11.10
88.80

0
9.48
90.42

Pellet 4

CaCO3
CaSO4.2H2O
KNO3

89.00
10.90
0.00

83.82
16.08
0.00

Pellet 5

CaCO3
CaSO4.2H2O
KNO3

87.50
0
12.40

79.20
0
20.70

Pellet 6

CaCO3
CaSO4.2H2O
KNO3

11.30
0
88.60

6.00
0
93.90

Pellet 7

CaCO3
CaSO4.2H2O
KNO3

29.60
49.80
20.50

18.69
53.19
28.01

Pellet 8

CaCO3
CaSO4.2H2O
KNO3

20.20
49.10
30.50

12.47
48.85
38.32

Pellet 9

CaCO3
CaSO4.2H2O
KNO3

20.10
30.40
49.30

12.52
29.09
58.36

Pellet 10

CaCO3
CaSO4.2H2O
KNO3

49.70
30.10
20.10

36.14
35.49
28.47

Pellet 11

CaCO3
CaSO4.2H2O
KNO3

29.90
20.30
49.70

18.91
20.03
60.59

Pellet 12

CaCO3
CaSO4.2H2O
KNO3

49.90
20.20
29.80

35.89
23.23
40.41

Pellet 13

CaCO3
CaSO4.2H2O
KNO3

14.90
4.70
80.30

4.38
4.98
90.48
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External
calibration

Compounds

% (w/w)
real

% (w/w) average
PALME

Pellet 14

CaCO3
CaSO4.2H2O
KNO3

79.70
5.10
15.00

76.37
21.48
2.00

Pellet 15

CaCO3
CaSO4.2H2O
KNO3

21.30
79.60
0

12.43
87.47
0

Pellet 16

CaCO3
CaSO4.2H2O
KNO3

0
66.30
36.40

0
61.55
38.35

Pellet 17

CaCO3
CaSO4.2H2O
KNO3

64.90
35.00
0

55.93
43.97
0

Pellet 18

CaCO3
CaSO4.2H2O
KNO3

35.30
0
64.60

25.24
0
74.66

Figure 8.4: Trend line built with real concentration of the pellets used for external calibration and the
average of concentration calculated by PALME software of calcium carbonate (CaCO3), gypsum
(CaSO4.2H2O) and potassium nitrate (KNO3).

For a better comparison of the results between the two approaches, external
calibration and PALME, a trend line was built using the concentration of calcite,
gypsum and potassium nitrate calculated for control samples 1 and 2 with both
methods. The x-axis represents the values obtained with external calibration
procedure, evaluating integration area, and the y-axis represents the data obtained
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with PALME (Figure 8.5). The R2 value 0.9514 demonstrates that there is an
acceptable correlation between the concentration obtained with PALME and the area
of the peaks. Therefore, both methods are comparable when you operate semiquantitative analysis. Moreover, the paired test-t demonstrates again that there are
no significant differences between both methods.

Figure 8.5: Trend line built with the average of concentrations of calcium carbonate (CaCO 3), gypsum
(CaSO4.2H2O) and potassium nitrate (KNO3) in the control sample calculated both evaluating the
integration area of Raman bands and with PALME software.

Finally, three pellets prepared using real salt efflorescences, sampled in the Saint
Stephe ’s church (Ribera de Valderejo-Basque Country), were analysed with both
quantitative methods. These samples were previously characterized in situ by
portable Raman spectrometer. The analysis showed the presence of calcium
carbonate, gypsum and potassium nitrate, thus, they were semi-quantified by the
developed external calibration procedure and the PALME software.

Both analytical procedures show that salt efflorescences, especially samples 2 and 3,
are mainly composed of potassium nitrate followed by gypsum. Calcium carbonate is
present in minor amount. For the sample 1 a slight trend reversal appears in the
results obtained by calibration procedure and PALME for calcite and gypsum (Table
8.4). In this case, the R2= 0.876 of the trend line built using concentrations of
compounds, calculated with integration area of main Raman bands and with PALME
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software, confirmed a good correspondence between the data obtained from both
methods (Figure 8.6). Once again, the paired test-t confirmed that there were no
significant differences among the obtained results.

Although the research seems to show that the best results were obtained using
calibration curves considering integration area of main Raman bands, paired test-t
did not see significant differences, and the program PALME has significant
advantages. In fact, it allowed to perform quantification analysis without preparing a
set of reference pellets (with a calibration curve for each measurement conditions)
with a considerable saving of time. Even if the variation between real and calculated
data is higher with PALME it can be accepted when you work in situ for semiquantitative analysis of mixtures of salts. However, the PALME software has proved
to be an effective tool for identifying the main compounds in a mixture and this
aspect is very important if PALME software is applied in the field of Cultural Heritage.
Characterizing the concentrations of each mixture salts make it possible to classify
the different causes that have caused the salt formation. The identification of each
concentration therefore, allows to diagnose the most damaging cause of a porous
material's deterioration. In this way, it can be possible to suggest the most
appropriate method of intervention and in case to prevent the damage.

Table 8.4: Result obtained with external calibration (20% of average %RSD) and with PALME (10% of
average %RSD) for real salt efflorescences from the sampled church.
% (w/w)

Real samples

Compounds

% (w/w) integration area

Pellet 1

CaCO3
CaSO4.2H2O
KNO3

22.9
11.7
53.3

21.8
15.3
48.4

17.7
21.4
59.5

Pellet 2

CaCO3
CaSO4.2H2O
KNO3

18.0
25.3
59.7

17.2
35.3
58.6

10.2
33.6
56.9

Pellet 3

CaCO3
CaSO4.2H2O
KNO3

12.6
43.0
47.5

14.0
59.5
45.2

7.1
49.8
42.4

167

height

% (w/w) PALME

CHAPTER 8

Figure 8.6: Trend line built with the average of concentrations of calcium carbonate (CaCO 3), gypsum
(CaSO4.2H2O) and potassium nitrate (KNO3) in the real salt efflorescence samples calculated both
evaluating the integration area of Raman bands and with PALME software.

8.4 Final remarks
In this chapter, the PALME software was tested as a viable alternative to the external
calibration curve procedures for the study of mixture of spectra recorded on salt
samples in the solid state using portable micro Raman spectroscopy. This software
was applied for the analysis of reference samples, at known concentration, and of
real samples in order to establish the contribution of each compound in the mixture.

The results obtained by both quantification approaches were comparable in
statistical terms revealing that the results obtained by the external calibration and
the PALME software methods are reliable and repeatable. The results show that this
new approach can be considered an appropriate tool for the semi-quantification of
salt efflorescences and for the diagnosis of porous material employed as building
materials.

The advantages of using the PALME software are evident. On the one hand, it can be
applied on vibrational spectra without a previous preparation of the reference
standard samples, which are instead required for the construction of the calibration
curves. In this way, we can perform quantitative analysis in a very short time
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compared to other chemometric techniques. In fact, PALME does not need the
preparation of the calibration curve, thus, it is a less time consuming approach.

On the other hand, one of the most important aspects highlighted in this research is
that the use of portable Raman instrumentation coupled to PALME software could
allow to perform semi-quantitative estimation of compounds, not only in the
laboratory but also in situ. This feature is particularly useful in the field of the Cultural
Heritage as it allows to carry out a quantitative study of salt deposits without needing
a sampling and without using a laboratory analysis. Requiring only the reference
spectra of quantified compounds, this reference database could be acquired prior to
the field campaign. On site, it only requires for spectrum treatment the choice of the
suspected compounds to obtain their quantification, without prerequisite on
measurement conditions. Thanks to its non-invasiveness, speed in processing data
and reliability features, the combination of Raman spectroscopy and PALME software
for semi-quantification purposes is suggested for all fields of study, including Cultural
Heritage, in which the sampling procedure is precluded or not recommended.
Furthermore, compared to the reference technique of X-ray diffraction (XRD) and
Rietveld analysis, such approach offers an alternative for the analytical quantification
of mineral phases much more portable and without heavy data treatment.
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Final conclusions
As stated in chapter 2, the main objective of this thesis consisted in the study of
some wall paintings from the Gothic period. In particular, two different scenarios
were studied, one concerning the wall paintings preserved inside the Saint
Stephen’s hur h of Ri era de Valderejo Álava, Spain) and the other one the wall
paintings lo ated inside the Saint Stephen’s hapel of Montani Bolzano, Italy . In
both cases, an assessment of the state of conservation was carried out because the
paintings presented some critical issues that were understood only thanks to a
thorough scientific diagnostic study, together with the expertise of curators.
The wall paintings were studied trying to obtain the maximum information through
portable non-destructive techniques including the identification of the critical areas
of study to take as few samples as possible and to avoid unnecessarily damage to
the painted surfaces, and therefore, safeguarding their integrity. The best in situ
results were obtained through the simultaneous use of elemental and molecular
spectroscopic techniques such as XRF and Raman spectroscopy. However, some
important information could only be obtained through the use of laboratory
techniques that are able to obtain information using a very limited amount of
sample. For this purpose, the techniques applied in situ were extremely useful for
the identification of particularly important areas, from the diagnostic point of view,
where micro samples were required to collect.
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Furthermore, the identification of the materials such as pigments, their choice and
the way they were used in the figurative scenes, represents a tool to understand
the social, economic and cultural aspects when the work of art was realized as well
as the condition of the client or the cultural environment of the past. For this
reason, the study of materials does not only concern technicians, but must be
complementary to the studies of the historical and artistic surroundings in which a
work of art is born. Therefore, an interdisciplinary approach between professionals
who share different fields of knowledge seems essential in order to carry out a
critical diagnostic study and establish the best conservation protocol. Fortunately,
this PhD project has been developed with the collaboration of such professionals.

From a socio-cultural point of view two completely different cases have been
studied and this is reflected in the current appearance of the paintings.
In the case of Saint Stephen’s hapel of Montani, the great wealth of the client is
demonstrated by the richness of the decorations and by the variety and quality of
the pigments used. The study of wall paintings confirmed the presence of leadbased pigments which were identified by the restorers as responsible for an
extensive phenomenon of blackening without having made any diagnostic analysis.
Restorers even applied a lead white cleaning procedure without confirming the
presence of lead white as an original pigment.

Fortunately, the application of the reconversion method of lead dioxide to lead
white was applied only in small areas during the cleaning tests. Although this
method was proposed in the 90s, it has not been widely used according to the
existing bibliography. As demonstrated by this case study, probably at the local
level, this treatment continues to be used, without carrying out any previous
analyzes, and going against the minimum intervention concept, one of the
restoration fundamentals. Thus, the decision of not continue with the treatment
seems the most appropriate from a conservation point of view as the physical
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integrity of the surfaces was not guaranteed either because this blackened aspect is
part of the history of the pictorial cycle and should be preserved despite strongly
influencing the appreciation of the work of art.

In addition, the analysis carried out in the laboratory confirmed the presence of
different lead based pigments but without detecting any trace of lead white.
Furthermore, the results showed that blackening was caused not only by the
presence of lead pigments (red lead) but also by the degradation process of iron
pigments that had not been considered by restorers.
In the ase of the Saint Stephen’s hur h of Ri era de Valderejo the presence of
both original and modern pigments was identified in situ as evidence of the fact
that the paintings have undergone restoration works in the modern times. The
current appearance of the paintings, characterized by a dark shade and due to the
large use of carbon black, reflected a humble social context and the lack of raw
materials in that period or region.
A further proof of the importance of applying diagnostic techniques for the study of
original materials before carrying out restoration work, was confirmed by the fact
that the pictorial retouching intervention did not respect the original appearance of
the paintings. The analyses showed that no green pigment was originally used and
that the restoration intervention with modern green pigments was not appropriate.
Furthermore, XRF analysis identified the presence of arsenic in different parts of
wall paintings and this was not compatible with the presence of arsenic pigments
since only traces of them were identified. Through the use of chemical analysis
imaging in the laboratory it was possible to identify the presence of an
undocumented product based on arsenic, a biocide product, a substance potentially
dangerous for the environment and for humans. In particular, in view of future
restorations, restorers should take precautions in this regard.
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The two scenarios investigated highlighted the importance of the application of
non-destructive and micro-destructive diagnostic techniques for the study of
original materials and degradation products, but above all, with the aim of guiding
the restorers in the choice of the most appropriate restoration methods. This type
of approach was not very common in the past years and the evaluations were
carried out according to the experience of the restorer, causing, in some cases,
inappropriate choices of procedures not compatible with the state of conservation
of the works of art or with the work of art itself.

Nowadays the scientific diagnostic approach is an essential step in the planning of a
conservation intervention and it will be necessary to insist in this direction with the
aim to educate all those who work for the preservation of cultural heritage towards
greater sensitivity by encouraging and promoting the use of any analytical
technique, better if it is non-destructive. Is the labor of scientist to teach and spread
the necessity of the analytical studies of any artwork before any intervention.

Another important aspect underlined in the thesis is that a greater attention must
be directed at the surrounding environment without focusing only on wall paintings
but extending the observation to phenomena that could affect them and to the
degradation products that are located even in adjacent areas. Indeed, the
investigations documented in this PhD thesis, demonstrate the importance of the
study of secondary products in relation to the characteristics of the surrounding
environment in order to evaluate its influence in the deterioration processes.

Unlike the church of Montani, the work on the church of St. Stephen required a
thorough assessment of the state of conservation because it presents more critical
problems caused by the state of abandonment of the entire building. The
characterization of efflorescence is an important step because they are one of the
major causes of deterioration of building materials, and because it is important to
understand which are the factors that have caused their formation and try to limit
them when it is possible. The lack of cohesion of the building materials was caused
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by continuous phenomena of both capillary rising from the ground and water
infiltration phenomena favored by cracks opened by the presence of macro
organisms (higher plants) that surround the church.

In particular, the study conducted in the church of Ribera de Valderejo would like to
draw attention to a situation now over the edge. The massive presence of saline
crystallization, of macro and microorganisms has caused irreversible damage over
the years and in the absence of a recovery plan there is a real risk of collapse of the
structure and that the wall paintings will be lost forever. It is important to highlight
that all these problems have arisen in absence of direct or near pollution sources
(such as greenhouse gases producers) in the middle of a natural park, which means
that even in clean surroundings decay phenomena occur because soils, grass,
microorganisms, rain are acting every day.

The studies carried out have shown phenomena of indirect degradation caused by
the environmental and by the morphological conditions of the territory in which the
buildings are located. This suggests that it would be necessary to study in a more
detailed way also scenarios that do not show clear sources of contamination or that
apparently do not appear to be damaged because they are placed in environments
with a low level of anthropogenic pollutants.

Another important aspect of this PhD work is related with the new methodologies
that have been tested (see the last two chapters of the thesis). The PALME program,
used for the first time for the semiquantification of salt efflorescences, has proved
to be an excellent tool thanks to its ease and speed of use. Furthermore, the main
advantage is that it could be used in study campaigns in which the greater presence
of a given salt can already suggest in situ the predominant factor of deterioration of
the material under study.
The realization and the application of the microfluidic device for the detection of
ammonium can represent a new research line even if the work presented in this
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PhD thesis is a first step towards the experimentation of new non-invasive devices
able to be applied directly to the surfaces both for the detection of contaminants
and for their monitoring. The results are quite interesting, although, as will be
explained below, further research is necessary. Indeed, thanks to the use of the
device it was possible to determine the presence of ammonium, a substance very
difficult to detect in mural paintings, generated by the environmental impact and
highly dangerous for the integration of carbonated building materials.

Considering the results obtained, I can state that the established objectives have
been successfully achieved. In addition, thanks to the experience gained in these
years I think that have acquired the skills necessary to complete a critical scientific
study starting from the analysis to be carried out in situ and the modalities of an
effective sampling to conclude the analysis in the laboratory, completing the whole
analytical process.

Future work
Currently, scientific research applied to the study of cultural heritage is focused,
among other directions, on the development of new technologies and the
experimentation of new materials in particular for the study and monitoring of the
effects of contaminants in the atmosphere. This has been done in this PhD on two
low polluted scenarios. But, at the end of a research that has developed the
characterization of original and alteration materials and the evaluation of the state
of conservation of wall paintings, the last chapter of the thesis has been dedicated
to the development of a new methodology for the monitoring of ammonium.
Indeed, a microfluidic device was designed, and tested in the laboratory on
mockups exposed to ammonium nitrate solutions for 7 months. It proved to be
suitable for the detection of ammonium already from the first month of application.
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However, further tests in the laboratory using mockups should be carried out by
varying the ammonium nitrate solution concentration ranges, as well as the
humidity, monitoring the sensor colour change through a photometric analysis, etc.
To simplify the monitoring, once applied in a real case, the sensor should be
monitored remotely through a micro-camera similar to those of which smartphones
are equipped, with a considerable time saving.
As demonstrated by the results shown in chapter 9, the device also detected the
ammonium when the mortar is in contact with vapors, thus, it is not clear if the
detection comes from the outside of the device or through the mortar, by
absorption. This drawback can be solved by modifying the experimental protocols
and by improving the sensor design or by using different materials. In fact, the
PMMA layer is rigid and does not adhere perfectly to the mockup so it could be
replaced by a more flexible polymer such as PSA or COP used in the lamination
process. Furthermore, it may be useful in the future to equip the device with an
external sensor in direct contact with the environment so that the behavior of the
two sensors can be compared.

The reduced realization time together with the easy use and remote control are
characteristics for a device that could be placed on the market and it could be
considered in the future its applicability also for the determination of other
contaminants that affect cultural heritage.
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ANNEX
Abbreviations
ATR: Attenuated Total Reflection spectroscopy
ATR-FT-IR: Attenuated Total Reflection–Fourier Transform InfraRed spectroscopy
CCD: Charge-coupled Device
COP: cyclo-olefin polymer
ED-XRF: Energy-Dispersive X-ray Fluorescence spectroscopy
ESEM-EDS: Environmental Scanning Electron Microscope-Energy dispersive system
FORS: Fiber-Optic Reflectance Spectroscopy
FT-IR: Fourier-Transform Infrared spectroscopy
FWHM: Full-Width at Half Maximum
GC-MS: Gas Chromatography Mass Spectrometry
GIS: Geographic Information System
HSL: hue, saturation, lightness
HSV: hue, saturation, value
IO-1: 1-ethyl-3-methylimidazolium ethyl sulfate
IO-2: trihexyltetradecyl-phosphonium dicyanamide
IR: Infrared spectroscopy
LA-ICP-MS: Laser-Ablation Inductively-Coupled Plasma Mass Spectrometry
LIBS: Laser-Induced Breakdown Spectroscopy
LMWOA: Low Molecular Weight Organic Acids
MALDI-TOF-MS: Matrix Assisted Laser Desorption Ionization-Time Of Flight Mass
Spectrometry
NIR: Near Infrared spectroscopy
OM: Optical Microscopy
PMMA: polymethylmethacrylate
PSA: pressure-sensitive adhesive polymer
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PY-GC-MS: Pyrolysis Gas Chromatography Mass Spectrometry
RGB: Red, Green, Blue
SEM: Scanning Electron Microscope
SEM-EDS: Scanning Electron Microscope-Energy dispersive system
TEM: Transmission Electron Microscopy
UV: Ultraviolet spectroscopy
VIS: Visible spectroscopy
Vis-RS: Visible reflectance spectroscopy
XRD: X-ray Diffraction
XRF: X-ray Fluorescence
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