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A prototypical in situ noninvasive study of ancient mural painting
materials has been carried out using an easily manageable fiber-optic
Fourier transform mid-infrared (mid-FT-IR) reflectance spectrophotom-
eter. The reported object of the study is the Renaissance fresco by Pietro
Vannucci titled il Perugino, located in the church of Santa Maria delle
Lacrime (1521, Trevi, Perugia Italy). For the first classification and
interpretation of infrared spectra, principal components analysis was
used. Spectral artifacts due to lacunas, restoration materials, or alteration
products have been identified, as well as two different secco refinements
bound in a tempera medium. For the characterization of inorganic
pigments, mid-FT-IR spectra have been integrated with other data
obtained through in situ X-ray fluorescence (XRF) elemental analysis.
This complementary noninvasive approach led to the characterization of
Perugino‘s pigments, even in the presence of complex mixtures. The mid-
FT-IR noninvasive technique, in combination with XRF, is thus
recommended as a valuable first approach for the examination of mural
paintings, permitting the assessment of the execution technique as well as
contributing to the evaluation of the conservation state.

Index Headings: Reflectance Fourier transform infrared spectroscopy; FT-
IR spectroscopy; X-ray fluorescence; XRF; Principal component analysis;
PCA; Mural paintings.

INTRODUCTION

The study and conservation of historical paintings common-
ly require scientific investigations to characterize the supports
or identify the nature of preparation layers, pigments, and
binders. These investigations are currently carried out utilizing
micro-samplings, which allow scientists to study the global
stratigraphy of the painting using optical and electron
microscopy; to investigate pigments using X-ray diffraction
(XRD), scanning electron microscopy—electron detection
(SEM-EDS), or Raman and Fourier transform infrared (FT-
IR) microscopy; or even to identify organic binders and
colorants using gas chromatography—mass spectroscopy (GC-
MS) and high-performance liquid chromatography—photodiode
array (HPLC-PDA) analysis.
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In spite of the satisfactory results obtained by these
approaches, the development of noninvasive methodologies
and portable equipment for in sifu studies represents one of the
primary objectives of research in conservation science. In fact,
portable equipment based on noninvasive techniques can allow
conservators and scientists to investigate paintings: (1) without
any sampling (avoiding any damage to the artwork); (2) in the
same site where the artwork is conserved (with no risk
connected with transportation to a laboratory; and (3) with
unlimited measurements all over the paint surface (with the
possibility of overcoming the limit of poor representativity
typical of micro-destructive analyses).

Among the various analytical techniques, X-ray fluorescence
(XRF) is known to be particularly suitable for the noninvasive
in situ identification of key elements in paintings.!? Instru-
ments equipped with open beam X-ray generators can detect in
air chemical elements with atomic number Z > 14. More
specifically, compact X-ray tubes and new non-cryogenic
silicon drift detectors have been recently introduced, having an
energy resolution greater than 150 eV full-width at half-
maximum (FWHM) at 6 keV.? The identification of key main
elements such as copper, mercury, lead, and cobalt support an
educated guess about the pigment composition. Furthermore, in
some cases, recognition of impurities has also provided
information on pigment provenance or manufacturers.*>
However, XRF shows the typical limitation of elemental
investigations where an unambiguous identification is not
possible for numerous copper, lead, and iron containing
pigments, as well as for those pigments composed of relatively
light elements (e.g., lapis lazuli, Nag[AlsSicO24]S,). In
addition, organic substances are not detectable and, owing to
the so-called matrix effects, signals arising from the paint
layers and the ground are hardly distinguished.®

Fourier transform mid-infrared (Mid-FT-IR) reflectance
spectrometry using portable equipment is here proposed as a
suitable technique for in situ nondestructive studies of
paintings. In fact, the recent availability of chalcogenide glass
fibers has made vibrational spectroscopy in reflectance mode a
very promising technique for this type of study, as suggested
by Bacci et al. in a first laboratory application.” Yet the major
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Fic. 1. A particular detail of the Adorazione dei Magi wall painting, Santa Maria delle Lacrime Church, Trevi, Perugia (Italy).

drawback is that the interpretation of infrared reflectance
spectral data is much more difficult than in transmission
spectroscopy, as band patterns and intensities depend on one or
more of three basic phenomena: specular reflection, diffuse
reflection, and transflection.® Specular reflection occurs on
optically flat objects when radiation is reflected from the
surface without any inward diffusion. Generally, the specular
component appears as a first-derivative-like spectral feature,
creating difficulty in locating the band’s center. Sometimes
very strong bands appear inverted, following the so-called
Reststrahlen effect.® Diffuse reflection occurs on rough
surfaces when radiation penetrates the sample and, before
going out through the same surface, it is scattered by pigment
and binder. In diffuse reflectance spectra the intensities of
absorption bands at high wavenumbers are larger than for
conventional absorption spectra.® Transflection instead occurs
on thin films of sample spread on a smooth metal surface. In
such a situation the radiation is transmitted through the sample,
reflected by the metal surface, and transmitted again through
the sample.

The specific aim of the present study is to probe the degree
of applicability of a portable fiber-optic mid-FT-IR reflectance
spectrophotometer for in situ studies of mural paintings,

investigating both inorganic pigments and organic binders, in
the case of secco finitures. The study has been integrated by
recognition of the painting surface by XRF elemental analysis.
Fluorescence images under ultraviolet (UV) irradiation have
also been recorded to define the distribution of organic
materials.

The object of the prototypical study is a mural painting
(Adorazione dei Magi) by Pietro Vannucci called il Perugino
(ca.1450-1523) found in the church of Santa Maria delle
Lacrime (Trevi, Perugia Italy).'” The surface painting has an
overall dimension of 5.5 m X 2.5 m (detailed in Fig. 1). The
analytical campaign has been carried out following an adept
cleaning of the surface, removing both dust and a fixative from
the 1970s. More than one hundred points were analyzed both
by fiber-optic mid-FT-IR and XRF. For pigment identification,
the points were selected on the basis of the chromatic
appearance, focusing the attention on blue, green, black, red,
and yellow hues. The study has been carried out using principal
component analysis (PCA) as an unsupervised pattern
recognition technique for handling infrared data. PCA
modeling usually enables the detection of sample patterns in
infrared spectra, like any particular grouping, and can
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Fic. 2. PCI-PC2 score plot of the 65 reflectance spectra.

discriminate the useful information from noise or meaningless
variations contained in the data.'!

EXPERIMENTAL

Measurement Setup.

Fiber-Optic Fourier Transform Mid-Infrared Spectros-
copy. In situ noninvasive infrared investigations have been
carried out with a compact portable FT-IR JASCO VIR 9500
spectrophotometer (50 X 50 X 50 cm?; 35 kg weight), equipped
with a fiber-optic extension. The optical bench is made of a
Midac Iluminator IR radiation source, a Michelson interfer-
ometer, and a liquid nitrogen cooled MCT (Mercury Cadmium
Telluride) detector. The Remspec mid-infrared fiber-optic
probe consists of a bifurcated cable containing 19 chalcogenide
glass fibers, seven of which carry the infrared radiation from
the source to the sample, while the other 12 collect the
radiation reflected off the surface. The chalcogenide glass
fibers allow for the collection of spectra from 4000 to 900
cm™!, having an excellent signal-to-noise ratio throughout the
range, with the exception of the 2200-2050 c¢cm™! interval,
where it decreases by about one order of magnitude due to the
fiber Se-H stretching absorption. The fiber-optic probe is kept
perpendicular to the painting surface (0°/0° geometry) at a
distance of about 2-4 mm. The investigated sample area, as
determined by the probe diameter, is about 20 mm?.

Due to the difficulty of interpretation of reflectance spectra
and possible interferences of the mural painting carbonate
substratum, this work has been preceded by an accurate study
on standard laboratory samples simulating fresco and secco
paintings with more then 500 combinations of pigment/binders/
technique.!>!3 The detailed results of this study will be
published elsewhere.

X-ray Fluorescence. The portable XRF instrument consists
of an X-ray tube (EIS P/N 9910), equipped with a W target,
and a Peltier cooled Si drift detector having a resolution of 130
eV FWHM at 5.9 keV. The system working in non-contact
mode is generally positioned at a distance of about 2 cm from
the point of interest. The X-rays emitted by the tube are
collimated on the analyzed surface with a spot diameter of 4
mm. This measurement corresponds to the achievable spatial
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resolution. The spectra are currently corrected for the efficiency
of the detector and expressed as counts per second (cps).

Ultraviolet-Visible Fluorescence Imaging. Fluorescence
images of the painting surface have been recorded using an
unfiltered Wood lamp (A&¢ = 375 nm) and a digital camera
Minolta DIMAGE 7.

Chemometric Treatment. As a first step, a PCA analysis has
been carried out with the Golpe code on all 65 recorded mid-
FT-IR spectra.'* The data matrix was composed of the 65
spectra as objects per 1532 variable/wavenumber in the range
from 900-4000 cm~! with a data pitch of 2.

Before PCA the 65 objects were subjected to a pretreatment
to remove the systematic baseline and intensity effects.
Specifically, each datum (x;) of the matrix has been baseline
corrected by subtracting the average value of the last 100
variables (from 3800 to 4000 cm™!) and then normalized by
dividing by the average value calculated on the entire spectral
range (from 900 to 4000 cm™!):

4000

x,j— E x,-,-/lOO
o j=3800
ij T 74000 4000 :
> " (xj— > x;/100)
=900 j=3800
1532

RESULTS AND DISCUSSION

Principal Component Analysis. As mentioned earlier, as a
first step, the PCA analysis was applied to the whole collection
of mid-FT-IR spectra. The primary objective was the
separation of the various spectra into different groups,
according to their general features. As result of this statistical
treatment, a PC1-PC2 plot was obtained, as reported in Fig. 2
(explained variance PC1 91.17%, PC2 3.36%), where the
presence of four well-separated clusters are clearly observed.
These clusters correspond to four different groups of spectra
each one characterized by specific features.

The first cluster includes only object 58, a spectrum
collected on a lacuna, where the vibrational features of
calcium carbonate with a rough morphology are present. They
are a shallow Reststrahlen band vs, and intense combination
bands vi+vs and vi+vg, at 2500 and 1800 cm™!, respectively,
as shown in Fig. 3a.

The second cluster is composed of six elements. These
spectra correspond to all those recorded on halos (see Fig. 3b).
The presence of a gold metallic film favors the transflection
effect, leading to good spectra that correlate well with the
conventional transmission spectrum of calcium oxalate dihy-
drate (1317 cm™' C-O stretching, 1615 cm™!' C=0 stretching,
and O-H bending). The high concentration of oxalate on halos
is most likely due to an oxidative degradation of organic
materials specifically applied on gold metallic decorations.!?

The third cluster includes two spectra characterized by a
very strong absorption of C=0 stretching at 1740 cm~! and
relatively low absorption of C—H stretching (see Fig. 3c)
related to the fixing from the 1970s layer not completely
removed by restorers. Spectral features, v(C=0) at 1740 cm™!,
3(CH) at 1160 cm™!, and low v(CH), strongly suggest that this
was an acrylic resin, very often used as a consolidant in past
decades.'®

The other 56 spectra are all clustered into a unique fourth
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Fic. 3. Mid-FT-IR reflectance spectra collected on: (a) lacuna, (b) gold halo,
and (c) uncleaned area.

group. Since this cluster was supposed to contain information
related to the original materials of the polychromy, its spectra
were treated with a further principal component analysis carried
out as in the first step but now restricted to 56 objects only.
The results of this second analysis showed that the main
contribution to the variance along the first principal component
(PC1, explained variance 68.68%) was mainly related to the
modification of the carbonate plaster spectral features,
according to the different surface roughness. Due to this
reason, scarce or no information on pigments and binders was
expected to be contained in PC1. The PC2-PC3 score plot, as
shown in Fig. 4, showed a not-well-clustered structure;
nevertheless, some interesting considerations can be addressed.
The objects along PC3 (explained variance 5.10%) are
distributed according to the different contributions of organic
matter: spectra containing low C-H stretching signals have
positive score values; spectra characterized by negative values
show intense C—H stretching signals. Alternatively, the second
component, PC2, gives useful information for the characteriza-
tion of inorganic materials. Indeed, the data along PC2
(explained variance 12.60%) are distributed according to the
different contributions of the inorganic matrix, both as carbonate
plaster (at negative values) and pigments (at positive values).
Binding Media Characterization. After the first general
observations on the 56 spectra that are not affected by optical
effects from the surface or by high amounts of contaminants, it
was possible to assess the absence of a lipidic binder, as the
carbonyl stretching at 1740 cm™! is not observed. Furthermore,
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Fic. 4. PC2-PC3 score plot of the reduced matrix dataset.

it was possible to distinguish between two different organic
materials, both characterized by a proteinaceous component
(the amide I and II bands, that are well resolved from the
signals of the carbonate matrix), which shows different C-H
stretching features, as pointed out by the PCA algorithm. These
two different groups of mid-FT-IR spectra, related to different
organic binders, found correlation with the fluorescing images,
obtained by UV excitation (Wood lamp, A&¢ = 375 nm) and
digital acquisition. It was found that the stronger C-H
stretching bands corresponded to the fluorescing areas, while
the weaker C—H stretchings corresponded to the other areas. As
an example, the high fluorescing areas on the damask
decoration and on the hat of the Wise King of Fig. 5a showed
similar vibrational features (see Fig. 5b, spectra 10 and #13).
These features are the amide I and II bands at 1684 and
1585 cm™!, respectively, accompanied by the strong C-H
stretching signals at about 2900 cm~!. On the other hand,
spectra from non-fluorescing areas, still showing the protein-
aceous bands, did not exhibit intense C—H bands (see Fig. 5b,
spectra #11 and #4). As the differences are only related to CH
absorptions and not to other features such as amide I and 11, it is
probable that they are due to a different kind of binder rather
than to a reflectance deformation.

Additional information was obtained comparing these
spectra with the reflectance spectra collected on mock mural
painting containing pure proteinaceous binders (e.g., egg
tempera, animal glue, and casein), as reported in Fig. 6. It is
possible to note that only casein is characterized by a low C—H
absorption. All these observations suggest that the painting
surface contains a widespread layer of casein, probably used in
the past as a protective, while original secco finitures are made
of other proteinaceous materials, such as egg tempera or animal
glue. More specifically, since a lipidic absorption at around
1740 cm™! is absent, it appears likely that the original binding
medium is animal glue, although it is worth noting that on mock
mural painting the carbonyl stretching of egg tempera is not
always well resolved from the Reststrahlen band of carbonate
plaster as it occurs, for example, in spectrum b of Fig. 6.

Pigment Identification. In the view of the foregoing PC2—
PC3 score plot, the spectra lying in the positive region of PC2
have been considered for the identification of Perugino’s
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Fic. 6. Reflectance mid-FT-IR spectra of mock mural paintings containing (@)
animal glue, (b) egg tempera, and (c¢) casein as binding media.

palette. However, the FT-IR vibrational data were in this case
integrated with XRF elemental composition analysis. This
integration was necessary to obtain an extended set of
information on pigment composition taking advantage of the
relevant complementary nature of the two techniques.

The blue pigments identified in the Perugino’s artwork were
mainly smalt (potassium glass containing cobalt ions) and
azurite (2CuCO3Cu(OH),). However, in some blue regions
Prussian blue (Feq[Fe(CN)g]3) was also detected due to some
repaintings possibly done during previous undocumented
restorations.

The assured identification of smalt was possible through the
combination of molecular mid-FT-IR spectroscopy and
elemental XRF. Usually in XRF analysis the detection of
cobalt, together with impurities of arsenic, nickel, and bismuth,
is the main clue for identification of smalt.# In this work, cobalt
and typical smalt impurities were detected by XRF (see
Table I), but also by the direct observation, through molecular
mid-FT-IR spectroscopy, of the inverted Reststrahlen band at
1070 cm™ !, due to the Si—O stretch in silica, a feature due to the
specific glassy nature of the pigment. As an example, in
Fig. 7a, the reflectance mid-FT-IR spectrum collected on the
blue Virgin’s dress containing cobalt, in the Adorazione dei
Magi, is shown and the Si—O stretching band is indicated.

In the wall painting of this work, smalt was widely found by
XRF in most of the blue hues (sky, dresses, veils), confirming
the large use of this pigment among the Renaissance Florentine
mural painters.

In several blue areas, the presence of azurite was
unambiguously demonstrated by the shape of the combination
band v,+vs of the carbonate ion, at about 2500 cm™!. In fact, in
contrast to the fundamental vs; band, usually distorted by
Reststrahlen effect for a carbonate matrix, the combination
band v;+v; is not affected by any distortion and its presence
can be easily used as a marker of the azurite carbonate
structure. The infrared features of azurite correspond well to the

—
Fic. 5. (a) Fluorescence imaging of a wall painting particular and (b) point of
infrared measurements. Reflectance mid-FT-IR spectra recorded on fluorescent
and not fluorescent areas.



TABLE 1. XRF data (expressed as counts per second) for the blue colored areas.

Blue areas K Ca Mn Fe Co Ni Cu Pb As Bi
Al 0.08 2.97 0.07 2.29 0.80 0.24 0.13 — 0.45 0.09
A2 tr 2.03 0.06 0.87 1.75 0.72 0.20 tr 0.82 0.21
A3 0.20 18.51 0.14 1.87 347 1.15 0.55 0.09 1.35 0.46
A4 tr 20.37 0.15 1.95 2.30 0.86 0.48 0.22 0.99 0.23

presence of Cu, as measured by XRF. In Fig. 7b, the
reflectance mid-FT-IR spectrum collected on one of the blue
areas containing copper is shown. The spectrum clearly shows
the typical v;+vs combination band of azurite at about
2500 cm™ .

The identification of Prussian blue was carried out through
the mid-FT-IR spectral feature at about 2100 cm~"!, due to the
symmetric C-N stretch absorption (see Fig. 7c). The strong
change of the dipole of the C-N stretch allows it to be revealed,
occurring even in the region of low signal-to-noise ratio due to
chalcogenide fiber absorption. The use of Prussian blue in the
Perugino painting indicates that some retouchings were carried
out after 1704, the date of first manufacture of this pigment.

Green earth (clay minerals containing iron oxides) and
malachite (CuCO3Cu(OH),) have been identified in the green
hues of the painting by both XRF and FT-IR analysis. Green
earth is, in fact, present on the wide areas of meadows and
landscapes, as revealed by XRF spectra, well characterized by
a significant presence of iron, together with impurities of
chromium, titanium, and manganese (see Table II). The
presence of malachite was clearly identified by mid-FT-IR
through the combination band of the basic copper carbonate at
2077, 2425, and 2521 cm™'. Then, the identification of natural
malachite was confirmed by XRF, due to a strong signal of
copper and a low signal of arsenic. It is worth noting, however,
that the simple detection of copper by XRF cannot be
considered as an unequivocal identification of malachite due
to the numerous copper-containing green pigments.

A particular feature of the present study is that FT-IR
measurements offered the possibility to identify mixtures of
green and blue pigments, such as malachite and azurite. In fact,
azurite was identified as a pigment used for the shadows in the
darker areas of the green mantle, made with malachite, of the
admiring man at the left side of Fig. 8.

In addition, FT-IR and XRF investigations provided relevant
information on pigment mixtures in green areas. In fact, on the
green St. Peter’s figure, not only were copper, arsenic, and iron
identified, due to a mixture of malachite and green earth, but
also cobalt, suggesting the use of smalt for obtaining the
iridescent shade of the dress (see Table II). Malachite and smalt
were confirmed by FT-IR. In conclusion, the combination of
mid-FT-IR and XRF allowed us to identify, without any
sampling, a complex mixture in different green hues containing
malachite, green earth, and smalt.

As a final consideration, it is underlined that while
reflectance mid-FT-IR works well for the identification of
silicate, carbonate, and cyano structures, it is much less
effective for the identification of oxides and sulfides because
their main diagnostic absorptions lay at an energy lower than
900 cm™!. Therefore, the characterization of red and yellow
pigments, which are generally metal oxides or sulfides, was
achieved only on the basis of XRF analysis. In particular, the
red-colored areas were classified in three different main

compositional groups, one characterized by a high content of
iron (red ochres), a second one by a high content of mercury
and sulfur (vermilion), and a third one containing lead (minium
Pb30y4 or litharge PbO). XRF measurements also allowed for a
reliable identification of two yellow pigments, which were
yellow ochres (strong iron signals) and lead tin yellow (in
highlights containing Pb and Sn). Also, for black hues the
identification of pigments was possible by XRF only. Three
different groups were characterized by different elemental
compositions. The eyes were all painted with a brown earth
(containing Fe and Mn), hat decorations were painted with iron
oxide black (containing high quantity of Fe), and, finally, black
dresses were characterized by a dark pigment made of light
elements not detectable by XRF (likely carbon).

CONCLUSION

In conclusion, the prototypical in situ noninvasive study of
the Perugino’s mural painting materials, in the church of
Madonna delle Lacrime in Trevi, clearly shows the high
potential of reflectance mid-FT-IR spectroscopy for this type of
application. In particular, the technique is here shown to be
significantly useful for the characterization of both organic
media and inorganic pigments.
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Fic. 7. Reflectance mid-FT-IR spectra collected on blue areas: (a) Virgin’s
dress, (b) the wristband of the admiring man, and (c) restoration retouch.
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TABLE II. XRF data (expressed as counts per second) for the green shading of St. Peter’s dress.

St. Peter’s dress K Ca Mn Fe Co Ni Cu Pb As Bi
Blue-shade 0.07 2.26 0.06 1.13 0.83 0.25 5.91 tr 0.41 0.10
Green 0.07 2.66 0.06 1.65 0.67 0.16 3.18 tr 0.29 0.06
Green tr 2.24 0.04 1.04 0.53 0.23 4.08 0.02 0.18 tr
Blue-green 0.05 2.87 0.04 0.73 0.60 0.21 1.90 — 0.24 0.05
Green tr 0.97 tr 0.99 0.24 0.13 3.20 0.03 0.09 0.05
Green 0.04 1.58 0.03 2.22 0.16 0.09 5.65 0.07 tr tr

The interpretation of the numerous spectra that can be
recorded across the entire painted surface takes substantial
advantage of a preliminary statistical PCA analysis. In fact,
reflectance mid-FT-IR measurements can present large distor-
tions in the spectrum, attributable either to the sample
composition or to the substrate morphology, that can both
severely affect the spectra when working on ancient degraded
painting surfaces. As shown in this work, PCA represents a
valid approach to grouping infrared reflectance spectra
according to their patterns, offering the possibility to discard
statistically un-significant deviating spectra, due to a particular
surface morphology or related to the presence of alterations or
localized restoration materials.

For the binding media characterization, PCA analysis
pointed out that C—H stretch vibration features, even when
not specific for the identification of organic molecules, can be
used as a reliable discriminating tool to distinguish possible
proteinaceous binder used in mural painting. In particular, it
has been shown that mid-FT-IR spectroscopy, in combination
with UV-Vis fluorescence, can lead to a noninvasive
discrimination of two different proteinaceous materials, such
as casein (probably used here as a protective) and animal glue
or egg (probably used as a binder for secco refinements).

Regarding the inorganic materials, the use of mid-FT-IR
analysis, integrated with XRF, allows for the characterization
of almost all the pigments, even in the presence of complex
mixtures, such as those encountered in the blue hues of the
painting of this study, worked in azurite and malachite, or even
in green hues, worked in malachite, green earth, and smalt.

The combination of mid-FT-IR and XRF noninvasive
techniques appears to be a valuable first approach to the
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Fic. 8. Reflectance mid-FT-IR spectra collected on green mantle of a man.
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examination of mural paintings, both from the point of view of
the characterization of the material state of conservation and of
the original painting technique used by the painter. It is obvious
that the use of samples taken from the paintings and of large
scale laboratory analytical instrumentations could allow for
more detailed analytical results, due also to the possibility of
stratigraphic measurements. However, noninvasive studies
appear today mature for relevant artwork characterization and
monitoring of their conservation state.!” Moreover, preliminary
accurate nondestructive in sifu measurements can guide
possible necessary sampling, limiting the invasiveness to only
a few cases on regions less relevant from the iconographic or
artistic point of view.
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