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Woord vooraf

Gedurende mijn licentiaatsthesis kreeg ik de Raman—microbe te pakken, al was het
dan wel voor de analyse van geneesmiddelenvervalsingen. Tijdens mijn verblijf in de
Ramangroep werd er een mogelijkheid om te doctoreren aangeboden, hetzij dan wel
in de richting van kunst. lk heb deze kans met beide handen gegrepen en de
overstap gemaakt naar de analyse van kunstobjecten. Ik zal nooit vergeten hoe
ontgoocheld ik was met de eerste noisy Raman spectra, die eigen zijn aan de
kunstanalyse, die ik verkreeg; maar ik bleef volharden. In het tweede jaar van mijn
doctoraat kreeg ik de mogelijkheid om naast Ramanspectroscopie ook X-straal
fluorescentie spectroscopie te gebruiken. De combinatie van de beide technieken

opende een hele nieuwe waaier aan mogelijkheden.

Door de aard van mijn onderzoek ben ik op plaatsen geweest, het nachtelijk verblijf
in de Onze-Lieve—Vrouwekathedraal in Antwerpen; en in contact gekomen met
waardevolle kunstobjecten, o.a. Middeleeuwse handschriften; waar anderen alleen
maar kunnen van dromen. Het gevoel dat komt opborrelen wanneer je een
waardevol kunstobject in je handen hebt is onbeschrijfelijk. Als ik dan toch een
poging zou ondernemen om dit gevoel te beschrijven, zou ik de verwoording kiezen
die Albert Einstein gebruikte:

The most beautiful experience we can have is the mysterious — the fundamental
emotion which stands at the cradle of true art and true science.
Albert Einstein

Ik hoop dat jullie door het lezen van dit document ook kunnen meegenieten van dit

onbeschrijfelijke gevoel.
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Chapter 1

There are different reasons to investigate art objects such as; amongst others, art
historical questions concerning the authenticity or dating of the artefact, the
fundamental interest in materials and techniques used in the past, the possibility to
identify new materials and manufacturing techniques, interests concerning the
relationship between a particular work and similar works, and concerns related to
the damage and the degradation of specific artefacts, most of the time in the
context of conservation and remediation.

When analysing precious art objects, it is of great importance to gather as much as
possible information with a minimum of (or preferably no) damage to the art object.
Sometimes taking small amounts of material or moving the whole art object to the
laboratory is allowed. For the analysis of these micro—samples or artworks, the use
of laboratory instrumentation is recommended. This allows a careful optimisation of
the experimental parameters when acquiring the data. However, in other cases
moving or sampling the art object is not allowed. In order to accommodate to these
situations, mobile or portable equipment was developed to perform direct or n situ
analysis. When performing 7n situ analysis some experimental conditions might not
be optimal: time might be a limiting factor, because the study needs to be done in
only a few hours, or in the best case a few days; and environmental parameters have
to be considered, such as the use of scaffoldings, the limited dimensions of the
measurement room, not being able to darken the room,...

The connection between spectroscopic analysis of art objects and the art historical
questions of the conservators or art historians is called archaeometry. According to
M.S. Tite!, Archaeometry is a meeting ground for a series of collaborations between
disciplines: archaeology on the one hand and on the other hand the full range of
natural sciences (physics, chemistry, biology, biochemistry, earth sciences, material
science, mathematics, statistics, etc.). The main areas of archaeometry are: dating,

artefact studies, man and his environment, mathematical methods, remote sensing
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and conservation science'. So, performing archaeometrical studies implies the

necessity of a multidisciplinary approach.

In this work, two analytical techniques, Raman spectroscopy and X-ray fluorescence
(XRF) spectroscopy, were used to analyse different art objects. These two
techniques are complementary: Raman spectroscopy provides molecular information,
while XRF spectroscopy supplies the researcher with elemental information.

Raman spectroscopy is a powerful technique for the analysis of artworks, due to the
ability to perform non—destructive molecularly specific analysis. It is increasingly
applied for the analysis of objects of art over the last 20 years. The technique was
used for the analysis of, amongst others, manuscripts, panel paintings, polychrome
objects, rock paintings, lithographs, etc.?

XRF spectroscopy is also a non—destructive technique, but gives elemental
information on the analysed work. The many examples found in literature®?, indicate
that also XRF spectroscopy was extensively used for the analysis of art objects

during the last decades.

The main aim of this work is exploring the possibilities for the identification of
pigments while combining both techniques. This study includes the use of different
Raman and XRF spectrometers: mobile spectrometers, as well as laboratory
spectrometers. For the Raman analysis the Mobile Art Analyser® was used for in
situ measurements (Chapters 5, 6, 7 & 8). Whereas for the Raman analysis in the
laboratory the newly acquired Senterra Raman spectrometer (Bruker) was used
(Chapter 7, 9 & 10). An attempt to characterise this new spectrometer is also
discussed in this work (Chapter 2). For the in situ XRF analysis two transportable
XRF spectrometers were used: the portable ArtTAX (Bruker) from the Royal
Institute for Cultural Heritage (Chapter 6) and the EDXRF system® from the

University of Liege (Chapter 8). For the laboratory XRF analysis, the recently

_4_
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acquired EDAX Eagle—III was used (Chapter 7, 9 & 10). The characteristics of this

XRF spectrometer will also be discussed in this work (Chapter 2).

The first part of this thesis discusses some theoretical considerations on Raman
spectroscopy and XRF spectroscopy (Chapter 2). Because one of the important
goals of this research is the interpretation of combined Raman and XRF data, there
was a need to develop dedicated software to evaluate Raman spectra. The details of
this in—house developed software are presented in Chapter 3. Chapter 4 describes
two multivariate statistical techniques: principal components analysis (PCA) and

K-means cluster analysis.

The following chapters (5-9) present case studies where a combination of mobile
and laboratory Raman or XRF are used. Chapter 5 describes the analysis of the
pigments used for three miniatures from the Breviary of Arnold of Egmond by using
mobile Raman spectroscopy. These analyses were performed in the museum Het
Valkhof, Nijmegen (The Netherlands), as the three individual miniatures belong to
three different collections and were brought together for an exposition.

In Chapter 6, a combination of mobile Raman spectroscopy and mobile XRF
spectroscopy is used to analyse two vault paintings in the Our Lady’s Cathedral in
Antwerp (Belgium). The Raman analysis was performed during the night, because of
the interference with stray light during the day.

For the analysis of the manuscript Liber Floridus a combination of mobile Raman
spectroscopy, laboratory Raman spectroscopy, laboratory XRF spectroscopy,
UV-fluorescence photography and infrared reflectography (IRR) was used. The
results of this study are presented in Chapter 7. The direct Raman analysis,
UV-fluorescence photography and IRR were performed in the central library of

Ghent University. Because of the promising results of the direct Raman analysis, we
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were allowed to take micro—samples. These samples were in the laboratory analysed
with Raman spectroscopy and XRF spectroscopy.

Chapter 8 describes the analysis of the so—called ‘Wyts Triptych’ after Jan van
Eyck with mobile Raman spectroscopy and mobile XRF spectroscopy. The analyses
were performed under the authority of the Bruges Groeningemuseum. For the first
time in this work, mapping of a small area of the panel with XRF spectroscopy was
executed to gather information on the restoration of this area.

In the previous chapters, Raman and XREF point analyses were performed for the
identification of the pigments used in art objects. In Chapter 9, a methodology was
explored based on Raman and XRF mapping on the same sample areas in order to
identify the pigments and to study the spatial distribution in porcelain cards.
Porcelain cards can be considered as the “business cards” from the 19" century.
After performing a mapping of the selected area and the interpretation of the
results, point measurements are performed on the areas of interest.

In all presented cases, except for one (Chapter 5), Raman and XRF spectroscopy
are used as complementary analytical techniques for the identification of pigments.
In Chapter 10, a very first attempt was made to explore the pigment identification
based on fusing data obtained from the two analytical techniques. For this, Raman
and XRF analysis were performed on the same sample positions so that the fusion of
the data is straightforward. Comparison was made between the results after
performing PCA on the Raman data, the XRF data and the fused Raman—-XRF data.
In this research also an attempt for identification of pigments by a general
identification procedure is introduced. Finally, in Chapter 11 general conclusions

are formulated and suggestions for further research are made.
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Chapter 2

In this chapter some theoretical aspects of Raman spectroscopy and X-ray
fuorescence (XRF) spectroscopy are presented. Not only the theory, but also the
instrumental properties are discussed. Besides this, a comparison between different

Raman spectrometers and different XRF spectrometers is made.

2.1 Raman spectroscopy

2. 1.1 Raman spectroscopy: theory

2.1.1.1 Introduction

In 1923, Smekal theoretically predicted the inelastic scattering of light molecules
analogous to the Compton effect!, but the first experimental observation was made
by Raman and Krishnan in 1928%. During this experiment, Sir Raman used the sun as
light source, a telescope as collector and his eyes as detector. In 1930 Raman
received the Nobel Prize in Physics for this important phenomenon that since then
is known as the Raman effect, Raman scattering or Raman spectroscopy.

Raman spectroscopy as analytical technique gained importance with the introduction
of lasers as light sources (1960’s) and other instrumental developments® (1980°s),
such as charge coupled device (CCD) detectors, holographic gratings and fibre—

optics.

2.1.1.2 Raman effect: classical approach

In a classical approach, the Raman effect? is explained by considering molecules as a
collection of atoms undergoing harmonic vibrations. An external electrical field can
distort the electron cloud that forms a chemical bond away from its equilibrium

position. To express how easily an electron can be moved, the polarizability is used.
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Light, which can be considered as an oscillating electric and magnetic field, can
therefore cause the position of the electron cloud in a chemical bond to oscillate.
This re—emission of light from the light—induced oscillation in the electron cloud is
called scattering (Fig. 2.1). The scattered light can have a frequency equal to the
incident light (Rayleigh scattering), equal to the frequency of the inherent light
minus the vibration frequency (Stokes scattering) or equal to the frequency of the
inherent light plus the vibration frequency (anti-Stokes scattering). The intensity of
the Stokes and anti—Stokes scattering is not equivalent in all directions, therefore
Raman scattering is usually observed at 90° or 180° from the direction of the
incident light. These scattering geometries are called respectively right—angle

scattering and backscattering.

2.1.1.3 Raman effect: quantum chemical approach

When using a quantum chemical approach towards the Raman effect, it is considered
as a light scattering effect and can be described by an energy distribution diagram?®
(Fig. 2.1). When monochromatic light interacts with a molecule, it can be excited to
a virtual state. This virtual state is not stable and the molecule can relax in three
different ways. In the first way (Fig. 2.1) the molecule transfers from the vibrational
ground state to the virtual state and relaxes by emitting a photon to the vibrational
ground state. The energy of the incident light is equal to the energy of the emitted
photon. This type of elastic scattering is called Rayleigh scattering and is the most
intense scattering. In a very small number of cases the molecule relaxes in a second
way: the molecule again transfers from the vibrational ground state to the virtual
state, but relaxes, by emitting a photon, to the first vibrational excited state
(Fig. 2.1). The energy of the incident light is now higher than the energy of the
emitted photon. This type of inelastic scattering is called the Stokes scattering. In

the third way, the molecule transfers from the first vibrational excited state to the

_12_
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virtual state and relaxes, by emitting a photon, to the vibrational ground state
(Fig. 2.1). The energy of the incident light is lower than the energy of the emitted

photon. This type of inelastic scattering is called anti—Stokes scattering.

electronic exited state

vibrational states { 3

virtual state

h’VO h'VOih'Vl hﬂ/0+h'v1

vibrational states { electronic ground state

Rayleigh Stokes anti—Stokes  fluorescence
Figure 2.1 Energy diagram that illustrates the different types of scattering and
fluorescence’. h v , indicates the energy of the laser light, while h v | indicates the
energy difference between the vibrational ground state and the 1% vibrational

excited state.

The shift in energy between the incident light and the Stokes or anti—Stokes
scattering gives information on the vibrational states of the molecule. The intensity
of the inelastic scattering processes is proportional to the population of molecules
present in the different states. The relation between the population in higher and

lower vibrational energy levels is given by the Boltzmann distribution®:
N
L ~ekT 2.1)

Where N, = number of molecules in a higher vibrational energy level
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N,= number of molecules in a lower vibrational energy level
AE = energy difference between the higher and lower vibrational energy
levels

k = Boltzmann constant (1.38:1072% J/K)

7'= temperature, K

According to the Boltzmann distribution, the number of molecules at thermal
equilibrium in a lower vibrational energy level is higher than in a higher vibrational
energy level. This means that the Stokes intensity is usually higher than the anti—

Stokes intensity and is therefore commonly used in Raman spectroscopy.

2.1.1.4 Raman spectrum: intensity as function of wavenumber

In a Raman spectrum the intensity, expressed in counts is plotted as a function of

the Raman wavenumber, expressed in reciprocal centimetres (cm™).

The expression for the Raman scattering intensity” is:

24m3 A N(yy—v)* /N2 s N2
- 45*:2c4 * = VO‘_Z’ [45((1a) + 7(]/a ) ] (2.2)
uv(l—ekT)

Where ¢ = speed of light (2.99-10% m/s)

h = Planck constant (6.63:1073* J-s)

[, = excitation intensity

N = number of scattering molecules

v = molecular vibrational frequency, s
1

v, = laser excitation frequency, s~

U1 = reduced mass of the vibrating atoms
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k = Boltzmann constant (1.38:1072% J/K)
7" = absolute temperature, K
a,’ = mean invariant of the polarizability tensor

v, = anisotropy invariant of the polarizability tensor

Equation 2.2 shows that the Raman scattering intensity is dependent of different
factors:

- The Raman scattering intensity is proportional to /V, the number of molecules
that are irradiated. Therefore, a higher concentration results in a higher
intensity of the Raman signal.

- The Raman scattering intensity is proportional to the intensity of the incident
light, /,. Using attenuation filters to reduce the power of the laser light
results in a weaker Raman scattering intensity. Some analyses are performed
using a reduced power to avoid any possible sample damaging.

- The Raman scattering intensity is proportional to (v ,~»)*. By choosing a
laser with a higher frequency, v,, (shorter wavelength) the intensity of the
Raman signal increases. However, by choosing a laser with a higher frequency

the chance of interference due to fluorescence (Fig. 2.1) is much higher.

The Raman wavenumber® or Raman shift is defined as the difference between the

excitation wavelength and the Raman wavelength expressed in wavenumbers:

shiftrgman (cMm™Y) = (——— — ————)107 (2.3)

Ainc(mm) Astokes(mm)

Where A = wavelength of the incident light

inc

A sores = Wavelength of the Stokes scattering
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The relation* between energy, wavelength and frequency is given by equation 2.4

E = /ZV = 7 (2.4)

Where A = Planck constant (6.63:107* J-s)
v = frequency of the light
¢ = speed of light (2.99:10® m/s)

A = wavelength of the light

The position of the Raman band in the spectrum is determined by the energy
difference between the vibrational ground state and the vibrational excited state
(Fig. 2.1). Because the molecules undergo harmonic vibrations, the vibration

frequency can be expressed as follows:

1 K

(2.5)

2T A U

Where « = force constant of the bond
. 1 1 1
u = reduced mass of the atoms present in the bond (— =—+4 —) (2.6)

u my; My

According to equation 2.5 the position of the Raman band is dependent of two
factors: the force constant of the binding for the considered vibration type ( k) and

the reduced mass (z7).
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2.1.2 Raman spectroscopy: instrumentation

In this research, two different types of Raman spectrometers were used: the
laboratory Senterra spectrometer (Bruker), recently acquired and installed at
UGent, and the Mobile Art Analyser (MArtA)®. The different components of a
dispersive Raman spectrometer are discussed using the laboratory Senterra
spectrometer as example (Fig. 2.2). The difference between the laboratory

spectrometer and the mobile spectrometer will be discussed in a separate

paragraph.
Binocular
Spectrograph
Filter
FlexFocus _| changer
pinhole/slit / I
F2 ,{42 Ne (_

— . .
Grating turret J— MOde@ Cal}brann
% N Imirror / I Input
Shutter 1 Calibration
I I Neutral mirror
density Objective
filter
Raman lasers xyz Sample Stage

Figure 2.2 Schematic view of the light path of the Senterra Raman spectrometer’.

2.1.2.1 The laser

Lasers are ideal excitation sources for Raman spectroscopy due to the following
characteristics®:
- Single lines from large continuous—wave lasers can easily provide a power of

1-2 W (intense).
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- Laser beams are highly monochromatic.
- Most laser beams have small diameters (1-2 mm), which can be reduced to

0.1 mm by using simple lens systems (small divergence).

The Senterra Raman spectrometer contains two different lasers: a red diode laser
with a wavelength of 785 nm and a green frequency doubled solid state Neodymium—
YAG (Nd:YAG) laser with a wavelength of 532 nm.

Most of the experiments in this work were performed using the red diode laser
(785 nm), because choosing a laser with a longer wavelength (smaller energy)
decreases the contribution of fluorescence (Fig. 2.1) for many samples. By
absorbing laser light with a short wavelength, the molecule is excited from the
electronic ground state to an excited electronic state. After internal conversion, the
molecule falls back to the electronic ground state by emitting fluorescence light,
which results in broad fluorescence bands in the Raman spectrum. By using a laser
with a longer wavelength, the energy of the light will probably be too small to bring

the molecule in the electronic excited state.

2.1.2.2 The neutral density filter.

For some samples, it is necessary to reduce the laser intensity to avoid any possible
sample damaging. Therefore, the Senterra spectrometer uses neutral density (ND)
filters. These ND filters reduce only the intensity of the laser light passing through
it, without altering the relative distribution of energy. The intensity can be reduced
from 100% (no filter) down to 50%, 25%, 10% and 1% of the original laser intensity.
For quantitative analysis it is very important to know the exact value of these
filters. The exact values of the different ND filters were checked by measuring the
intensity of the ring breathing band of cyclohexane, after excitation with the red

(Fig. 2.3) and green laser.
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Figure 2.3 Raman spectra of the ring breathing of cyclohexane (802 cm™), measured
with alternating density filters and a measurement time of 20 s. Graph: the intensity

of the Raman band as function of the neutral density filter.

2.1.2.3 The microscope

In the Senterra spectrometer an Olympus microscope is used to visualise the sample
and to focus the laser beam on it. A digital video camera is coupled to the
microscope, delivering digital images of the samples. The laser light or the visible
light is focussed on the sample using the objectives of the microscope. This
microscope is equipped with 3 objectives (5%, 20x and 50x). The resulting minimal
reflected spot sizes, measured using the objective micrometer (0—1mm/100), which

was delivered with the spectrometer, are shown in table 2.1.

objective numerical aperture spot size (um)
5X 0.1 50
20X 0.4 10
50% 0.75 4

Table 2.1 Overview of a few characteristics” of the available objectives, together

with the resulting maximal spot size of the laser beam on the sample.
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2.1.2.4 The sample stage system

A motorised stage is used to select the region of interest of the sample. This
motorised stage can be controlled by the OPUS software and by a joystick. The
maximum adjustment range of this motorised stage’ is 100 mm X 80 mm and the
positioning accuracy 0.1 pm. In contrast to a manually operating stage, a motorised

stage provides some additional possibilities:

automatic generation of a large overview image of the sample by joining the

snapshots together (=composite image).

- computer—controlled/joystick—controlled stage movement in the x— and y—
direction allowing navigating across the live video image of the sample.

- automatic measurement of a predefined linear of rectangular measurement

raster.

automatic point measurements of a list of predefined spots on the sample.
For this Senterra spectrometer, the motorised stage is equipped with a third motor,
which allows movement in the z—direction. Because of this additional movement,

depth profiling measurements can be performed.

2.1.2.5 The aperture

The scattered light is reflected by a mirror and then sent to the dielectric filter.
This filter suppresses the very intense Rayleigh light in favor of the weak Raman
scattering. Before the scattered light reaches the diffraction grating, the light has to
pass through a narrow slit, the aperture. The Senterra spectrometer has two
different types of apertures’: a slit—type aperture of 25X 1000 pm and one of
50x 1000 pm for high—throughput; and two pinhole—type apertures of 25 pm and 50

pm for confocal spectroscopy and depth profiling.
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2.1.2.6 The diffraction gratings

The Senterra spectrometer contains two different diffraction gratings’: one with 400
lines/mm to measure in low resolution mode and one with 1200 lines/mm to
measure in high resolution mode. When measuring in low resolution mode a
spectrum is recorded with a spectral range of 90-3500 cm™' for the red laser
(70-4450 cm™! for the green laser). Measuring in high resolution mode is executed in
three different steps. First, a spectrum is recorded with a spectral range of
80-1525 cm™! (46-1544 cm™ for the green laser), next the grating is turned and a
spectrum with a spectral range of 1520-2660 cm™ (1530-2750 cm™* for the green
laser) is recorded, then the grating is turned again and a spectrum with a spectral
range of 2650-3500 cm ™ (2700-3700 cm* for the green laser) is recorded and finally

the spectra with different spectral ranges are composed together.

2.1.2.7 The detector

The Senterra spectrometer contains a thermoelectrically cooled charge—coupled
device (CCD) detector. A CCD?® is a silicon—based semiconductor arranged as an
array of positive elements, of which each generates photoelectrons and stores them
as a small charge. The charges stored on each individual pixel are proportional to
the number of photons striking that pixel. The diffraction grating separates the
photons according to their wavenumber, so that photons with the same energy hit
on the same row of the CCD, while the photons with a different frequency reach
different rows. The row number of the CCD is thus proportional to the Raman
wavenumber, while the accumulated charges are proportional to the intensity. The
format of the CCD in the Senterra spectrometer is 1024 X 256 pixels. The
advantages of a CCD compared to other multichannel detectors are: low readout

noise and high quantum efficiency.
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2.1.2.8 The wavelength stability of the Senterra Raman spectrometer.

Comparing Raman spectra with each other implies that each data point in all the
spectra corresponds with the exact Raman wavenumber. This is not always the case
due to shifts in optical pathway and/or shifts in laser wavelength. In this part, the
wavelength stability of the Senterra spectrometer is evaluated over a short and long

period.

2.1.2.8.1 Short term wavelength stability

To evaluate the short term stability of the Senterra spectrometer, repetitive point
measurements of neon light were performed. The positions of the neon lines are
exactly known and listed extensively in literature’. The emission lines are most
often given in wavelength units (nm) in literature, which means that one has to do
the conversion to the Raman wavenumbers depending on the wavelength of the laser
(equation 2.3). Because of this, the stability of the laser wavelength can be
evaluated by recording a spectrum of neon. To evaluate the short term wavelength
stability the intensity of the emission line of neon showed in the spectrum at
1005 cm!, was selected. The wavelength of the emission line can be calculated
using equation (2.3). Solving this equation for the red laser with a wavelength of 785
nm results in a wavelength of 852.5 nm for this neon emission line. If we compare
the spectrum of the neon emission lines with the one presented in literature?, the
wavelength of the selected emission line should be 849.5 nm. This means that the
wavelength of the laser is 782.5 nm instead of 785 nm. Because of the fluctuation of
the laser wavelength, it is important to calibrate the Raman spectrometer before
performing analysis.

For these repetitive measurements a measuring time of 30 s was chosen, the 5X

objective was used, a spectral range of 80—-1525 cm ! was chosen and the point
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measurement was repeated 750 times, which results in a total measuring time of 20
hours. Figure 2.4 shows the Raman wavenumber (cm ') as function of the time

(hours) for the emission line of neon with a wavelength of 849.5 nm.

1005,6

1005,4

1005,2

1005

1004,8

1004,6

Wavenumber (cm™!)

1004,4

1004,2

1004
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Time (hours)

Figure 2.4 The Raman wavenumber (cm ™) as a function of the time (hours) for the
emission line of neon with a wavelength of 849.5 nm.

The graph shows that the laser is not stable during the 20 hours of measurement
time. Especially the first 5 hours the Raman wavenumber at approximately
1005 cm™ is shifting towards a lower wavenumber. After these 5 hours the stability
of the laser increases.

To evaluate if the Senterra instrument corrects for the instability of the laser
wavelength, a silicium standard (Kaiser Optical Systems) was placed on top of the
neon lamp during the repetitive point measurements. This resulted in a combined
Raman spectrum of the neon light and the silicium standard. Figure 2.5 shows the
Raman wavenumber (cm™!) as function of the time (hours) for the Raman signal of

silicium at 520 cm !,
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Figure 2.5 The Raman wavenumber (cm™!) as function of the time (hours) for the
Raman signal of silicium at 520 cm .

The graph shows that the signal fluctuates over time. To evaluate this, linear
regression analysis was used'’. In order to be able to apply linear regression analysis
on a dataset, the dataset has to fulfil three conditions: the variance of the residues
has to be constant, this means independent from x and y; the residues have to be
mutual independent; and the residues have to be normally distributed. According to
figure 2.5 the first two conditions are fulfilled. To evaluate whether the residues are
normally distributed, the Q-Q plot!® can be used. A Q-Q plot is a probability plot,
which is a graphical method for comparing two probability distributions by plotting
the expected normal value and the observed value of the quantiles against each
other. Figure 2.6 shows a Q—Q plot for the distribution of the Raman wavenumber

of silicium at 520 cm!.
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Figure 2.6 The Q-Q plot of the Raman band of silicium at approximately 520 cm™,
calculated using SPSS.

The points in the graph are approximately situated along a straight line, which
confirms the normal distribution of the dataset. Because all three conditions are
fulfilled linear regression analysis can be applied on the dataset.

If the Senterra spectrometer corrects for the instability of the laser, the slope of the
best fit regression line for the data (Fig. 2.5) should be equal to zero. Calculating
the slope (/) and standard deviation (s) using excel gives £#=0.0014 and s= 0.0511.
To check whether the slope significantly differs from u , which is zero, the Student
t—test!! was used. Taking the null hypothesis, that 4 is equal p into account, the

statistical t is calculated:

_ (b=wn

S

t 2.7

For this dataset |t|= 0.7310. This value does not exceed the critical value

|t],50(0.95) = 1.96, so the null hypothesis, that 4 is equal to u is accepted for the
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95% confidence level. From this result we can conclude that for a short term the

Senterra spectrometer corrects for the instability of the laser.

2.1.2.8.2 Long term wavelength stability

To evaluate the long term wavelength stability of the spectrometer, every measuring
day since the new spectrometer was installed, a Raman spectrum of cyclohexane was
recorded with following measurement characteristics: 30 s measuring time, 5X
objective, 100 % laser power and a spectral range of 80-1525 cm™*. To evaluate the
long wavelength stability the same procedure was followed, using linear regression
analysis. Figure 2.7 shows the Raman wavenumber (cm™) as a function of the time

(days) for the Raman signal of cyclohexane at 802 cm™.

803

Wavenumber (cm™!)
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800,5
0 100 200 300 400 500 600 700
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Figure 2.7 The Raman wavenumber (cm™!) as a function of the time (days) for the
Raman signal of cyclohexane at 802 cm .
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The graph in figure 2.7 shows that the first two conditions are fulfilled in order to be
able to apply linear regression analysis on this dataset. To check the normality of

the distribution of this dataset a Q-Q plot was made (Fig. 2.8).
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Figure 2.8 The Q-Q plot of the Raman band of cyclohexane at approximately
802 cm!, calculated using SPSS.

The points in the graph are approximately situated along a straight line, which
confirms the normal distribution of the dataset. Because all three conditions are
fulfilled, linear regression analysis can be applied on the dataset.

If the Senterra Raman spectrometer corrects for the instability of the laser for a
long time, the slope of the best fit regression line for the data (Fig. 2.7) should be
equal to zero. Calculating the slope (4) and standard deviation (s) using excel gives
b=—0.0007 and s= 0.2572. Equation 2.7 gives for this dataset |t|= 0.0365. This
value does not exceed the critical value |t|,94(0.95) = 1.96, so the null hypothesis,
that b is equal to u is accepted for the 95% confidence level. From this result we
can conclude that for a long term the Senterra spectrometer corrects for the

instability of the laser.
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2.1.2.9 The Mobile Art Analyser (MArtA)

The Mobile Art Analyser (MArtA) was used for the analysis of the three full-page
miniatures from the Breviary of Arnold of Egmond (Chapter 5), the analysis of the
vault paintings in the Antwerp cathedral (Chapter 6), the analysis of the manuscript
Liber Floridus (Chapter 7) and the analysis of the central panel of the so—called
‘Wyts Triptych’ (Chapter 8). Table 2.2 shows the characteristics of the MArtA
spectrometer in comparison with the characteristics of the Senterra spectrometer.
The most important advantage of the MArtA spectrometer is the mobility of the
spectrometer, which makes in situ analysis possible. Another advantage is that the
probe head is coupled with optical fibres to focus the laser beam on the sample and
to gather the Raman scattering. Using a probe head instead of a microscope allows
performing direct analysis on bigger works of art, typically only art works with
dimensions smaller than approximately 15X15X3 cm® can be measured with the
Senterra spectrometer. Using fibre optics also allows to measure on difficult
accessible places, such as ceilings.

Measurements with the MArtA spectrometer always have to be performed in a dark
place where the windows are covered, or during the night because of the
interference of stray light. This was done in several projects (Chapters 5,6,7 & 8).
In contrary, measuring with the Senterra spectrometer can be performed during the
day, because the microscope contains a covering cylinder, which prevents the stray
light to interfere. The Senterra spectrometer has also the advantages of measuring
in confocal mode and the possibility to switch to the second laser with a different
wavelength: if fluorescence bands interfere with the Raman spectrum, another laser

can be selected.
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characteristics

Senterra spectrometer

Mobile Art analyser (MArtA)

type

laboratory spectrometer

(desktop)

mobile spectrometer

focussing device

OLYMPUS microscope

probe head

motorised stage: range of

manual & motorised:

positioning movement: 100 mm X 80 mm, | micro—and macro—positioning
equipment step size: 0.1pm, positioning (vertical post, articulating
accuracy: 1.0 pm. arm, translation stage)
camera Infinity 1 colour video camera colour camera
gratings 1200 and 400 lines mm™ 1200 and 600 lines mm™*
1024 x 256 thermoelectrically | 1024 X 512 thermoelectrically
detector
cooled CCD cooled CCD
785nm diode laser, 300 mW
532 nm Nd:YAG frequency
laser(s) 785 nm diode laser, 300 mW
doubled solid state laser,
20 mW
objective(s) 5%, 20x and 50% 6%
spot size 50, 10 and 4 pm 25 pm

type of analysis

only analysis on samples with
dimensions smaller than

approximately 15x15%3 cm?

direct or in situ analysis
possible, next to analysis of

samples

developed by

Bruker

in—house developed

Table 2.2 Overview of some characteristics of the Senterra spectrometer and the
Mobile Art Analyser (MArtA).
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2.2 X-ray fluorescence (XRF) spectroscopy

2.2.1 XRF spectroscopy: theory

2.2.1.1 Introduction

In 1895 Wilhelm Conrad Rontgen discovered X-rays!'? at the University of
Wiirzburg, Germany. Rontgen discovered the X-rays by accident, while he was
studying the conduction of the electric current through gasses at low pressure using
an experimental discharge tube called a Crookes’ tube. He noticed that a barium
platinocyanide screen placed at a short distance of the tube suddenly started to
glow. For this work Roéntgen received in 1901 the first Nobel Prize in Physics. In
1903, Moseley showed that the wavelengths of the emitted lines were characteristic
for the elements in the periodic table and showed that they had the same sequence
as the atomic numbers, thus enabling the atomic numbers determined
unambiguously for the first time. XRF spectroscopy as analytical technique gained
significantly in terms of accessibility and importance with the introduction of
energy—dispersive detectors, such as a Si(Li) detector (1980’ s). The introduction of
X-ray focussing devices starting from the 1990’s, e.g. polycapillary optics, has

resulted in the development of scanning—XRF with microscopic spatial resolution.

2.2.1.2 Theory of X-ray fluorescence (XRF)

The aim of XRF spectroscopy is the identification of the elemental composition by
detection of the fluorescent X-rays that the sample emits, when it is irradiated with
a primary X-ray beam. When this primary X-ray beam hits the sample, three

different interaction processes are possible:
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- The first type of interaction process is elastic scattering, called the Rayleigh
scattering. The incident X-ray beam is elastically scattered by the electrons
of the sample atom. The scattered X-ray photon has the same energy of the

incident X-ray photon, but changes in direction.

- In a second type of interaction the incident X-ray beam is inelastic scattered
by the electrons of the sample atom. The total energy of the incident X-ray
photon is distributed over the electron and the scattered X-ray photon. The
energy and direction of the scattered X-ray photon changes. This type of
inelastic scattering is called Compton scattering. Compton scattering results
in a continuous spectrum, because of the many possibilities of distributing

the energy between the electron and the scattered X-ray photon.

- The third, most important interaction process is the photoelectric effect.

This effect can be explained by Bohr’s atom model (Fig. 2.9).

Figure 2.9 Simplified figure of the characteristic X—ray lines in Bohr’s atom model.
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The incident X-ray beam interacts with the atom by transferring all the energy to
an electron on one of the inner shells. This energy is sufficient to remove the
electron from the shell, creating a vacancy in this shell. Subsequently, the vacancy
is filled by an electron transition from an outer orbital, which can either result in the
emission of an X-ray photon (XRF emission) with an energy corresponding to the
difference between the binding energies of two orbitals, or in the emission of an

Auger electron.

2.2.1.3 XRF spectrum: intensity as function of energy

In an XRF spectrum the intensity, expressed in counts, is plotted as a function of
the energy, expressed in keV.

The intensity of the incident X-ray beam decreases when passing through the
sample due to absorption. The degree of absorption is calculated using the well-

known law of Lambert—Beer'?:
I = Ioe_”lx (28)

Where /, = incident intensity of the X-ray beam
/ = intensity of the X-ray beam after passing through the sample
«; = linear absorption coefficient, cm™’

x = layer thickness of the sample, cm

The linear absorption coefficient, « ,, depends of the energy of the incident X-ray

beam (cross section) and the number of atoms in the sample.

Uy =no = Nap (2.9)
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Where n = number of atoms per volume unit
o = total atomic cross—section
N, = Avogadro’s number (6.022:10* mol™)

density (kg/m®)

N
I

m, = atomic mass (1.66:10°" kg)

The total atomic cross section depends on the energy of the incident X-ray beam
and the atomic number of the element; and is the sum of the individual cross

sections:

Ototal (E: Z) = O-Rayleig/é(E: Z) + UCompton(ErZ) + O-p/éotoelectric(Er Z) (2-10)

Fig 2.10 shows that for Cu the photoelectric cross section is the most important in

the analytical X-ray region (1-100 keV).

Cu Z=29
10¢

N\ Photoelectric absorption

10° . Thomson

Cross sections

7 \ -
7 \ R
/ . ;
1 _Compton 3\ 2 E’hotonuc-lear
’ \ / absorption
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/7 \i ‘, \ \\
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Photon energy
Figure 2.10 The contribution of each individual cross section to the total cross

section of Cu as a function of the photon energy .
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In practice however, the absorptive characteristics of an element are not indicated
by the linear absorption coefficient, but by the mass attenuation coefficient, z,,

expressed in cm?/g.

Hp = EL (2.11)

The mass attenuation coefficient only depends on the atomic number of the
absorbing element and the energy of the X-ray beam.
The calculation of the energy of the X-ray (electromagnetic radiation) is given by

equation 2.12.

AE = /v = = (2.12)

Where A = Planck constant (6.63-107* J-s)
v = frequency of the incident X-ray beam
¢ = speed of light (2.99-10® m/s)

A = wavelength of the incident X-ray beam

The energy of the emitted fluorescence X-rays can be approximated by the

following formulation of Moseley’ s Law:
AE = ¢1(Z — c,)? (2.13)
Where ¢, and ¢, are constants for different line types and Z the atomic number. The

closer the energy of the incident X-ray beam is to the necessary energy to eject the

electron, the higher the probability that the photoelectric effect will happen.
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Figure 2.11 shows the XRF spectrum of standard NIST SRM 621, with the
characteristic lines of the elements, as indicated in the certificate of the standard.

The broad background in the X-ray spectrum is called bremsstrahlung. These
continuous production of X-rays is produced when electrons, or other high—energy
charged particles, such as protons or « —particles, lose energy when passing
through the Coulomb field of the nucleus'?. On this continuous bremmsstrahlung,
the characteristic X-lines of the elements are plotted. Also the Compton and
Rayleigh scattering are visible in the XRF spectrum. The artefacts, sometimes
present in the XRF spectrum are discussed in part 2.2.2.3, which discusses the

characteristics of the detector.
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Figure 2.11 Example of an X-ray spectrum. Scan of the NIST SRM 621 measured
with the EDAX Eagle—III (25 pm, 1000 s, 40 kV and 135 pA).
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2.2.2 XRF spectroscopy: instrumentation

In this research, three different types of XRF spectrometers were used: the
laboratory EDAX Eagle—Ill scanning micro—XRF spectrometer of the Ghent
University X-ray Microspectroscopy and Imaging group (UGent XMI)
(Chapters 7, 9 & 10), the mobile micro-XRF spectrometer ArtTAX of the Royal
Institute for Cultural Heritage (Chapter 6), and the mobile EDXRF system from the
University of Liege (Chapter 8). The different components of an XRF spectrometer
are discussed using the laboratory EDAX Eagle-Ill spectrometer (Fig. 2.12). A
comparison between this conventional spectrometer and the two mobile

spectrometers will be made in a separate paragraph.

Figure 2.12 Picture of the UGent EDAX Eagle—Ill scanning micro—XRF
spectrometer. The XYZ sample motor stage is attached to the door of the sample
chamber. The characteristics of this micro—XRF spectrometer are summarised in
table 2.5.
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2.2.2.1 The X-ray tube

An applied high voltage between the negatively charged cathode, a tungsten
filament, and the positively charged Rh—anode!* accelerates the electrons towards
the anode surface, where the electron beam interactions generate X-rays'®. The
generated X-ray spectrum consists of the characteristic lines of the anode material,
and a continuous component, called Bremsstrahlung, due to the braking radiation

emitted by the declaring electrons.
2.2.2.2 X-ray optics: the polycapillary

A polycapillary optic'® consists of an array of a large number of small glass tubes
formed into a specific shape. This polycapillary collects X-rays from an X-ray
source within a large solid angle and redirects them, by multiple total reflections, to
form a focused beam (Fig. 2.13). The direction of the X-ray radiation can be
changed when X-rays undergo multiple total reflections within a bent capillary, as
long as the incident angle at each reflection is less than the critical angle (mrad)
(Fig. 2.14). The critical angle of total reflection (mrad) for glass material can be

approximated as follows:

0, ~ % (2.14)

Where E = energy of the incident X-ray radiation, in keV.

\g-
Figure 2.13 Polycapillary X-ray optics that produce a focused beam*.
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Figure 2.14 Schematic presentation of the principle of X-ray total reflection
occurring at the air/glass interface within the hollow fibers of the polycapillary

optics, with &, the critical angle for total reflection!’.

Due to this total reflection condition the curvature of the capillary has to be gentle

and the capillary diameter has to be small.

2.2.2.3 The detector

For the detection of the emitted X-rays the EDAX Eagle—III uses a liquid N, cooled
Si(Li) semiconductor detector, with an active area of 80 mm?® In this type of
detector’®, the total ionization produced by each X-ray photon striking the detector
is converted to a voltage signal with amplitude proportional to the incident energy.
The energy resolution of the semiconductor determines the ability of a given system
to resolve characteristic X-rays from multi—element samples and is defined as the
full width at half maximum (FWHM) of the pulse—height distribution measured for a
monochromatic X-ray at a specific energy'. The instrumental energy resolution of a
semiconductor detector is, when neglecting the natural line width of the X-rays, a
function of two independent factors: one determined by the properties of the
detector itself and the other dependent on the nature of the electronic pulse
processing employed. According to this, the measured FWHM of the X-ray line

(A E,,,) can be described as follows:

AEiorq = JAE2,, + AE? (2.15)

lec

Where AE3,, = contribution due to the detector
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AEZ,. = contribution associated with the electronic pulse processing

The contribution of the detector AE,,; is determined by the statistics of the free—
charge production process occurring in the depleted volume of the diode. The
average number of electron—hole pairs produced by an incident photon can be
calculated as the total photon energy (£) divided by the mean energy required to
produce a single electron—hole pair (¢ )'°. If the fluctuation of this mean could be
described by the Poisson statistics, the standard deviation could be described as

follows:

o= +n= \E (2.16)

For semiconductor detectors the Fano factor (/) has to be taken into account, to
correct for the fact that during the energy—loss process the individual events are
not strictly independent. Taking into account the Fano factor, the FWHM can be

described as follows:

o= \Fn = \/F—E (2.17)

Using

o2& _ \Fn (2.18)

E

Gives the following equation for the contribution of the detector AE,.; to the

measured FWHM of the X-ray line:

AE 45, = 2.35VF<E (2.19)
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The FWHM indicates the quality of an EDXRF system. However, other factors such
as the presence of the background and artefacts in the XRF spectrum play also an

important role for analytical applications.

Background

Effects associated with the partial collection of the photoelectrical signal by the
detector have a small effect on its efficiency. The effect of incomplete charge
collection results in tailing of the low energy—side of a peak. In addition, it produces
a continuum of events appear as a shelf on the low—energy side of the major peaks

in the spectrum®.

Artefacts

1. Escape peaks

For an incident X-ray with an energy higher than the Si—K absorption edge, the
detection process will involve the generation, because of the X-ray fluorescence of
the detector material, of Si—-K X-rays. The majority of these will immediately be
absorbed in the detector volume and contribute to the overall charge collected for
the original incident X-ray photon. However, a finite probability will escape from
the detector volume. The resulting energy detected will be reduced by 1.740 keV,

which is the energy of the Si—-K « X-ray that escaped.

2. Sum peaks

Sum peaks arise when two high intensity peaks arrive at the detector so close to
each other that the detector cannot recognize them as two separate signals. The
effect is that a signal will appear at an energy, which is equal to the sum of the

energy of the two signals.
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3. Diffraction peaks

Whenever a crystalline sample is measured in an EDXRF spectrometer, there is the
possibility that the conditions of the Bragg diffraction will be fulfilled. The more
monochromatic the excitation beam, the smaller the chance that the Bragg

conditions will be satisfied.

2.2.2.4 Analytical characteristics of the EDAX Eagle—III

2.2.2.4.1 Beam size characterisation

X-ray beam

adjust capillary height
for smallest spot at
sample

&

capillary

X-ray tube

camera

camera 1mage

beam adjustment
screws for max cps

< X-ray beam

focus spot

the size of the beam on
the sample varies with |
the capillary position

Figure 2.15 Working principle of the varispot option of the EDAX Eagle—III!.

In the EDAX Eagle-Ill the module consisting of the X-ray tube and the
polycapillary optic is motorised and can therefore move further away or closer to
the sample (Fig. 2.15). Using this varispot system, a variable spot size of the
incident X-ray micro—beam can be obtained. By increasing the polycapillary—sample
distance, beam spots of approximately 25, 100, 225 and 300 pm can be obtained.

To calculate the size of the X-ray beam, a scan over a 10 pm thin copper wire using

a measurement time of b0 s was performed with an adapted step size according to
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the beam size, using the different varispot settings!’. For the first two settings
(being close to the ideal polycapillary focal distance producing the smallest beam
sizes), a step size of 5 ym was chosen, for the larger beam sizes 10 and 25 pm
respectively. Figure 2.16 shows the distance as a function of the intensity of the

X-ray signal.

2.0x10° | b ]
N S FWHM : 27um
A FWHM : 112pm
s o O FWHM : 264 ym
2 1.5x 10° n O FWHM : 372 ym
=) B
3 $ |
~ .
= ||
Z1.0x 10° e
% (o
4 ]
i= |
5.0x10° |- N
0 P i -I*F = D h‘:i"\’:—)-;:\i So
300 —200 100 0 100 200 300

Distance ( z m)

Figure 2.16 Line scan of a 10 pm copper wire with different varispot settings.

All the different modes show a clear Gaussian beam profile, which is used to

calculate the full width at half maximum (FWHM)'®:

FWHM =2 %+2ln2 * o (2.20)

Where o = standard deviation

The relation between the FIWHM and the beam size, s, taking the thickness of the

wire into account, is given by:
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s = J(FWHM)? — (T,,)?

Where FWHM = full width at half maximum, pym

T,

Y = thickness of the copper wire, ym

(2.21)

Table 2.3 shows the different beam sizes using the different varispot modes.

position beam size (um)
position A 25
position B 112
position C 264
position D 372

Table 2.3 Overview of the different beam sizes using the different varispot modes.

2.2.2.4.2 The relative minimum detection limits.

To calculate the relative minimum detection limits the NIST SRM 621 was measured

with a beam size of 25 pm for 1000 s at a voltage of 40 keV and a current of

135 pA. The certificate (Table 2.4) of this standard shows the exact concentration

of different elements as oxides.

The mathematical definition of minimum detection limit (MDL) is based on the

standard counting deviation. The MDL' is defined as the amount of analyte which

gives a net intensity equal to three times the standard counting error of the

background intensity. The MDL can be calculated as follows:

MDL; = 3 * Ceert,i * 0pi * Iy
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Where c,,,,; = certificated concentration of the element i
o z; = standard deviation of the background of element i
ly; = netto intensity of the element i

constituent % by weight uncertainty
SiO, 71.13 0.03
Na,O 12.74 0.05
CaO 10.71 0.05
Al,O, 2.76 0.04
K,O 2.01 0.03
MgO 0.27 0.03
SO, 0.13 0.02
BaO 0.12 0.05
Fe,O, 0.040 0.003
As,O4 0.030 0.001
TiO, 0.014 0.003
ZrQO, 0.007 0.001

Table 2.4 Overview of the certificated values and the uncertainty of the different
elements present in the NIST SRM 621 standard (trace elements in glass). The
certified values are the present best estimates of the “true” values based on the

results of a cooperative analytical program.

Figure 2.17 shows the relative minimum detection limit ({MDL), in ppm (ug/g), as a
function of the atomic number, Z. The rMDL from the elements with 2 = 16 until
/=40, is approximately around 10 ppm, while from 2= 15 and lighter elements the
rMDL increases exponentially. The rMDL for the lowest Z (Z=11, Na) that still can
be seen by the instrument is approximately 2000 ppm (0.2%) when measuring this

glass for 1000 s.
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Figure 2.17 Relative minimum detection limits in ppm or pg/g for NIST SRM 621
(beam size: 25 pm, time: 1000 s, voltage: 40 kV, a current: 135 pA, in vacuum and

no filter).

2.2.2.5 Two mobile micro—XRF spectrometers: ArtTAX (Bruker, Germany) and the

EDXRF system from the CEA (Liege, Belgium)

For a few of the analysis the mobile micro—XRF spectrometer ArtTAX of the Royal
Institute for Cultural Heritage (Chapter 6), and the mobile EDXRF system from the
University of Liege (Chapter 8) were used. Table 2.5 makes a comparison between
the characteristics of the EDAX Eagle—IIl, the ArtTAX and the EDXRF.

The main advantage of the two mobile spectrometers is the possibility of in situ
measurements. However the EDAX Eagle—IIl has the advantage that measuring in
vacuum is possible, which results in a better sensitivity of the lower Z elements
(down to Na). The EDXRF (CEA) has a very large spot size, 2 mm, while the

portable ArtTAX system has a smaller spot size of 100 pm and smaller.

_45_



Chapter 2

Step size: b ym
max. sample size:
250%200% 120 mm®

max. load: bkg

characteristics EDAX Eagle-III ArtTAX" EDXRF*
instrument type laboratory mobile mobile
X-ray anode Rh W Rh, W
max. voltage 50 kV 50 kV 50 kV
max. power 50 W 50 W 50 W
X-ray optic XOS polycapillary polycapillary collimator
incident angle 60°
spot size 25, 100, 225, 300 pm < 100 pm 2 mm
detector type liquid N, cooled 80 thermo—electrically Peltier—cooled
mm® Si(Li) detector | cooled 10 mm® silicon | 5 mm® silicon drift
drift detector detector
(X-flash)
stage axis: XYZ axis: XYZ Axis: X, Y ,Z, 0

Step size: 10 ym

Step size : 10 pm
Two rails (1 m)
placed
perpendicular to

each other

sample chamber

vacuum

open

open

camera

2 CCD colour cameras:
high mag. (100x)

low mag. (10x)

colour CCD camera,

500%582 pixels (20%)

2 micro—cameras

type of analysis

small samples

(250%200%x120 mm®)

direct or in situ
analysis possible,
next to analysis of

samples

direct or in situ
analysis possible,
next to analysis of

samples

developed by

EDAX

Bruker

CEA (in house)

Table 2.5 Overview of some characteristics of the EDAX Eagle-Ill, the ArtTAX

spectrometer and the EDXRF spectrometer.
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In this chapter, theoretical considerations concerning Raman and XRF
spectroscopy, and some instrumental properties of both techniques were discussed.
The next chapter discusses the in—house developed software used to evaluate the
Raman spectra and to calculate different parameters, which will enable us to fuse
the data in Chapter 10. Also the evaluation of the XKF spectra, using the existing

AXIL software package will shortly be discussed.
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Chapter 3

Chapter 2 described the theory of Raman spectroscopy and XRF spectroscopy, and
some properties of the instruments used in this work. [n order to extract
Information from the collected Raman and XRF spectra, we should be able to
evaluate both spectrum types with data processing software. Normally, the Raman
spectra are processed using GRAMS™ or OPUS™, but these programs have some
drawbacks, especially for large datasets. Therefore, software to evaluate Kaman
spectra was developed. To evaluate the XRF spectra, the existing AXIL"? software
package was used. In the first part of this chapter some details of AXIL will be
described, while in the second part the in—house developed software to evaluate

Raman spectra, is presented.

3.1 Evaluation of XRF spectra by Iterative Least—squares (AXIL)

XRF data evaluation is necessary because the XRF spectra contain different types
of artefacts, such as: the background, peak overlap, sum peaks, escape peaks and
diffraction peaks (see Chapter 2). The program AXIL (analysis of X-ray spectra by
iterative least—squares) is based on the non-linear fitting of a mathematical function,

which describes the photopeaks and the spectral background, to experimental data.

3.1.1 Non—linear least-squares fitting

A mathematical model is built by specifying the region of interest (ROI), selection of
a suitable background, selection of the X-ray line groups to be included in the
model and by establishing approximately correct values for the energy and the
resolution of the spectrometer. These parameters are in a next step optimised by
means of a non-linear least—squares strategy, which uses a modified Marquardt
algorithm! to minimise the weighted sum of the differences x ? between the

experimental data y; and the mathematical model function y,,, /(2
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2 _ 1 Z [)’i—Ymo.del(i)]z (3.1)

n-m <t yi

Where n = total number of channels in the ROI

m = number of parameters optimised during the fitting process

The model parameters can be divided in 4 groups: peak group areas, calibration
parameters (energy and resolution), background model parameters and peak shape
parameters. For the spectrum evaluation the peak group area parameters are of
primary interest. The model function y,,..() can therefore be described as a

function of the spectral background and the photopeaks:

, . N .
Ymodel(1) = Ypack (1) + Zj Aj Zkileij(l: Ejk) (3.2)

Where £ represents the energy of the photopeaks and A, represents the total area
of all photopeaks (e.g. Fe-K o« and Fe—-K ) belonging to group j. The parameter A;
can be optimised during the least squares fitting process. The index 4 runs over all

lines in group j each line having a relative abundance #; and Y Ry = 1.
3.1.2 Background compensation method

For the XRF spectra, the LINEAR method! was used as background compensation
method. This type of background compensation method attempt to adjust the
parameters of a suitable mathematical method y,,,(Z) to the background shape
during the fitting process simultaneously with all the other parameters of y,, /(7).
This background compensation model (ORTPOL method) uses a linear combination

of mutually orthogonal polynomials:
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Vpack () = Yi_oa; Pi(i) (3.3)

Where L = degree of the polynomial
The orthogonal polynomials 7(7) are constructed by means of the following recurrent
relationship:
Py(i) =1
P(i))=1i—a
P(i) = — a_)P_1(i) = Bi_1P;_,(0)) with1=2, ..., L-1 (3.4)
Where
o = %lw(i.)i
i=1w(i)
iz w(@i[P()]?
Ziw(® [P(D]?
Bo= 0
i w@i[P (D) P-4 (D]
Liw(@ [P-1(D)]?

a; =

B =

Where w(7) = the weight of channel 7 (equal to 1/5h() when channel 7 belongs to a
background region of the spectrum; equal to 0 when channel 7is part
of a peak)

The values of the coefficients a, can be calculated by the weighted sum of the

polynomials:

_ ¢ wOyP)
AR NGTE (3.5)

Since prior to the calibration the background estimation is unknown, all channel

weights are initially set to 7/y,. After calculating a first estimate of the coefficients
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a, the channel weights are adjusted and the whole procedure is repeated. Channel 7
is identified as part of a peak when y; is found to be significantly higher than the
current estimate A(). This procedure is repeated until a stable set of weights wi(7) is
obtained. During the fitting process the background coefficients a, are adjusted

together with the other parameters in the fitting model.

3.2 Evaluation of Raman spectra by in—house developed software

The Raman data evaluation proposed here is based on simple arithmetic routines
such as, using derivatives in order to find the peak maxima. In order to be able to
correct for the background, the SNIP background estimation method was found to

be very effective.

3.2.1 File—format

In the field of spectroscopy, the publication and successful implementation of the
JCAMP-DX (Joint Committee on Atomic and Molecular Physical Data—Data
Exchange) protocols® made it possible to exchange infrared, Raman, nuclear
magnetic resonance and mass spectroscopic datasets. The JCAMP-DX protocols
are based on delivering scientific data using ASCII encoding to ensure maximum
compatibility and life span of the encoded data. Depending on the encoding
software, it is possible to produce data exchange files with absolutely no loss of
data.

Obviously, we chose this type of input file for the software. The Raman
spectrometers owned by the research group are able to convert the data in a
JCAMP-DX file format. The JCAMP-DX files are read by the software using the
program read jecamp dx.pro. This program can also read JCAMP-DX files, which

contain more than one spectrum. Details of this program can be found in the
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appendix A. The development of the described software tools in this thesis was done

in the high—level software environment of IDL. (ITT Visual Information Solutions).

3.2.2 Calculation of the parameters and estimation of the background

In a second program, calc jcamp dx paramaters.pro (see appendix A), the
parameters of the Raman spectra are calculated. In a first step a least—squares
polynomial of the second order is fitted through the Raman spectrum. Next, the first
and second derivative of the function are calculated to determine respectively the

maxima and minima of the spectrum, and the points of inflection (Fig. 3.1).
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Figure 3.1 Spectra of (a) the raw y, (b) the smoothed y, (c) the first derivative of
the smoothed y and (d) the second derivative of the smoothed y for the Raman

spectrum of lead—tin yellow type I.
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As background estimation procedure the SNIP method! was used. This type of
background estimation method estimates the background shape A(7) and subtracts
the estimated background from the original spectrum y. The resulting spectrum
n; = y; - b(@) is then further evaluated. The Statistical Non-linear Iterative Peak
clipping (SNIP) is based on the comparison of the content y; of channel 7 with the
mean m, of the contents of the neighbouring channels a distance w away from the
channel 7 If m; is smaller than y, the content of this channel is replaced by the

mean 1.

— yi—W:yi-}-W (3.6)

m;
If after the replacement m; is still smaller then y, then is m, replaced by y.
The width w is initially set to twice the peak full width at half maximum. In this
research, a fixed number, 50, was chosen as width w. This procedure is executed for
all the channels of the ROI. Repeating this procedure, in our case 8 times, gradually
causes peaks to be ‘stripped’ away from the original spectral data, so that only the
estimate of the background shape A(7) remains.
For the identification and extraction of the peaks the user can select the peaks by
adapting the threshold values (d1_treshold and d2_treshold) for the first and second
derivative. Figure 3.2(c) shows also the uncertainty expressed by the standard
deviation (95.6% for 2 ¢ ). By means of the standard deviation, a selection has to be
made between the noise and a ‘real’ signal. Equations 3.7 and 3.8 respectively
calculate the maximum value of the estimated background and the most pessimistic

value of the peak intensity taking the uncertainty into account:

bmax (@) = b(@) + 242y, (1) + b(D) (3.7)
ymin(i) = Yn(i) - 2\/Yn(i) + Zb(i) (3.8)
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Where () = value for the estimated background
v,(1) = net intensity of the peak

Decisions can now be made using 5 different selection rules:

Vimin(©) > 33/ Dmax (@ ©9 %) (1)
Vimin () > 2y/Dpax (@) (95 %) (2)
Ya(@) > 3\ bmax (@ ©
Ya(@) > 2 bmax (@) @

Yo (D) > 3./b(i) (most optimistic) (5)
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Figure 3.2 (a) Raman spectrum of lead white, (b) estimated background A(), (c)
estimated background A(7) together with the uncertainty spectrum (2./b(i)).

_59_



Chapter 3

The user can decide which of the 5 selection rules will be used. In this research, we
chose to use the 3" selection rule. After the selection of the thresholds of the 1°
and 2" derivative, and the selection rule for the background estimation, the Raman

spectra can be plotted and labelled (Fig. 3.3)
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Figure 3.3 Raman spectrum of lead—tin yellow type [ (background corrected).

In this chapter, the details of the existing AXIL software package to evaluate XKF
spectra were discussed. Also the in—house developed software to evaluate Raman
spectra was described in detail. The evaluation of the Raman and XKF spectra will
be used in Chapter 9, to process the Raman and XRKF mappings of a porcelain card
separately, and as a first step for the fiusion of Raman and XRF data (Chapter 10).
The next chapter discusses two statistical multivariate methods, used in Chapter 9
and 10 for the characterisation and classification of unknown inorganic pigments and
Inorganic reference pigments.
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Chapter 4

In chapter 3, the in—house developed sofiware to evaluate Kaman spectra and the
existing AXIL software package to evaluate XKI spectra were presented. After the
evaluation of the spectra, the results are used for characterisation of pigments,
binding media, etc. For the identification and classification of the pigments used for
the porcelain cards (Chapters 9 & 10), an appropriate statistical data processing
method was necessary. In this chapter principal components analysis (PCA) and

K-means cluster analysis are introduced as multivariate statistical techniques.

4.1 Principal components analysis (PCA)

Principal components analysis' ™ (PCA) can be applied as a pattern recognition data
reducing method which aims to determine the underlying information from
multivariate raw data by interpreting the principal components (PCs) and observing
patterns.

In this work, PCA is done mathematically as follows: a data matrix X (for example a
set of Raman of XRF spectra) can be written as a combination of smaller matrices

and some noise.

contribution of ' -
data matrix single hoise
each component  component
Nvar a Nvar
NV&F
Noh; X =N, | C| . a S + Nop; E (4.1)

Where X = data matrix (rows = objects/spectra, columns = variables)
C = contribution of each component
S = spectra of each single component
E = noise
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It is possible to predict C and S, but they can never be observed directly and
perfectly. In order to observe the most important features and trends in the dataset
PCA can be used to reduce the data matrix. PCA provides an approximation of a
data matrix, X, in terms of the product of two small matrices T and P. These

matrices, T and P, capture the essential data patterns of X (Fig. 4.1).

data matrix scores loadings noise
N
Nvar PCs
H NV&I‘
Ny, X =N T| N J P + B (42

Where T = loadings
P = scores

E = noise

Figure 4.1 Principal components analysis (PCA); in the hyperspace of the original
variables (or objects), new principal components axes are defined, which are better

suited to describe the variation in the data points considered®.
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As the original dataset contained N,, variables, in theory the scores matrix also
contains N,,, components. Each component contains a certain percentage of

information of the dataset, which is expressed by the eigenvalue of the component

Ay
Nobj 2
1= 5 _ iy Ly (4.3)
7 Stotal o ZNObi ZNvar 2 )
i=1 ~j=1 %ij
Where S; = sum of squares of the j PC (the j"" score vector)

S,y = sum of squares of the entire set

The first principal component has the highest eigenvalue and the eigenvalues further
decrease with increasing number of the components. The dataset can now be
reduced by preserving Np¢, selected principal components. The selection of Npq, is
mostly determined by studying the eigenvalues. Due to this selection PCA has

reduced the data matrix (N,p;,N,,.) to a scores matrix (Ngp;,Npc):

data matrix scores
Nyar Npcs
Nob; X Nob; T (4

To present the data visually, scores plots can be constructed using two principal
components. Most interesting is to use the two principal components (PC1 and
PC2) that contain the most information of the data. However, in this research we

choose to plot PC3 versus PC2 because PC1 seems to be dominated by the size of
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the objects. Analogously, a loadings plot, which shows the relation between the
original variables, of these two principal components can be constructed. For the
comparison between the scores and the loadings plots, a selection of variables which
are characteristic for certain objects is made. In this way, spectra (objects) can be
related to variables (Raman bands or XRF peaks), so information on their relative

composition can be obtained.

In this work the Raman and XRF spectra underwent 2 data pre—processing steps
before performing PCA: normalisation and ROI standardisation.

Normalisation increases the influence of the small intensities of some signals in the
data. Because both detectors are multichannel detectors, the standard deviation is
found by the Poisson distribution. Therefore, the standard deviation of the intensity

(s,) is equal to the square root of the intensity (/):

= I (4.5)

Where / = intensity of the signal

s, = standard deviation of the intensity

In a second step ROI standardisation® is performed. ROI standardisation is in fact

mean centring of the variables of the data matrix X(,j):

Xij—%)

standpoy (x;;) = (4.6)

Nopj
P 2
Limq *ij=%))
1

Where X, = average value of the variables ]

N,

(&)

,; = number of spectra
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4.2 K-means cluster analysis

All clustering methods aim to calculate the degree of similarity between two of the
spectra (objects) to be clustered. The K-means clustering algorithm®7 is an iterative
procedure that obtained its name from the fact that it assumes the final number of
object classes to be known a priori and equal to K. After selection of the desired
number of clusters, each spectrum (object) 7 has to be assigned to one of the K

clusters in order to minimize a measure of dispersion within the K clusters.
Dispersion [Clrs(K)] = Yi Yick dZ (4.7)

Where d, is the measure of similarity between the spectrum 7 and the cluster center
k to which the spectrum 7 belongs for a given clustering Clrs (K). Suppose that
there are N (spectra) vectors s,, s, ", s, ‘-, s, falling into K clusters with K < N,

then can the mean vector m, of the vectors in cluster & been described as follows:

1
Myj = N_kZiek Sij (4.8)

Where N, = total number of vectors

The following criterion can be used to assign a spectrum to a cluster:

dy = \/Zjo(Sij_mkj) (4.9)

2jwj

Where w;= weight of the i" coordinate.

In practice the K-means clustering algorithm has to be run with different values for

K near the number of clusters one expects to exist in the dataset.
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Normally, the wvalue of K is equal to the number of meaningful principal
components®. In practice, it is difficult to define the number of meaningful principal
components. Therefore, for practical considerations, a K-means cluster analysis
with K=15, a somewhat arbitrarily and too high value, was chosen. The K-means
algorithm was already successfully used to investigate XRF data®. In this work,
K-means cluster analysis was used to construct images of the porcelain cards,

based on XRF data (Chapter 9).

In chapter 2, 3 and 4 some theoretical considerations concerning Raman
spectroscopy and XRF spectroscopy, the Iin—house developed software, and
multivariate statistical techniques were described. These 3 chapters contain the
Information necessary to understand the results presented in the following 6

chapters.
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Chapter 5

In literature, a lot of information can be found on the historical details of
manuscripts, but only a few references on the analytical examination of the materials
used (pigments, binding media, etc.). Therefore, in this chapter, Raman
spectroscopy Is used as analytical technique for the identification of 3 full-page
miniatures of the Breviary of Arnold of Egmond. The in situ Raman analysis was
performed in a darkened room in the conservation department of Museum Het
Valkhof in Niimegen (The Netherlands). The identification of the pigments was used
as an additional argument to detect differences and similarities (different hands)
between the three analysed miniatures. For this study we were allowed to submit

these miniatures for the first time to spectroscopic examination.

5.1 Introduction

For art historians, it is important to have knowledge of the materials (pigments,
binding media, substrates, etc.) and their provenance; to understand the ancient
techniques; to locate and attribute the manuscript to a particular artist or
workshop; or to date a manuscript. Although several historical details of mediaeval
manuscripts have been studied extensively, the examination of the materials used is
still in its infancy. The investigation of manuscripts by spectroscopic techniques is
important to check their conservation state, to understand the causes of
degradation and to plan an accurate conservation or restoration.

In comparison with other spectroscopic techniques, Raman spectroscopy has a
number of advantages: the technique is non—destructive, no pre—treatment of the
sample is necessary and mixtures can be investigated. Due to these advantages
Raman spectroscopy was proven to be an interesting tool for the examination of
works of art!, in particular manuscripts. The Raman spectroscopic analysis of
manuscripts has been mainly concerned with pigment identification, gathering

information on the pigment palette?? used for the illuminations or a pigment palette

_75_



Chapter 5

of a specific artist’. As a result of the identification of the pigments, also
anachronisms can be traced’ and information on the evolution of the pigment use®
can be gathered. Next to the identification of the pigments, a lot of spectroscopic
researches focus on the identification of degradation products found on manuscripts,
in order to protect them against further degradation. Some of these degradation
processes result in a colour change of the pigment: the light—induced degradation of
realgar (red) into pararealgar (yellow)?, the degradation of red lead into galena (grey)
and degradation of an alloy of copper, lead and zinc (gold) into a copper carboxylate
(green)®’. Next to the spectroscopic analysis of the pigments, also analysis of the
ink!'®!!can be performed.

In this study, a mobile Raman spectrometer (Fig. 5.1) was used to analyse three
different folios. In spite of a strong fluorescence background, different pigments
were identified, obtaining important information on the pigment palette used for the
illumination of the different folios. The identification of the pigments was used as an
additional argument to detect differences and similarities between the three

analysed folios.

5.2 The Breviary Arnold of Egmond

The Breviary of Arnold of Egmond is one of the most wealthily illuminated fifteenth
century manuscripts in the Northern Netherlands. The manuscript consists, in its
present state, of 433 folios; containing beautifully decorated margins, consisting of
thin bars, inhabited by many small flowers, animals, monsters, human figures, hybrid
creatures and lush acanthus leaves!®. [lluminating this large manuscript was too
much for one artist or even for a single workshop to handle; therefore the
illuminations were executed by at least two different workshops: one group of artists
working in the style of the Master of Zweder van Culemborg and the other group

working in the style of the Masters of Otto van Moerdrecht.
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Figure 5.1 Picture of the experimental set—up of the Mobile Art Analyser (MArtA)

in the conservation department of the Museum Het Valkhof.

On folio 324r in the breviary, the male commissioner of the manuscript is depicted
kneeling in front of St Nicholas. For a long time nobody could identify the patron of
the manuscript, except that he was a Guelders duke, because of the arms of
Guelders and Jiilich, implemented in the manuscript. In older literature'?, the
manuscript has been dated to the period between 1420-1430. Considering this
period, the patron could be: Reginald IV Duke of Guelders (f 1423), Rupert von
Berg (T 1433) or Arnold of Egmond (T 1471), the husband of Catherine of Cleves'®.
However, when looking at the miniatures made by the Zweder Masters, well
developed landscapes and masterfully applied fine brush strokes suggest a matured
style. Furthermore, influences of the Flemish painting technique of the early 1430s

can be detected, making a date around 1435 more likely'®.
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The manuscript originally contained a number of full-page miniatures, which were all
removed at an unknown date before 1902. Three of them resurfaced and are the

subject of this study.

5.3 Experimental

5.3.1 The analysed folios

The three analysed folios belong to different institutions: the Fitzwilliam Museum in
Cambridge (UK) (Fig. 5.2(a)), the University Library of Utrecht (The Netherlands)
(Fig. 5.2(b)) and the London British Library (UK) (Fig. 5.2(c))) and were brought
together for the exhibition ‘The hours of Catherine of Cleves: devotions, demons
and daily life in the fifteenth century’ (Museum Het Valkhof, Nijmegen, The
Netherlands, 10/10/2009 - 4/01/2010). The examinations were performed in the
conservation department of the museum (Fig. 5.1), during or shortly after the

dismantling of the exhibition.

The first analysed folio (318), originally forming f. 318 in the breviary, depicts King
Salomon in the Temple (Fitzwilliam Museum), the second analysed folio (202), shows
The Resurrection of Christ (University Library of Utrecht) and the last analysed

folio (104), presents The Stoning of Saint Stephen (British Library).
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Figure 5.2 Pictures of the three analysed miniatures: (a) King Salomon in the
Temple (Fitzwilliam Museum), (b) The Resurrection of the Christ (University Library
of Utrecht) and (c¢) The Stoning of Saint Stephen (British Library).
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5.3.2 Mobile Raman spectroscopy

/n situ Raman spectroscopy was performed on the three selected miniatures. The
positions of the analysed points were conscientiously marked on prints of the
miniatures. Sampling was not allowed. The measurements were performed in a

darkened room in the conservation department of the museum.

Raman spectra were obtained using the Mobile Art Analyser (MArtA)'*. This
spectrometer contains a portable Raman imaging microscope (Spectracode, West
Lafayette, IN, United States) and a SpectraPro 150i f.15 spectrometer (Roper
scientific, Princeton Instruments). More detailed information on the instrument has
been described elsewhere!*.

The measurements were executed using a 600—grooves/mm dispersion grating and a
785 nm diode laser. Spectra were obtained in the spectral region between 100 and
2500 cm!. A 6% objective lens was used, giving a clearance of approximately 5 mm
above the manuscript surface. The selected measurement point of the manuscript
could be observed through a digitally controlled colour camera incorporated in the
probe head. Micro—positioning and focussing was achieved using the flexible arm and
the manually controlled micro—positioners. Using the 6X objective lens, a spot size
of approximately 50 pm was achieved. Extreme care was taken to avoid damaging
the illumination with the laser beam: by adjusting the laser current, every
measurement started with a very low laser power. When necessary, the power was

carefully increased in order to improve the signal-to—noise ratio.
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5.4 Results and discussion

5.4.1 Visual examination based on style

As mentioned before, the illuminations in the Breviary of Arnold of Egmond were

executed by at least two different workshops'?: the Masters of Zweder van

Culemborg and the Masters of Otto van Moerdrecht. Both groups have the same

idea, but the illuminations of the Moerdrecht Masters are more primitive and rigid.

They also make use of uniform colour fields, which makes the figures look like

puppets (Fig. 5.3(a)). In contrary, the Masters of Zweder van Culemborg use

different paint layers to create depth and contrast. As a result of this, the figures

look more natural and human (Fig. 5.3(b)).'?
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Figure 5.3 Pictures of two folios painted by two different styles: (a) the style of the
Masters of Otto van Moerdrecht and (b) the style of the Masters of Zweder van

Culemborg.
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Since the full-page miniatures were removed from the manuscript a long time ago,
the condition of these folios is different from the illuminations in the Breviary of
Arnold of Egmond itself. The paint layers of the loose folios have suffered some
damage where the surfaces are worn. Therefore the classification based only on the
stylistic examination of the faces is difficult.

Based on the stylistic study, the folios with The Resurrection of Christ (Fig. 5.2(b))
and The Stoning of Saint Stephen (Fig. 5.2(c)), belong to the same workshop, as the
same background is used for both miniatures and as the painting style of the plants
and the build—up of the faces is similar. They are painted in the style of the Masters
of Zweder van Culemborg. Opposite to this, folio 318 with King Salomon in the
Temple (Fig. 5.2(a)), shows somewhat a different style: the figures at the side are
rather shapeless, the form and build—up of the faces is different and there is almost
no shadow in the figure. Although this miniature is also painted in the style of the
Masters of Zweder van Culemborg, it could have been executed by a different hand

than the two other folios."

5.4.2 Analysis with mobile Raman spectroscopy

Table 5.1 gives an overview of the identified pigments on the three analysed folios.

5.4.2.1 White colour

The white pigment used for the three folios could be identified as lead white

(2PbCO,-Pb(OH),). Figure 5.4(a) shows the Raman spectrum of lead white, with the

characteristic Raman band of the symmetric stretch vibration of CO,™ at 1050 cm™’.
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colour £.104 £.202 £.318

white lead white lead white lead white

yellow | lead—tin yellow type | | lead—tin yellow type [ lead—tin yellow type [

blue lapis lazuli / /

lead—tin yellow type |
green lead—tin yellow type I /

+ lapis lazuli

lead white +

grey / /
lead—tin yellow type |

brown / massicot /

red red lead, vermilion red lead, vermilion red lead, vermilion

Table 5.1 Overview of the identified pigments of the three analysed folios: The
Stoning of Saint Stephen (104), The Resurrection of Christ (202) and King Salomon

in the Temple (318).
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Figure 5.4 Raman spectra (6X objective, 60 s, 10% laser power) of : (a) the white
pigment lead white (2PbCO,-Pb(OH),), (b) the yellow pigment lead—tin yellow type I
(Pb,SnO,) and (c) the blue pigment lapis lazuli (Nag_,,AlgSigOs,S,-,).

_83_



Chapter 5

Lead white has been by far the most important of the white pigments used in Europe
from the Roman period till the 19" century, when it was replaced by less toxic
pigments such as zinc white. Basic lead carbonate is the chemical equivalent of the
natural hydrocerrusite. However, hydrocerrusite is extremely rare and consequently
barely used as pigment source, which implements that already since the Roman

period the synthetic equivalent was used as pigment'®.

5.4.2.2 Yellow colour

Lead-tin yellow type I (Pb,SnO,) could be identified as the yellow pigment used in
the three different folios. Figure 5.4(b) shows the Raman spectrum of lead—tin yellow
type 1, with the characteristic Raman bands at: 527, 457, 378, 337, 293, 279, 201
and 136 cm™!. Lead-tin yellow type I is found widely in paintings throughout Europe
from the 14" century until the first half of the 18" century. It does not appear to
have been used in other places or cultures unless specific trade with Europe took

place!®.

5.4.2.3 Blue colour

Only for The Stoning of Saint Stephen, the precious pigment lapis lazuli
(Nag_;,AlsSigO,,S,-,) could be identified. This pigment was found on the garment of
the male figure depicted on the right side of the folio (Fig. 5.2(c) point 1). This male
figure could be identified as King Saul'®. The importance of this male figure is also
confirmed by the presence of lapis lazuli, which was a very expensive pigment in the
15" century and was only used for important or holy figures. For all the other blue
areas on the three folios we were not able to identify the blue pigment with Raman
spectroscopy. Probably the pigment used for these blue areas is azurite

(2CuCO,;.Cu(OH),). Azurite has a similar colour as lapis lazuli, but was much
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cheaper during the 15" century. Unfortunately azurite is a very weak Raman scatter
and is therefore difficult to detect with Raman spectroscopy, especially during in
situ measurements.

Figure 5.4(c) shows the Raman spectrum of lapis lazuli, with the characteristic
Raman band at 547 cm™'. This Raman band is caused by the v (S-S)*" symmetric
stretching mode. The pigment lapis lazuli is sometimes also named ultramarine, a
term of historical importance used since antiquity. Additionally, this term is also
used for artificially prepared pigments of similar composition. Consequently, the
qualifications ‘natural’ and ‘synthetic’ are frequently used to differentiate between
the two types. The pigment used for this miniature is most likely natural
ultramarine, as the first commercial production of synthetic ultramarine dates from
1828. Raman spectroscopy is not able to distinguish between natural and synthetic

ultramarine in paint layers'®.

5.4.2.4 Green and grey colour

The green colour used on The Stoning of Saint Stephen (Fig. 5.2(c) point 2), could
be identified as a mixture of lapis lazuli and lead—tin yellow type I. The Raman
spectrum (Fig. 5.5(a)) shows the characteristic Raman band at 547 cm™ of lapis
lazuli and the Raman bands of lead—tin yellow type I: 279, 201 and 136 cm™.

For the grey colour on The Resurrection of Christ (Fig. 5.2(b) point 1), a mixture of
lead—tin yellow type I and lead white could be identified. The Raman spectrum
(Fig. 5.5(b)) shows a combination of the most intense Raman band of lead—tin yellow
type | (136 cm') and the characteristic Raman bands of lead white
(1050 en 110 cm™).
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Figure 5.5 Raman spectra (6X objective, 60 s, 10% laser power) of : (a) the green
colour, which is a mixture of lapis lazuli (Nag_,,Al;SigO,4S,-,) and lead—tin yellow type
[ (Pb,SnO,); (b) the grey colour, which is a mixture of lead-tin yellow type I
(Pb,SnO,) and lead white (2PbCO,-Pb(OH),); and (c) the brown colour, for which

massicot (PbO) was used.

5.4.2.5 Brown colour

The pigment used for the brown colour on The Resurrection of Christ (Fig. 5.2(b)
point 2), could be identified as the yellow pigment massicot (PbO). The red pigment
used in the mixture to get the brown colour hue could not been identified. Massicot
has characteristic Raman bands at 276 and 142 cm ' (Fig. 5.5(c)). It occurs as soft
yellow earthy masses in association with lead ore deposits worldwide'®. Massicot is
currently used to refer to the orthorhombic lead(Il) oxide mineral with composition

6 is used to refer to the tetragonal lead(Il)oxide mineral

PbO. In contrary, litharge'
with composition PbO. Litharge has also a yellow colour, but is in the context of

painting technique mentioned as drier added to oil. Traces of litharge were also
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found as impurities in red lead'”. Red lead refers to the red lead(I,IV) oxide mineral

with composition Pb,O, (minium)*.

5.4.2.6 Red colour and incarnation

For the red colour two pigments could be identified: vermilion (HgS) (Fig. 5.6(a))
and red lead (Pb,O,) (Fig. 5.6(b)). Vermilion was perhaps the Romans’ most
valuable pigment, it was used in ambitious works and proved great wealth!®. During
the Middle Ages the expensive pigment vermilion was therefore sometimes replaced
by a cheaper pigment, namely red lead. Red lead commonly occurs in small amounts
as a bright red or orange powder or crust formed as a secondary mineral in the
weathering zone around lead ore deposits. The mineral may have been used as a
pigment in ancient times although the synthetic analogue was one of the first
pigments to be manufactured'®. The preparation of the synthetic red lead from lead
white was already known in the Greek and Roman times. In the 15" century red lead
was derived from lead metal in a two stage process of which litharge was the
intermediate product'®.

On folio 318, King Salomon in the Temple, vermilion was only found on the altar
(Fig. 5.1(a) point 1). For all the other red parts of the folio, red lead was identified
as red pigment. These results lead to the assumption that the more expensive
vermilion was only used for the holy objects, such as the altar. On folio 202, The
Resurrection of the Christ, the same assumption could be made: the more expensive
vermilion was found in the wounds of Christ (mixed with lead white) (Fig. 5.2(b)
points 3 & 4).

Based on this information we assumed that on folio 104, The Stoning of Saint
Stephen (Fig. 5.2(c)) no traces of vermilion would be identified, because no red
colour was used for the holy figures King Saul (depicted on the left) and Saint

Stephen (depicted in the middle). Nevertheless, vermilion was found for the
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colouring of the garment lying on the ground, which is depicted in the back of the
miniature (Fig. 5.2(c) point 3). For all the other red parts red lead was identified as

pigment.

257

347
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(a) 2

[ntensity

T T T T
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Figure 5.6 Raman spectra (6X objective, 60 s, 10% laser power) of two identified red
pigments: (a) vermilion (HgS) and (b) red lead (Pb,0,).

The hierarchical colour use can only be found on the first two folios, while for the
34 folio a garment laying in the back of the folio was painted with the more
expensive vermilion. This information on the identification of the red pigments, may
point in the direction that only King Salomon in the Temple and The Resurrection of
Christ, were made by the same workshop and that The Stoning of Saint Stephen,

was eventually made by another hand.

5.4.3 Interpretation of the results

Based on stylistic examination The Resurrection of Christ and The Stoning of Saint
Stephen, were assigned to the same hand in the workshop, while King Salomon in
the Temple probably was made by a different hand, working in the style of the
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Masters of Zweder van Culemborg. However, based on the identification of the red
pigments by Raman spectroscopy, King Salomon in the Temple and The
Resurrection of Christ were made by the same hand, while The Stoning of Saint
Stephen, might be made by another hand. Next to the hierarchical colour use of the
red pigments, also hierarchical colour use of the blue pigments can be retrieved.
For The Stoning of Saint Stephen, the blue pigment used for the garment of King
Saul is the more expensive ultramarine. This result is in contradiction with the
classification based on the identification of the red pigments and, even more
important, in contradiction with the classification based on stylistic comparisons.
The possible explanation for this difference in classification could be found in a
passage on the stoning of Saint Stephen in the Bible: 88 Then they cast him out of
the city and stoned him. And the witnesses laid down their garments at the feet of a
young man named Saul. 59 And as they were stoning Stephen, he called out, “Lord
Jesus, receive my spirit.” 60 And falling to his knees he cried out with a loud voice,
“Lord, do not hold this sin against him.” And when he had said this, he fell asleep.
[Acts 7:54]

In this passage, only the witnesses laid down their garment, but it could be that the
garment in the back visualises the garment of the Holy Stephen, and therefore the
more expensive vermilion was used.

Combining all these results leads to the following conclusion: the three folios are
probably made in the same workshop, following the style of the Masters of Zweder
van Culemborg, where the artists respected the hierarchical colour use. But King
Salomon in the Temple shows significant stylistic differences with the two other
folios. Raman spectroscopic analysis was not able to identify differences between the
different hands. Further research on the pigment use in workshops has to be

performed.
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5.5 Conclusions

In this work, 7n situ Raman spectroscopy was used to investigate the colour palette
of three different full-page miniatures from the Breviary of Arnold of Egmond.
Although it is clear that once these miniatures were part of the same manuscript, at
some point in the past they were separated and today, they belong to three different
collections. By performing 7n situ Raman spectroscopy measurements in a darkened
room in the conservation department, it was possible to identify the pigments lead
white, lead—tin yellow type I, lapis lazuli, massicot, red lead and vermilion. When

studying the blue and red pigments hierarchical pigment use could be demonstrated.

For the publication of this research paper only 3 folios were selected, but during
this study we performed Raman spectroscopy on Z22 folios of other related
manuscripts, which were part of different collections: the National Library of the
Netherlands (The Hague), the Bayerische Staatsbibliothek (Munchen), the Museum
Het Valkhof (Niimegen), Fitzwilliam Museum (Cambridge), the British Library
(London), The National Library of Belgium (Brussels), the Museum
Catharijneconvent (Utrecht) and the University Library (Utrecht). All these
manuscripts were brought together for an exhibition. The pigments identified with
Raman spectroscopy are the ones we can expect for this period of time: red lead
(Pb,0,), massicot (PbO), lead-tin yellow type I (Pb,SnO,), lead white
(2PbCO4Pb(OH),), vermilion (HgS), chalk (CaCO,), realgar (As,S,) and lapis lazuli
(Nag. ;pALSI50,,S, ).
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Next to mobile Raman spectroscopy also handheld XRF spectroscopy was performed
on different folios. A disadvantage of handheld XRF spectroscopy on manuscripts Is
the penetration depth of the X-rays: all the spectra were overwhelmed by the very
Intense signal of Fe, coming from the gall ink on the reverse side of the folio.
Another disadvantage of the handheld XRF spectrometer Is the relatively large spot
size of approximately 5 mm, which makes i1t impossible to perform analysis on the

micro—level.

In the next chapter a combination of mobile Raman spectroscopy and portable XRF

spectroscopy 1s used for the identification of pigments and degradation products of

two vault paintings in the Our Lady’s Cathedral in Antwerp (Belgium).
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Chapter 6

In the previous chapter, Kaman spectroscopy was used to identify the pigments
used in 3 full-page miniatures of a mediaeval manuscript. This chapter describes the
combination of two mobile analytical technigques, Kaman spectroscopy and XKF
spectroscopy, for the identification of pigments and a possible deterioration product
of two vault paintings in the Our Lady’s Cathedral in Antwerp (Belgium). The
analysis of these vault paintings had to be performed on a high scaffolding, which
resulted in stability problems. These stability problems are also discussed in this

chapter.

6.1 Introduction

Wall and vault paintings in churches were fairly common between the 12" and the
16" century, but only few of them survived because of the degradation over time,
the reconstruction of the building, and of the 16" century iconoclastic outbreak.
Fragments are occasionally discovered during structural repair works when later
applications of paint or lime wash are removed. The painted scenes commonly depict
lives of popular saints and are usually accompanied by geometrical patterns and
decoration’.

As by other objects of art, preservation of these paintings is indispensable.
However, one of the main difficulties with mural paintings is that they have been
executed as a part of a standing building and have become part of the structure.
The close association between the wall painting, the substrate and the masonry
attend to several problems for conservation, since air pollution?, biological organism
invasion®, and changes in temperature and relative humidity* can have disastrous
effects on the stability and integrity of the artwork. More subtle changes arising
from the presence of people, e.g. soot and hydrocarbons from smoking lamps and

candles, reactivity of body vapours, damp exhaled air and perspiration, and the
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instability of the pigments or mixtures of pigments with time, also produces dramatic
deterioration in wall paintings'.

When performing spectroscopic analysis in the field of cultural heritage, another
problem has to be taken into account: the objects for the study are very often
precious and unique works of art, which cannot be destroyed or even sampled for
analysis. When sampling is allowed, it is recommended that the sampling is as
limited as possible, thus leaving the artistic value of the work of art untouched. In
this respect, direct analysis is considered as one of the best methods to avoid
damage during the analysis of artworks. If the analysis cannot be executed in situ,
the artwork has to be transported to the laboratory or micro—sampling is a
necessary step. The identification of pigments and binding media, used in mediaeval
and renaissance wall paintings, provides art historians with precise information on
the techniques used in the creation of the work itself, and gives conservators and
restorers guidelines on the materials necessary for conservation.

This paper presents the first results of an 7n situ investigation of a 15" century and
a 16" century vault painting in the Our Lady’s Cathedral, Antwerp, Belgium. The
aim of this research is the characterisation of the composition of the pigments
present in both vault paintings. Two complementary /n situ techniques have been
used: X-ray fluorescence spectroscopy (XRF) and Raman spectroscopy. XRF yields
the elemental composition of the investigated work of art. When XRF is the only
research technique used for pigment identification, definite identifications can be
achieved only for some pigments, such as cinnabar, thanks to the presence of
specific key elements. Therefore, Raman spectroscopy®’ was used, since this
technique yields molecular information. The combination of these two approaches
allows identifying most of the pigments. In the last decade, the combination of XRF
with Raman spectroscopy was successfully used for the identification of pigments in,

0 easel paintings!!, painted stucco fragments'?,

amongst others, mural paintings®™
manuscripts'® and wallpapers'’.
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6.2 The Site

Wall and vault paintings from the late—14" until the 20" century have been
preserved in the Our Lady’s Cathedral in Antwerp. For this research, two vault
paintings in the most southern aisle have been examined. The first painting is late
mediaeval and dates from the 15" century, the second is a 16" century renaissance

painting'®.

6.2.1 Mediaeval vault painting

The late mediaeval painting (Fig. 6.1(a)) was created on the vault of the fourth bay.
This bay is part of a previous parish chapel. The church wardens paid for this
painting in 1469. The vault has been decorated, around the keystone and the four
pendants, with five pointed stars, which end in the finials. Along the lines of the

stars, friezes composed of flower stencils run.

Figure 6.1 Overview of (a) the mediaeval vault painting, situated on the fourth bay
and (b) the renaissance vault painting, situated on the fifth bay in the Our Lady’s
Cathedral, Antwerp (Belgium).
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For this vault painting, two different techniques have been employed. All the black,
red and blue areas in the triangles around the keystone and the pendants have been
painted on a greyish, still more or less wet whitewash. The binder of these paints is
water based. This explains why these areas are in fresco technique, although they
are not intended to be, since “al fresco” painting was not known in this period in
Belgium. All the other parts are painted in a pure “secco’ technique. Although the
binding media have not been analysed, by the naked eye the technique can easily be
identified as a rather fatty. The greyish whitewash has been scratched away before
painting. This could be a result of the fear of saponification that may occur during
the application of a fatty paint on a caustic, fresh lime wash. The difference in

painting techniques explains the differences in ageing in this vault painting.

6.1.2 Renaissance vault painting

The renaissance vault painting (Fig. 6.1(b)) is situated in the fifth bay that is part of
the chapel of the Holy Sacrament. The painting was commissioned by the
Brotherhood of the Holy Sacrament and bears the date 1540. On the four middle
vault panels, four women in a renaissance architecture with cupids bearing banners
and cornucopias, symbols of food and abundance, are depicted. The figures are
identified by inscriptions of the virtues purity (puritas), piety (pietas), innocence
(innocentia) and simplicity (simplicitas). Four medallions in the vault panels on the
outside of the bay bear Eucharistic symbols, two with a lamb of God and two with a
monstrance. On the edges of the medallions, the inscriptions of ecce agnus dei qui
tollis peccata MONDI [sic] (see the Lamb of God that takes away the sins of the
world) and ecce panis ANGELORUM (see the bread of the angels) can be seen. This
Eucharistic iconography refers to the Brotherhood of the Holy Sacrament that used

and decorated the chapel.
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The painting is completely executed in oil paint. Large parts are painted with gold
paint (shell gold) on tin leaf. There are strong indications that the painting has been
made on another preparation than the greyish whitewash of the background.
Sometimes there is a clear evidence of a red preparatory painting. The [talianising
style of this painting is typical for the Southern Netherlands in the second quarter

of the 16" century.

6.3 Experimental

6.3.1 XRF spectroscopy

For the in situ investigations of the vault paintings, a mobile micro—XRF
spectrometer (ArtTAX, Bruker AXS Microanalysis, Germany) with a Tungsten tube
was used (Fig. 6.2(a)). The primary X-rays are collimated by a pin—hole (200 pm).
The measuring head is equipped with a thermo—electrically cooled detector
(X-Flash) (energy resolution: 160 eV for the Mn-K o at 10 kecps) with preamplifier
for detection of the X-ray fluorescence signal, and with a colour CCD camera which
facilitates the choice of the sample area of interest and the focussing of the
measuring head on the desired position. The measuring head is combined with a
stepper motor based XYZ stage (range of 50 mm each) and a tripod for accurate
positioning relative to the sample. The whole equipment can be placed in transport
boxes and rebuilt at the site where the measurements have to be executed.

Each analysis takes 120 s (excluding positioning of the probe), which means that a
large number of points can be analysed in a relatively short time, making this
technique a powerful aid to get a first insight in the materials and techniques used
on mural paintings. Measurements are performed in the lacunas as well as on paint

layers in order to obtain information on subsequent paint layers. During the
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experiments an energy of 50 kV, a current of 700 pA and a Ni 25 pm filter were

used.

'..-: (b)
; il \
Figure 6.2 (a) The portable micro-XRF spectrometer (ArtTax, Bruker AXS

Microanalysis, Germany) with a Tungsten tube and (b) the probe head of the Mobile
Art Analyser (MArtA).

6.2.2 Raman spectroscopy

The Raman instrument used for this research is the Mobile Art Analyser (MArtA)
(Fig. 6.2(b)). This device contains a portable Raman imaging microscope
(Spectracode, West Lafayette, IN, United States) and a SpectraPro 150i f.15
spectrometer (Roper scientific, Princeton Instruments). The instrument has been
described in more detail elsewhere'®.

The investigations have been executed using a 600—grooves/mm dispersion grating,
with a spectral resolution of about 4 cm !, and a 785 nm laser. The laser power used
during the measurements was set to a few milliwatts, to avoid all possible sample
damage. Spectra were obtained with a spectral region between 100 and 2500 cm .
To achieve a working distance of ca. b mm, a 6X objective lens was used. The
sample could be observed through a USB—controlled colour camera incorporated in

the probe head. Micro—positioning and focussing were achieved using three
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motorised and remote controlled micro—positioners (Oriel), with a working distance
of 2.5 cm. During this research, more than 50 points have been examined, resulting

in ca. 115 spectra.

6.4 Results and discussion

6.4.1 Conditions

Before discussing the results, some feasible problems, which occurred during the
measurements, have first to be taken into account. The examined wall paintings in
the Our Lady’ s Cathedral in Antwerp are located on the vault, 28 m above ground
level. To be able to reach the wall paintings during the period of conservation
treatment, a wooden platform was constructed 22 m above ground level. The
instruments and their accessories had to be brought onto this platform. To achieve
this, the instruments were carried by hand to the top of this platform. There, three
scaffolds were placed.

For the XRF analyses, the XRF instrument with the measuring head upside down,
was placed on one scaffold and the computer and one of the operators on the other
scaffold. By using the stepper motor, the focussing could take place over a distance.
A second operator was standing on the same scaffold as the XRF instrument, as
sometimes the positioning had to be performed manually. The focus could be
checked on the computer during the whole measurement.

For the Raman analyses the probe head of the MArtA instrument was placed on a
scaffold, while the spectrometer and the computer were placed on the other
scaffold. The distance between the probe head and the spectrometer could be
bridged using optical fibres. On the third scaffold an operator was standing, to move

the probe head manually.
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Performing microanalysis on a platform or scaffold is associated with stability
problems. Once the micro—positioning and focusing is done, the operator cannot
move, because this causes vibrations in the scaffold, where the operator is standing.
These vibrations are propagated in the wooden floor and the other scaffolds, and
tend to bring the probe head out of focus.

For the Raman analysis, another problem has to be taken into account, namely
strong interference from stray light that is entering through the stained glass
windows. Therefore, the measurements had to be executed during the night. For

positioning and focusing artificial light was used.

6.4.2 Pigment identification of the mediaeval vault painting

During XRF measurements, succeeding paint layers are analysed as one spot, so the
resulting XRF spectra may contain elements present in different paint layers,
depending on the composition, the concentration and the paint layers thicknesses.
In contrast, Raman spectroscopy is a surface technique and contains only signals
from one, maybe two paint layers. By carefully selecting the painted areas and by
matching both techniques, so that the same area is analysed, interpretation
difficulties can be overcome.

By analysing consecutively the grey whitewash, the orange ground layer and the
painted layers, the analysis can be correlated with the layered structure of the

paint.

6.4.2.1 Supporting layer

The material used as supporting layer in both vault paintings is calcite (CaCO,).
The Raman spectra of all analysed points show a large Raman signal at 1086 cm .

This Raman signal can be assigned as the strongest Raman band of calcium
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carbonate (CaCQO,). In some Raman spectra, small amounts of gypsum
(CaSO,2H,0) were observed (Raman bands at 414, 494, 615, 669, 1003 and
1132 ecm™), along with the spectrum of CaCO, (Fig. 6.3(a)).

Gypsum (CaSO,2H,0O) is a weathering product, so it tells something on the
condition of the vault painting. However, it has to be taken into account that
Raman spectroscopy is a surface technique. The Raman signals from CaCOs.,
showed in the Raman spectra, belong to small particles CaCO,, which remained
after removing the plaster layer, which was put on top of these paintings during the

iconoclastic outbreak.
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Figure 6.3 (a) Raman spectrum of the top layer of the mediaeval vault painting,

showing a combined spectrum of calcite (CaCQ;) and gypsum (CaSO,-2H,0).

6.4.2.2 Red layers

The orange ground layer is clearly present in the lacunas of the red leaves
(Fig. 6.4(a)). XRF analysis of this ground layer shows the presence of calcium, iron,
lead and mercury (Fig. 6.3(b)). These elements are present in relative small
quantities. The spectrum of the bright red upper layer shows a large peak
corresponding to mercury and small peaks for calcium, iron and lead (Fig. 6.3(c)).
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Figure 6.4 Some details of the mediaeval vault painting in the Antwerp cathedral;
(a) detail of different analysed red layers; (b—c) detail of investigated green layers

and (d) detail of the analysed blue layers.
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Figure 6.3 (b) XRF spectrum of the orange ground layer of the mediaeval vault

painting, showing the presence of Ca, Fe, Pb and Hg.
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Figure 6.3 (c) XRF spectrum of the red top layer of the mediaeval vault painting,
showing the presence of Ca, Fe, Pb, Hg.

These results suggest that vermilion (HgS) is applied on top of a ground layer
containing small amounts of hematite (Fe,O,) and vermilion (HgS). With Raman
spectroscopy the XRF results could only be confirmed for the red top layer. In the
Raman spectrum (Fig. 6.3(d)) the Raman bands of vermilion (257, 286 and 345 cm™)

are clearly present.

Intensity (arbitrairy units)

1800 1600 1400 1200 1000 800 600 400 200
Raman wavenumber (cm ™)
Figure 6.3 (d) Raman spectrum of the red top layer of the mediaeval vault painting,

showing the spectrum of vermilion (HgS).
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Vermilion (HgS) was already used as a pigment by the Chinese people 2000 years
before the Romans did. This red pigment is made by crushing, washing and heating
the mineral cinnabar (HgS) to give a strong red pigment. Alternatively, this
compound could also be made by heating a mixture of mercury with molten sulphur
(dry—process vermilion)!’. During the mediaeval period those two forms of vermilion
(HgS) were available, but it is difficult to distinguish between them.

Vermilion (HgS) has excellent covering power owing to its high refractive index. The
pigment is stable in alkaline conditions and can be painted over a fresh lime ground.
This application has been confirmed in several English mediaeval wall paintings'®. In
some cases the red vermilion (HgS) forms a dark pigment, metacinnabar'®?°. Despite
of the reactivity of vermilion (HgS) with pigments such as lead white
(2PbCO,4-Pb(OH),) and red lead (Pb,O,), it appears to be fairly stable, especially

when an oil-based medium is used.

6.4.2.3 Green layers

The green leaves show different colour shades present in different paint layers
(Fig. 6.4(b) and (c)). The XRF results of all the different green layers (Fig. 6.5(a)
and (b)) show the presence of copper, lead and tin in different relative amounts (the
relative amount of lead is lower for the darker green). This result can indicate that
the green colour is a mixed colour of lead white (2PbCO,Pb(OH),), lead—tin yellow
type I (Pb,SnO,) and a green copper pigment. Identifying the green copper pigment
was not possible with Raman spectroscopy, because of the absorbance of the laser
light and the overwhelming fluorescence. These problems could be solved using a

laser with another wavelength, but our mobile spectrometer has only one laser.
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Figure 6.5 (a) XRF spectrum of the light green paint layer of the mediaeval vault

painting, showing the presence of Cu, Sn, Pb.
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Figure 6.5 (b) XRF spectrum of the dark green paint layer of the mediaeval vault

painting, showing the presence of Cu, Sn, Pb.
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The XRF analysis of the white highlight (Fig. 6.5(c)) shows the same combination of
elements. These results suggest lead white (2PbCO,-Pb(OH),) on top of the mixed

green colour.
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Figure 6.5 (c) XRF spectrum of a highlight of the mediaeval vault painting, showing
the presence of Cu, Sn and Pb.

The Raman analysis confirms this conclusion for lead-tin yellow type I (Pb,SnO,)
and lead white (2PbCO,-Pb(OH),). The two forms of lead white (2PbCO,Pb(OH),),
cerussite (PbCO,) and hydrocerussite (Pb;(CO,),(OH),) were not distinguished by
Raman spectroscopy, because of the lack of reference materials. The spectrum
shows Raman bands of lead-tin yellow type I (527, 451 and 195 cm!), lead white
(1052 cm!) and massicot (289 cm™!). The strongest Raman band of calcite
(1084cm™Y) is also present in the spectrum (Fig. 6.5(d)).

During the centuries there was a widespread confusion on the identity of lead—tin
yellow type I (Pb,SnO,). In manuscripts, lead—tin yellow type I (Pb,SnO,) was very
often confused with massicot (PbO). However, there can be concluded that lead—tin
yellow type [ (Pb,SnO,) was used as a pigment in the Middle Ages®'. Due to the high
refractive indices of lead—tin yellow type I (Pb,SnQ,), it has a good hiding power
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when combined in oil medium. Lead-tin yellow type I (Pb,SnO,) is extremely stable
in alkaline conditions and can be used in both, fresco and secco paintings. Exposure
to soluble sulphides or hydrogen sulphide may induce darkening, with the formation

of black lead sulphide (galena).
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Figure 6.5 (d) Raman spectrum of the green top layer of the mediaeval vault
painting, showing a combined spectrum of calcite (CaCO,), lead white
(2PbCO,4-Pb(OH),), lead-tin yellow type I (PbSnO,) and massicot (PbO).

Lead white (2PbCO,-Pb(OH),) was manufactured since the Greek period. It was
used by the Greco—Roman ladies as face powder with predictable effects on their
health!”. The pigment was manufactured by stacking lead strips in porous jars with
vinegar and burying the jars in animal manure, which generated the heat necessary
to speed up the reaction. The physical structure of lead white (2PbCO,Pb(OH),)
and its reaction with oil gives a very flexible, quick drying, and permanent paint
film. Lead white (2PbCO,Pb(OH),) is stable to light, but on heating to low
temperatures this pigment turns yellow through the formation of massicot (PbO),
while further sustained heating will produce litharge, and finally red lead (Pb,0,).

Characteristics as alkaline conditions, high humidity and the presence of an
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oxidising agent stimulate the darkening process of the lead oxide until it forms a
black lead oxide. The pigment is also sensitive to sulphides through the formation of
lead sulphide (black). However, in many English mediaeval wall paintings were lead
white (2PbCO,Pb(OH),) is combined with vermilion (HgS) no alteration was
observed'®. Lead white (2PbCO,Pb(OH),) remained the most used white pigment
until the 19'" century.

Massicot (PbO) has excellent covering and colouring power. The pigment is
compatible with most pigments, except for sulphides. Massicot (PbO) is frequently

used as siccative in oil paint®.

6.4.2.4 Blue layers

The blue paint is applied in two layers: a dark blue layer as supporting layer; and a
light blue layer on top of it (Fig. 6.4(d)). XRF measurements on these two blue
layers show a surprising result: the light blue paint (Fig. 6.6(a)) contains an
important quantity of copper, probably indicating the pigment azurite
(2CuCO4Cu(OH),), while only small amounts of copper are detected in the dark
blue area (Fig. 6.6(b)).

As both ultramarine (Nag ;,AlgSis0,,S,-,) and indigo (organic) cannot be detected
using XRF measurements, no identification is made here. Also for the Raman
measurements no conclusion could be made, because blue pigments produce a lot of

severe fluorescence.
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Figure 6.6 (a) XRF spectrum of the light blue paint layer of the mediaeval vault

painting, showing the presence of Ca, Cu and Pb.

CaK

100 |

801

60

Intensity (Kcounts/channel)

Energy (keV)

Figure 6.6 (b) XRF spectrum of the dark blue paint layer of the mediaeval vault

painting, showing the presence of Ca, Cu and Pb.
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6.4.3 Pigment identification of the renaissance vault painting

For the renaissance painting, more than 50 zones were selected for XRF analysis.
Based on the results of the XRF analysis, 34 zones were selected to analyse with
Raman spectroscopy. Due to problems with the optical fibres and filters in the probe
head, it was difficult to get a good signal-to—noise ratio in the Raman spectra.
However, using this multi-method approach allows identifying the most important

pigments used in this vault painting.

6.4.3.1 Supporting layer

The material used as supporting layer is also calcite (CaCO,) (Fig. 6.7(a)). But, in

almost all registered XRF spectra, an important peak corresponding to lead is

present (Fig. 6.6(c)).

Figure 6.7 Some details of the renaissance vault painting in the Antwerp cathedral;
(a) detail of the analysed ground layer; (b) detail of the different analysed red layers;
(c) detail of the golden decoration and (d) detail of the analysed blue layer.
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Figure 6.6 (c) XRF spectrum of the ground layer of the renaissance vault painting,

showing the presence of Pb.

This is the case for grey white colours, for ‘real’ colours and for all parts in the
painting (background, architectural part and figurative part). These results can
indicate that lead white (2PbCO4Pb(OH),) was used as first layer in the

construction of the painting. With Raman spectroscopy the results were similar.

6.4.3.2 Red layers

The bright red paint (Fig. 6.7(b)) applied for the architecture painting does not
contain any mercury, excluding the presence of vermilion (HgS). As shown in the
XRF spectrum (Fig. 6.6(d)), only lead and iron are detected, suggesting that the red
paint layer contains iron oxide (hematite (Fe,0,)). Raman spectroscopy confirms
this result. In the Raman spectrum (Fig. 6.8(a)) the Raman bands of hematite (224,
290, 412 and 617cm™) are clearly present. Next to the Raman bands of hematite

(Fe,0,), the Raman bands of red lead (312 and 552cm™) could be observed.
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Figure 6.6 (d) XRF spectrum of the bright red paint layer of the renaissance vault

painting, showing the presence of Fe and Pb.
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Figure 6.8 (a) Raman spectrum of the red top layer of the renaissance vault

painting.

The Raman spectrum also confirms the presence of lead white (1050 cm™), painted
as first layer on the calcite (CaCQO,). It is strange that no vermilion (HgS) was used

for the red bright colour. Normally hematite (Fe,0,) is used for an underlying paint

- 116 -



Chapter 6

layer and not for the top layer. The renaissance vault painting does not have this
type of layered structure. To answer the question, why the artist made use of
hematite (Fe,O,) for the red top layer, further research, where different paintings
from the same artist are compared, is necessary.

Hematite (Fe,O,) has a high pigmenting strength and although it provides the colour
of the earth pigment, it may be present in relatively low concentrations combined
with a number of accessory minerals such as quartz, kaolin and other clays.
Hematite (Fe,O,) is very stable, durable and is suitable for use both in alkaline
conditions and combined with a wide range of organic binding media. However, on
prolonged heating the pigment will oxidise. There are innumerable examples of the
use of hematite (Fe,O,) in England and elsewhere in Europe throughout the Middle
Ages'®.

The use of red lead (Pb;0,) was developed by the Greeks. Red lead (Pb;O,) was
used for priming metal in construction until it was banned in the 1990s. It is a form
of lead oxide (Pb;0,) and is found as the mineral minium after the river Minius in the
northwest of Spain. There is little evidence to suggest that the natural mineral was
used as a pigment, but from the earliest times the synthetic pigment was well known
and often employed.

An important characteristic of red lead (Pb;O,) is its drying action on oils. The
pigment is not stable in alkaline condition and cannot be used on a fresh layer of
lime wash or in combination with lime white. Red lead (Pb;O,) darkens after some
time, because it forms platternite (PbO,). Despite of all this limitations, red lead

(Pb,0,) was often used in wall paintings'®.

6.4.3.3 Gold and tin layer

Another feature of the renaissance paintings is the use of gold and tin. In a lacuna

of the golden banner (Fig. 6.7(c)), a brown red preparation layer is visible.

- 117 -



Chapter 6

XRF measurements of this layer show the presence of lead, calcium, iron and traces
of gold as remaining of the upper decoration layer (Fig. 6.8(b)). Based on this
analysis it is not clear whether part of the lead is present as red lead (Pb;0,) mixed
with hematite (Fe,O,) in the preparation layer for the gold. Remaining of the gold is
still detectable in the lacuna. Some measured areas, like the border of the
medallions (Fig. 6.7(d)), reveal the presence of tin. In these cases the tin in the
resulting XRF spectrum (Fig. 6.8(c)) does not indicate the use of a tin containing
pigment (like lead—tin yellow type I (Pb,Sn0,)), but confirms the presence of a metal
foil (hence a tin foil). Although the use of tin foil is best known for the brocade
decorations on painted wooden sculptures, its use on mural paintings was already

practiced by Giotto?.
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Figure 6.8 (b) XRF spectrum of the preparation layer for the gold of the renaissance

vault painting, showing the presence of Ca, Au, Fe and Pb.
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Figure 6.8 (c) XRF spectrum of the tin foil of the renaissance vault painting,

showing the presence of Sn and Pb.

6.4.3.4 Blue layers

XRF analysis of the blue paint inside the medallions (Fig. 6.7(d)) shows clearly the
presence of azurite (2CuCO,Cu(OH),), as evidenced by the copper peak in the
resulting spectrum (Fig. 6.8(d)). Azurite (2CuCO4Cu(OH),) is the natural pigment
of a basic copper carbonate. This pigment was used in wall paintings from antiquity
till the 19" century and was in the Middle Ages, next to ultramarine
(Nag_;,AlsSigO0,,S,-,), the most important blue pigment. In the Middle Ages important

deposits of the mineral were exploited in Hungary and France?'.
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Figure 6.8 (d) XRF spectrum of the blue paint layer of the renaissance vault

painting, showing the presence of Ca, Fe, Cu and Pb.

6.5 Conclusions

The results of this research show that this 77 situ multi-method approach, where a
combination of X-ray fluorescence spectroscopy and Raman spectroscopy is used,
provides valuable information on the composition of the vault paintings. While
performing the measurements some feasible problems appear, which can easily be
solved. Because XRF spectroscopy is a very fast technique, this method can be
used for a preliminary research. An overview of the identified pigments of the
mediaeval vault painting is summarized in table 6.1. Table 6.2 shows the identified
pigments of the renaissance vault painting. The use of Raman spectroscopy,
revealed the presence of calcite (CaCO,) and gypsum (CaSO,-2H,0). The presence
of gypsum (CaSO,2H,0) could be related to contamination of water containing

salts. In some cases, when the Raman spectrum was overwhelmed by fluorescence,
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the results of the XRF measurements were unambiguous and could be used to give
definite pigment identifications. This multi-method approach also revealed that the
renaissance painting has a strange layered structure. It is not common to use
hematite for the red top layer. The combination of XRF spectroscopy and Raman

spectroscopy revealed a lot of valuable information on the vault paintings in the Our

Lady’s Cathedral in Antwerp (Belgium).

colour pigment chemical composition
white lead white 2PbCO,-Pb(OH),
calcite CaCOQO,
gypsum CaS0O,2H,0
yellow lead—tin yellow type | Pb,SnO,
red vermilion HgS
green Cu—green not identified
blue azurite 2CuCO4Cu(OH),
/(no Cu) not identified

Table 6.1 Summary of the pigments identified in the 15" century mediaeval wall

painting on the vault of the Our Lady’s Cathedral, Antwerp (Belgium).

colour pigment chemical composition
lead white 2PbCO4Pb(OH),
white
calcite CaCOy
red lead Pb;0,
red
hematite Fe,O,
blue azurite 2CuCO,Cu(OH),

Table 6.2 Summary of the pigments identified in the 16" century renaissance wall

painting on the vault of the Our Lady’s Cathedral, Antwerp (Belgium).
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This study is a good example to express the complementary character of Raman
spectroscopy and XRF spectroscopy. Raman spectroscopy gives molecular
Information, while XRF spectroscopy delivers elemental information. With Raman
spectroscopy It Is possible to identify the pigment Immediately, because each
pigment has his own unique Kaman spectrum. The disadvantages of Kaman
spectroscopy are the weak intensity of the Raman signal and the interference of
fluorescence. Especially for the green pigments fluorescence is a problem. Therefore
we were not able to identify the blue and green pigments. [n contrary XRF
spectroscopy could identify the elemental composition of these two pigments. Due
to the knowledge of the elemental composition, the blue pigment could be identified.
For the green pigment no identification could be made based on the XRF results,

because many green pigments contain copper.

In this study, a combined approach of two techniques was used to gather
Information on the pigments used and a possible deterioration product of two vault
paintings. In the next chapter a combined approach is used for the analysis of the
precious mediaeval manuscript Liber Floridus. In this study a combination of mobile
Raman  spectroscopy, laboratory Kaman  spectroscopy, laboratory — XRKF
spectroscopy, UV-fluorescence photography and infrared reflectography (IRR) is

used.
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Chapter 7

In this study a combined approach is used to analyse the precious mediaeval
manuscript Liber Floridus. In a first step in situ analysis was performed using the
mobile Raman spectrometer, next to UV-fluorescence photography and infrared
reflectography (IRR). Due to the promising results we were allowed to take samples,
which were analysed with laboratory Raman spectroscopy and laboratory XRF
spectroscopy. This chapter also includes the description of a sample preparation
technique that allows us to use the sample for analysis with micro—Raman

spectroscopy and micro—XRF spectroscopy.

7.1 Introduction

Although several historical, codicological and iconographical details of mediaeval
manuscripts in general, and of the Liber Floridus in particular'™, have been
extensively studied, the examination of the materials used is still in its infancy. For
art historians it is important to have knowledge of the materials (pigments, binding
media, substrates, etc.) and their provenance, to understand the ancient
techniques, to attribute the manuscript to a particular artist or workshop, and to
date the manuscript®. The identification of the pigments used in manuscripts is
important, both for the possible conservation and restoration of the manuscript and
also for implying information regarding the availability and use of the pigments at
the time of production.

For this study, a combination of imaging and analytical techniques was used.
Imaging techniques provide art historical information on the painting style and result
in an image of the work by using electromagnetic radiation of different wavelengths.
Analytical spectroscopic techniques provide information on the painting materials
and use electromagnetic radiation to produce a spectrum, which allows the
identification of the material. In this case infrared reflectography (IRR)®"® and UV—

9,10

fluorescence photography were used as imaging techniques, while for the
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analytical techniques Raman spectroscopy and X-ray fluorescence (XRF)
spectroscopy were used!'. Because of the ability of Raman spectroscopy to perform
non—destructive molecule specific analysis, it became an important tool in the
examination of works of art'?.

Combining this technique with an element—specific non—destructive technique, such
as X-ray fluorescence (XRF) spectroscopy'®, gives a powerful tool that allows
identifying most of the pigments. In the last decade, the combination of Raman
spectroscopy with XRE was successfully used for the identification of pigments in,

14-17

amongst others, mural paintings'*™!?, easel paintings®!®, painted stucco fragments®?,

wallpapers®® and illuminated manuscripts?! .

7.2 The manuscript ‘Liber Floridus’

The Liber Floridus is an early 12" century encyclopaedia kept in the Ghent
University Library. The text is written on 287 numbered parchment folios of about
310 x 210 mm. On the whole, the parchment is of poor quality: several pages are
re—used (palimpsest) and many leaves consist of pieces of parchment sewn together.
At some point, the manuscript was cropped, causing the partial loss of marginal
notes and of decoration. Despite the poor quality of the writing surface, the
encyclopaedia is lavishly illustrated and some of its miniatures have been considered
masterpieces of Romanesque art.

The author, scribe and illuminator of this famous work is Lambert of Saint—Omer, a
canon from the collegiate church of Our Lady at Saint—Omer (nowadays in northern
France, in the 12" century the city was part of the county of Flanders). Little is
known on the life of Lambertus of Saint—-Omer. On folio 26v and folio 43v we are
informed that his father was a canon too and died on the 27" of January in 1077. By

consequence, we can deduce that Lambertus of Saint—Omer was probably born
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before 1077 or at the latest in 1077. He ended his book in or shortly after June
1121. Most scholars assume that the author died shortly after ending his work.

The encyclopaedia is arranged by way of association, and not in a thematic or
alphabetical order. In ca. 300 chapters, the most important knowledge of the early
12" century is summarized. We find information on theology, history, (natural)
sciences, astrology, geography, the interaction of the micro cosmos with the macro
cosmos, etc. The author focuses on the unity of the spiritual and the material world,
the connection between earth and heaven. Through his attention for historical and
genealogical data he gives Flanders and even Saint—Omer a place in world history.
As pointed out previously, the manuscript is lavishly decorated with miniatures.
These pictures are so intensely interwoven with the text that they often replace the
text as a medium. There are a lot of diagrams representing several aspects of the
cosmos, and figural paintings of real animals (e.g. the lion) or imaginary ones
(e.g. the griffin, the dragon), next to religious concepts (e.g. the devil, the
Antichrist, the trees of virtues and vices) or historical persons (e.g. Alexander the
Great, Charles the Bald, Lambertus of Saint—Omer).

The book was written in Saint—-Omer. At least since the 13" century the book was
part of the library of the Saint—-Bavon abbey in Ghent. After the abolition of the
abbey of Saint—Bavon in 1536, the manuscript belonged to the chapter of Saint—
Bavon, the successor of the famous abbey. Shortly after the French Revolution and
the following annexation of the Southern Netherlands by France, the manuscript was
confiscated and integrated in the library of the Ecole centrale du département de
|’Escaut. Later this library became the city library of Ghent, and after the
foundation of the University in 1817 it was given in permanent loan to Ghent
University together with other books.

A digital version of the manuscript can be found on the website of the Ghent

University Library®.
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7.3 Experimental

/n situ Raman spectroscopy was performed on a selection of illuminations in the
Liber Floridus, consisting of 13 folios and 1 bifolio. The positions of the
investigations were conscientiously marked on prints of the manuscript. Following
the initial phase, micro—samples were taken at the exact same positions of the in
situ analysis. These samples were analysed with confocal micro—Raman spectroscopy
and energy dispersive X-ray fluorescence spectroscopy (EDXRF). The selected
folios were also analysed with UV-fluorescence photography and infrared
reflectography (IRR).

In the initial phase, only direct Raman analysis was performed. The results of the
direct analysis give an indication of the pigments used for the different colours.
Following the initial phase, samples were taken and indirect Raman analysis was
performed. Because of the better spectral resolution of the laboratory spectrometer
and the possibility to adapt the circumstances in the laboratory, more detailed
information of the samples could be gathered, and even traces of a degradation
product could be indicated. In this study taking samples allowed us also to use the

complementary technique X-ray fluorescence (XRF) spectroscopy.

7.3.1 Samples and sample preparation

Samples were taken at exactly the same points as measured during the in situ
analysis. The samples were taken with a cotton swab (Q-tip), by gently rubbing over
the surface of the manuscript as described previously?’. In the laboratory, the
samples were fixed with n—hexane on ultralene, in order to be appropriate for Raman
spectroscopy as well as for X-ray fluorescence spectroscopy.

Ultralene (SPEX CertiPrep Group, Metuchen, United States) is a polymer that is

appreciated by XRF spectroscopy because no impurities are seen in the XRF
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spectrum. On contrary, ultralene is Raman active, but because Raman spectroscopy
is a surface technique, it almost does not interfere with the Raman signal of the
sample fixed on the ultralene. Also pro—analysis n—hexane (Panreac, Barcelona,
Spain) was used, so that no traces of impurities could disturb the XRF signal.

To fix the sample (Fig. 7.1), first we tap the cotton swab on a thin layer of
ultralene, to transfer the sample. In a next step some droplets of n—hexane are used
to fix the sample on the ultralene. In a last step the sample, fixed on the thin
ultralene layer is placed in a holder, to be able to work in a flexible way with the

sample.

Figure 7.1 Sample preparation method: fixation with n—hexane on ultralene. After
the fixation of the material on the ultralene thin film, the film itself is snapped into

an X-ray cup that can be easily stored.

The collected Raman spectra were matched with a spectral library, created
in—house, from inorganic and organic pigments and dyes.
During the first sampling, 64 samples were taken. During the second and third

sampling we focused on folio 88r and respectively 7 and 12 new samples were taken.

- 133 -



Chapter 7

7.3.2 [nstrumentation

7.3.2.1 [n situ Raman spectroscopy

Raman spectra were obtained using the Mobile Art Analyser (MArtA). This
spectrometer contains a portable Raman imaging microscope (Spectracode, West
Lafayette, IN, United States) and a SpectraPro 150i f.15 spectrometer (Roper
Scientific, Princeton Instruments). More detailed information on the instrument has
been described elsewhere?®.

The measurements were executed using a 600—grooves/mm dispersion grating and a
785 nm diode laser. Spectra were obtained in the spectral region between 100 and
2500 cm™'. A 6X objective lens was used, giving a clearance of approximately 5 mm
above the manuscript surface. The selected measurement point of the manuscript
could be observed through a USB-controlled colour camera incorporated in the
probe head. Micro—positioning and focussing was achieved using three motorised
and remote—controlled micro—positioners (Oriel), with a working distance of 2.5 cm.
Using the 6X objective lens, a spot size of approximately 50 pm was achieved.
Extreme care was taken to avoid damaging the illumination with the laser beam: by
adjusting the laser current, every measurement starts with a very low laser power. If
necessary, the power is carefully increased in order to improve the signal-to—noise

ratio.

7.3.2.2 Confocal micro-Raman spectroscopy

The laboratory Raman spectrometer used is a Bruker Optics ‘Senterra’ dispersive
Raman spectrometer with a BX51 microscope. The Raman spectrometer is equipped
with 532 (Nd:YAG) and 785 nm (diode) laser sources. High resolution spectra are

recorded in 3 spectral windows, covering the 60-3700 cm™' and 80-3500 cm™! for
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the 532 and 785 nm laser, respectively. The system uses a thermo—electrically
cooled CCD detector, operating at =65 ° C. There are five software—controlled
settings for the power of each laser: 100, 50, 25, 10 and 1%, i.e. up to ca. 35 mW at
the sample for the 785 nm laser. The microscope has 5x, 20X and 50X objectives,
with spot sizes of approximately 50, 10 and 4 pm, respectively. The microscope
contains a joystick—controlled motorised stage and setting the analysis area is
accomplished with the aid of an attached video camera. The instrument is controlled
via the OPUS software version 6.5.6. Most samples were analysed using the 785 nm

laser at 1-25% setting. All spectra were baseline—corrected for fluorescence.

7.3.2.3 Energy dispersive X-ray fluorescence spectroscopy (EDXRF)

A laboratory micro—XRF system (Eagle—IIl microprobe, EDAX, Inc., Mahwah, NJ,
USA) provided elemental information of the samples. This spectrometer is equipped
with a microfocus X-ray tube with a Rh anode, a polycapillary lens (X-ray Optical
Systems, Inc., NY, USA) for X-ray focussing, and a 80 mm?® energy dispersive
Si—(Li) detector. The sample chamber incorporates a XYZ motorised stage for
sample positioning. A high resolution microscope is used to position the sample on
the desired distance from the polycapillary. To increase the sensitivity of the low Z
elements, the sample chamber can be brought under vacuum. For analysing the
samples a spot size of 25 um was chosen at an operating X-ray tube voltage of
40 kV. The tube current was adapted for each sample in order to optimise the
detection of X-rays corresponding to 30% detector dead time. In this work,

measurements were done in vacuum typically for 1000 seconds each.
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7.3.2.4 UV—fluorescence photography

The ultraviolet (UV) photographs of 13 single folios and three openings of the Liber
Floridus were taken with a Nikon® D70 digital reflex camera with an 18-70 mm,
f/3.5-4.5 lens. The object was illuminated with two commercially available UV lamps
of 40 W (diameter 32, 1350 mm). Shutter times ranged between 15 and 20 seconds
while a £/9.5 diaphragm and a focal length of 50 mm was used. Each folio was also
photographed in the same conditions with a Cokin 85B orange filter, which

sometimes allows a better clarity of the UV-image.

7.3.2.5 Infrared reflectography (IRR)

Infrared reflectograms of 14 single folios and three openings of the Liber Floridus
were made with an OSIRIS infrared camera, operating at wavelengths from 900 to
1700 nm. The prototype of this camera was developed at the scientific department
of the National Gallery London, and taken into production by Opus Instruments
1td?. The OSIRIS camera has an InGaAs array sensor with an object resolution
down to 0.05 mm. The 150 mm lens consists of 6 elements and has a focal length
from f/5.6 to f/45. The image size is user selectable horizontally as well as
vertically between 512 X512 to 4096 x 4096 pixels. The practical advantage of this
infrared camera is that it produces single, finished images rather than multiple
images, which require further processing and stitching. The sharpness of the images
is only enhanced by histogram correction and the application of a blurred mask in
Adobe Photoshop®.

Single folios were recorded with a camera—object distance varying from 88 to 99 cm,
a focal length varying from 37 to 44 mm, an f/16 diaphragm and indirectly
illuminated at 2000 Ix by reflectors with 2 X 300 W Tungsten Halogen Elinchrom

Scanlite 300. Openings were taken with a camera—object distance varying from 108
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to 111 cm, a focal length varying from 33 to 33.5 cm, a /22 diaphragm and indirect

illumination at 2200 Ix.

7.4 Results and discussion

The results of the in situ Raman analysis, the analysis of the samples with micro—
Raman spectroscopy and ED-XRF spectroscopy, and the analysis of the folios with
UV-fluorescence photography are discussed by colour. Infrared reflectography was
used to gather information on the underdrawing. Some examples of the investigated

folios, together with the analysed points are shown in figure 7.2.
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Figure 7.2 Illustration and indication of the measured points of (a) folio 25r, (b) folio
260r.
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Figure 7.2 (c) Illustration and indication of the measured points of folio 88r.

7.4.1 Underdrawing

The preparatory page demarcation and lineation of some folios, executed in a dry
black carbon containing material, possibly black chalk or charcoal, was revealed by
infrared reflectography (IRR) on folios 6v, 13r, 20r, 25r, 52r, 88r, 222r and 260r.
On some folios the lineation does not always correspond to line prickings, as on
fol. 228v and on other folios the lineation is incised (e.g. fol. 58v, 231v-232).
Figurative underdrawing in the same carbon containing material was made visible on
folios 6v, 13r, 231v-232, 232v, and 260r.

On fol. 6v, the contours, the facial features and the main folds of Audomarus are
underdrawn. Faint lines around the globe on which he sits and besides his proper
left upper arm suggest that a first drawing, perhaps in metalpoint, was reinforced by

this more elaborate underdrawing.
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The miniature representing Lambertus (fol. 13r) was fully underdrawn, including the
architecture, the writer’s chair and his working table. In executing the figure in ink,
the artist just added some facial details, curls, a few drapery folds and text on his
parchment. Nabucodonosor was similarly prepared in underdrawing (fol. 232v), while
God the Father and the reclining woman were sparsely indicated with a few contour
lines. The second representation of Audomarus (fol. 260r) (Fig. 7.3(a)) follows the
same figurative underdrawing style. First, his upper part including his shoulders and
halo was planned somewhat larger. In the underdrawing stage, the figure was
reduced to his definitive size. He was placed originally before an irregular crucifix
formed shape that included an inscription besides his head. This backdrop and the
inscription were abandoned and painted over with purple paint, identified with
Raman spectroscopy as hematite, and surrounded by a red border. Perhaps this was
done when it was decided to identify him with a more elaborate inscription on the
top of the folio. These are the only major compositional changes found during our

IRR investigation of the selected folios.

Figure 7.3 (a) IR reflectograms of folio 260r.
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In addition, the IRR investigation revealed the use of a compass for the circle
segments. The pricked compass pigments can be distinguished: on folio 20r, in the
circular motives of the labyrinth; on folio 52r, for the six circle fragments; on folio
88r, for the mandorla and the six circles; on bifolio 92v—93r, for the parallel circles

of the map of Europe and on folios 228r and 228v.

:
b
i

Figure 7.3 (b) IR reflectograms of bifolio 231v—232r.

Bifolio 231v—-232r (Fig. 7.3(b)) is so perfectly symmetrical that it must be assumed
that a copying method has been used to mirror the design of the left page of the
opening onto the right one. The pink backgrounds of the virtues bear the colour
indication 'R’ for ‘roseus’. This practise is mentioned in the famous contemporary
art treatise by Theophilus®’. The contours of the virtues were underdrawn as well as
some indications of the drapery folds of their garments. The contour of a branch or
a leave was on some places already indicated. In the leave on the upper left of folio

231v, the trefoil-like motives were underdrawn as little triangles. The circles with
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the virtues on the left side of the opening and with the texts describing the vices on
the right hand side, as well as the basic circular form of the leaves were made with a

compass.

7.4.2 Blue

Analysis of the blue colour was performed on illustrations of folios 6v, 13r, 24v, 25r,
58v, 88r, 88v, 89r, 222r and 259v, and on the illustration of bifolio 92v-93r. Both

light and dark blue areas were analysed.

The in situ Raman analysis of the blue pigment showed for almost all folios and the
bifolio, that ultramarine (Nag_,,AlsSigO,,S,-,) is used as blue pigment. In this case the
natural form of ultramarine is used, because the first commercial production of
ultramarine dates from 1828% 3%, Nevertheless, the first observation of local use of
synthetic ultramarine in Italy, near Palermo dates from 17873!. Natural ultramarine
is made by pulverisation and purification of the mineral lapis lazuli. Lapis lazuli
contains the mineral lazurite (Nag[Al;SigO,,]S,), which is responsible for its bright
blue colour, along with a variety of other accessory minerals, of which only calcite
(CaCO,) is still present after the purification process. In mediaeval times, natural
ultramarine was an extremely expensive pigment (more expensive than gold), due to
the large travel distance and the labour—intensive purification process. With Raman
spectroscopic analysis it is not possible to distinguish between natural or synthetic
ultramarine.

The Raman bands of lazurite are clearly visible in the spectrum (Fig. 7.4(a)): a
strong band centred near 543 cm™', due to the S;” symmetric stretching mode, and a
weaker band centred between 568 and 583 cm!, due to the S, symmetric
stretching mode (Table 7.1)**. The presence of natural ultramarine was also

confirmed by performing XRF spectroscopy on the samples.
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Figure 7.4 (a) (a) /n situ Raman spectrum of the blue pigment, showing the Raman
bands of lazurite (NaglAlsSigO,,]S,) and (b) the reference Raman spectrum of

ultramarine (Nag_;,AlsSigO,S, ).

While performing analysis in the laboratory on the samples, another blue pigment
could be identified. For the light blue colour on folios 25r (Fig. 7.2(a) point 1) and
folio 24v, the pigment azurite (2CuCO,-Cu(OH),) was used. The pigment azurite is
produced by pulverisation, washing, grinding and sifting of the mineral azurite. The
pigment azurite is used since antiquity, and during the Middle Ages and the
Renaissance it was the most important blue pigment, in spite of the presence of the
more expensive, exotic ultramarine®. In the 18" century the use of azurite as a
pigment was displaced by Prussian blue (Fe,[Fe(CN)gl,).

Figure 7.4(b) shows the Raman spectrum of azurite. The wavenumbers of the
characteristic Raman bands are listed in table 7.1. The XRF spectrum (Fig. 7.4(c))
confirms the use of the pigment azurite, by the detection of copper. The Cu—-K «
line at 8.047 keV is clearly visible in the XRF spectrum, as also the Cu—-K S line at

8.905 keV.
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pigment/
polymer

composition

colour

Raman wavenumbers (cm )

ultramarine

Nag 1yAlgSigO,,5, 4

blue

1086(w), 769(w), 543(vs), 251(vw)

azurite

2CuCO,Cu(OH),

blue

1578(w), 1456(w), 1428(w), 1417(w),
1330(w), 1231(w), 1094(s), 970(w), 930(w),
839(m), 809(m), 764(m), 534(w), 398(vs),
327(w), 279(w), 246(s), 178(m), 169(m),
153(m), 130(w), 122(w)

caput mortuum

Fe,O,

purple

604(w), 404(m), 288(vs), 242(vw), 219(s)

vermilion

HgS

red

340(m), 281(w), 251(vs), 100(vw)

PR4

C1sH10CIN; O,

red

1589(m), 1556(vw), 1487(w), 1452(w),
1395(m), 1337(vs), 1318(w), 1266(w),
1226(w), 1190(w), 1154(vw), 1123(m),
1121(m), 1093(vw), 1042(vw), 986(w),
893(vw), 768(w), 739(vw), 709(w), 649(vw),
625(w), 591(vw), 421(w), 406(vw), 359(vw),
342(vw), 313(m), 168(w), 155(w)

PR176

Cy2H2uNO5

red

1608(w), 1584(s), 1555(m), 1505(s),
1483(m), 1450(w), 1431(m), 1362(vs),
1328(m), 1319(m), 1288(s), 1263(w),
1224(s), 1193(m), 1141(w), 1109(m),
1093(w), 1016(w), 953(s), 838(w), 794(w),
766(w), 729(m), 706(vw), 669(vw), 635(m),
549(m), 517(m), 492(m), 425(m), 388(m),
361(m), 301(vw), 244(vw), 207(vw)

orpiment

As,S,

yellow

383(w), 354(vs), 311(s), 293(m), 203(w),
180(vw), 15(m), 136(w)

lead white

2PbCO,Pb(OH),

white

1051 (vs), 679(vw), 414(w), 320(w), 128(w)

ultralene

polymer

2962(vs), 2959(vs), 2953(vs), 2923(vs),
2906(vs), 2884(vs), 2867(vs), 2839(vs),
2725(w), 2330(w), 1459(m), 1434(w),
1360(w), 1328(m), 1298(vw), 1218(w),
1168(m), 1159(w), 1153(m), 1034(m),
999(w), 972(m), 897(vw), 840(m), 809(m),
398(m), 174(vw), 138(vw), 114(w), 106(m)

gypsum

CaSO,-2H,0

white

1372(vw), 1134(w), 1007(vs), 669(w),
618(w), 492(m), 413(m), 317(w), 210(w),
181(w), 122(w)

Table 7.1 List of the characteristic Raman bands of the pigments identified and the

polymer ultralene.
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Figure 7.4 (b) (a) /n situ Raman spectrum of the light blue pigment, showing the
Raman bands of azurite (2CuCO,Cu(OH),), (b) Raman spectrum of the darker blue
pigment, showing the Raman bands of azurite (2CuCO,Cu(OH),) and ultramarine
(Nag ,AlgSigO,,S,.,) and (c) the reference Raman spectrum of azurite
(2CuCO,-Cu(OH),).
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Figure 7.4 (c) X-ray fluorescence spectrum of the light blue pigment, showing the
Cu-K « line at 8.047 keV and the Cu—K B line at 8.905 keV.

- 144 -



Chapter 7

For the dark blue colour on folio 25r (Fig. 7.3(a) point 2) a mixture of ultramarine
and azurite is used (Fig. 7.4(b)). The use of a mixture of these pigments has been
observed in other mediaeval manuscripts®®*’. The artists diluted ultramarine with

azurite, because ultramarine was too expensive or not available at the moment.

7.4.3 Green

Analysis of the green colour was performed on illustrations of folios 6v, 13r, 17r,
25r, b8v, 88r, 89r, 222r and 260r and on the illustration of bifolio 92v—-93r. The
pigment responsible for the green colour could not been identified with Raman or
XRF spectroscopy. Looking at the sample under the microscope, it showed green,
yellow and blue particles. Analysis of the blue grains with Raman spectroscopy
revealed the use of ultramarine. Probably the blue pigment was mixed with a yellow
lake, to produce the green colour. From our analysis, it was not possible to
distinguish whether the yellow and blue pigments were mixed on the painters palette
or while the paint was applied on the parchment. UV-fluorescence photography
shows that the green parts of the illustrations fluoresce as deep purple; it even

shows up strongly on the reverse of the folio in the UV.

7.4.4 Furple

Analysis of the purple colour was performed on the illustration of folio 260r
(Fig. 7.2(b)). Probably a purple iron oxide mineral, caput mortuum, was used for the
purple colour. The use of a naturally occurring and heat treated hematite—rich
pigment producing a ‘violet colour’ was already identified in Roman, Byzantine and
post—Byzantine art'®**%*_ The Raman spectrum (Fig. 7.4(d)) of the purple pigment
shows the characteristic Raman bands of hematite (Fe,0): 604 (E,), 404 (E,), 288
(Ep, 242 (E) and 219 (A,,) cm ' (Table 7.1). Figure 7.4(d) also shows the reference

- 145 -



Chapter 7

spectrum of caput mortuum as purchased from Kremer®. It is very difficult to
differentiate between pure hematite and caput mortuum based on a Raman
spectroscopic study'®*?, but because of the purple colour of the illustration on the
manuscript (Fig. 7.2b), we can suggest that probably for this folio the pigment caput

mortuum was used.

Intensity

1400 1200 1000 800 600 400 200
Raman wavenumber (cm ™)

Figure 7.4 (d) (a) /n situ Raman spectrum of the purple pigment, showing the Raman

bands of caput mortuum and (b) the reference Raman spectrum of caput mortuum.

7.4.5 Red

Analysis of the red colour was performed on the illustrations of folios 6v, 13r, 17r,
24v, 25r, 37v, b8v, 88r, 88v, 222r, 259v and 260r, and on the illustration of bifolio
92v-93r. The in situ Raman analysis of the red pigment showed that vermilion (HgS)
is used as red pigment. Vermilion is a mercury sulphide that occurs in nature as the
red mineral cinnabar, but for ages it is also produced chemically. The pigment
vermilion can be produced through at least three different production processes:

through pulverisation and grinding of the mineral cinnabar, through a dry chemical
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process (frequently used since the 14" century) and through a wet chemical process

(in Europe since 1778)%41°4,
The Raman bands of vermilion are clearly visible in the spectrum (Fig. 7.5(a)): 340

(E”), 281 (E’), 251 (A1’’) and 100 (E’) cm™ (Table 7.1)*.
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Figure 7.5 (a) (a) /n situ Raman spectrum of the red pigment, showing the Raman

bands of vermilion (HgS) and (b) the reference Raman spectrum of vermilion (HgS).

The presence of vermilion was also confirmed by performing Raman spectroscopy on
the samples, combined with X-ray fluorescence spectroscopy. The signal for

Hg-L « is visible at 9.989 keV and the Hg—L 8 line at 11.822 keV (Fig. 7.5(b)).

Next to vermilion, also two synthetic red mono—azo pigments, PR 4 and PR 176,
could be identified with Raman spectroscopy. These pigments were found on folio
88r (Fig. 7.2(c), point 1). The Raman spectrum of both synthetic pigments, together
with the reference spectra are displayed in figures 7.5(c) and (d). The Raman

wavenumbers of both pigments are listed in table 7.1.
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Figure 7.5 (b) X-ray fluorescence spectrum of the red pigment, showing the Hg-
L « line at 9.988 keV and the Hg—L B line at 11.822 keV.
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Figure 7.5 (c) (a) Raman spectrum of the organic red pigment, showing the Raman

bands of Pigment Red 4 and (b) the reference Raman spectrum of Pigment Red 4.
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Intensity
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Figure 7.5 (d) (a) Raman spectrum of the organic red pigment, showing the Raman
bands of Pigment Red 176 and (b) the reference Raman spectrum of Pigment Red
176.

According to the Colour Index® PR4 is invented in 1907, while PR 176 was even
synthesised at a later date, namely around ca. 1960. So, these pigments must be
later applications, as the manuscript was finished in 1120. The presence of these
two organic pigment leads to the assumption that probably some restoration took
place, even though no restoration is documented. Therefore, folio 88r was subject
of a new research, which focussed on the red parts of the illustrations.

Seven new samples were taken, at different red parts of folio 88r (Fig 7.2(c,) points
2-8). The Raman analysis of these samples all confirmed the use of vermilion as red
pigment, but no traces of synthetic pigments were found. This probably suggested
that if any restoration took place, only the central illustration in the middle of the

folio was restored.
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UV-fluorescence photography was used to take a closer look at this illumination.
With UV-light (Fig. 7.6) it can be seen that some parts of the paint layer fluoresce
in a different way. This could suggest that some parts of the paint layer were
applied at a later moment or date. Twelve new areas were sampled and examined
with Raman spectroscopy. For these 12 new samples, again vermilion is identified as

red pigment and no traces of synthetic pigments were found.

Figure 7.6 UV photograph of folio 88r, indicating the 12 new sampling places.

The presence of the synthetic mono—azo pigments is probably caused during the
rebinding of the manuscript in 1980, when some impurities of the restoration

laboratory were left behind.
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7.4.6 Yellow

Analysis of the yellow colour was performed on illustrations of folios 6v, 13r, 25r,
58v, 88r, 88v, 89r and 260r. There are two different types of yellow used in this
selection of folios.

The first type of yellow can be found on folio 58v, has a more golden appearance.
Analysis with Raman spectroscopy shows that the pigment used to accomplish this
colour is orpiment (As,S;). The natural pigment orpiment is produced by
pulverisation and grinding of the mineral orpiment. Since the 17" century, synthetic
orpiment was produced and used as painting material. In the 20" century the
pigment was replaced by less toxic yellow pigments***®. The Raman spectrum of the
yellow sample and the reference Raman spectrum of orpiment are shown in

figure 7.7(a). The Raman wavenumbers are listed in table 7.1.

Intensity
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Figure 7.7 (a) (a) Raman spectrum of the yellow pigment, showing the Raman bands

of orpiment (As,S;) and (b) the reference Raman spectrum of orpiment (As,S,).
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A second type of yellow is a very bright light yellow. This type of yellow can be
found on folios 6v, 13r, 88r, 88v, 89r and 260r. The pigment used to create this
light yellow colour could not be identified with Raman spectroscopy and XRF
spectroscopy. In agreement with the suggestion for the green pigment, we think

that an organic yellow lake or dye is used for this type of yellow.

7.4.7 White

Analysis of the white colour was performed on illustrations of folios 58v, 88v and
260r. The pigment used for the white colour is lead white (2PbCO,-Pb(OH),). Lead
white is a basic lead carbonate that occurs in nature as the rare mineral
hydrocerrusite. Because the rare occurrence of the mineral, the synthetic pigment
has been produced since antiquity. More details of the synthesis of lead white can

1347 Figure 7.7(b) shows the Raman spectrum of the white

be found elsewhere
pigment: next to the characteristic Raman bands of lead white (Table 7.1), the
spectrum also shows extra bands, attributed to ultralene (Table 7.1), the polymer
on which the sample is fixed. The use of lead white was also confirmed by XRF
spectroscopy. Figure 7.7(c) shows the XRF-spectrum of the white pigment. The
Pb-K « line at 10.551 keV and the Pb—K 8 line at 12.613 keV are present in the
spectrum.

On folio 58v traces of gypsum (CaSO,2H,0) were found. Figure 7.7(d) shows the
Raman spectrum of the white pigment. The most intense Raman band of gypsum,

1007 cm ™! (Table 7.1) is clearly visible. The presence of gypsum probably points to

the degradation of chalk (CaCQO,), which was used to prepare the parchment™.
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Figure 7.7(b) (a) Raman spectrum of the white pigment, showing the Raman bands of
lead white (2PbCO,Pb(OH),), (b) reference Raman spectrum of lead white
(2PbCO,-Pb(OH),) and (c) the reference Raman spectrum of ultralene.
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Figure 7.7(c) X-ray fluorescence spectrum of the white pigment, showing the
Pb—L « line at 10.551 keV and the Pb—L 8 line at 12.613 keV.
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Figure 7.7(d) (a) Raman spectrum of the white pigment, showing the Raman bands of
gypsum (CaSO,2H,0) and (b) the reference Raman spectrum of gypsum
(CaS0O,-2H,0).

7.5 Conclusions

By using a combination of analytical spectroscopic techniques, such as Raman
spectroscopy and X-ray fluorescence (XRF) spectroscopy, with imaging techniques,
such as UV-fluorescence photography and infrared reflectography (IRR), a lot of
interesting information on the underdrawing and the pigments used in the
manuscript Liber Floridus could be gathered. IRR revealed the use of a compass to
make the underdrawings of the circles on different folios, while the combination of
direct and indirect Raman spectroscopy, XREF spectroscopy and UV-fluorescence
spectroscopy was used to identify the pigments used, such as: ultramarine, azurite,
caput mortuum, vermilion, orpiment and lead white. Moreover two synthetic azo—

pigments, PR4 and PR 176, could be identified.
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The presence of these two azo—pigments could indicate that some restoration of the
manuscript took place, even though no restoration is documented. A challenge of
this study was looking for other synthetic pigments. After a very detailed
investigation of the folio, no other traces of synthetic pigments were found.
Therefore, it is not certain that restoration of the illustration took place. A possible
explanation for the presence of the synthetic pigments is that they are impurities of
the restoration laboratory left behind during the rebinding of the manuscript.

On some folios also traces of the degradation product gypsum were identified. The
presence of degradation products gives information on the best circumstances in

which the manuscript must be conserved.

In this work two organic red pigments could be identified: PR 4 and PR 176.
Normally the presence of organic pigments indicates that the manuscript was
restored, because organic pigments were not yet synthesised during the Middle
Ages. However, in literature and reports we could not find any reference of a post
restoration of the manuscript. A second sampling was based on the different
lightning of some parts of the miniature. The analysis of these samples could not
confirm the presence of organic pigments. Also UV—fluorescence spectroscopy
could not confirm that restoration took place. Therefore we concluded that the
traces of organic pigments were probably left behind unintentionally during the

rebinding of the manuscript.

In the next chapter, we used a combination of mobile Raman spectroscopy and
mobile XRF spectroscopy to evaluate the authenticity of the so—called ‘Wyts
Triptych’ after Jan van Eyck. Next to point measurements, also an XKF mapping
was performed to get a better view of the restoration processes the painting

underwent.,
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Chapter 8

In this chapter the analysis of the central panel of the so—called ‘Wyts Triptych’
after Jan van Eyck is presented. For this work mobile Kaman spectroscopy was
combined with mobile XRF spectroscopy. This study was performed under the
authority of the Bruges Groeninge Museum. Dendrochronological analysis already
confirmed that the panel is dated in the period (1621) after the dead of van Eyck
(1441), nevertheless IRR and UV—fluorescence spectroscopy revealed that the panel
underwent many restorations. QOur task was to gather as much as possible
Information on the restored areas, by performing Kaman and XRF point

measurements next to XRF mappings of three of the restored areas.

8.1 Introduction

During the past decades, an increasing number of scientific investigations have been
performed on different types of artworks, such as rock paintings'™, wall paintings*”,
panel paintings®® and polychrome objects!® '3,

According to Lahanier et a/'*, an ideal method for analysing archaeological objects
should be non—destructive, which respects the physical integrity of the object; Zast,
so that various positions of one single object or large numbers of similar objects can
be analysed; wuniversal, so that many materials and objects of various shapes and
dimensions can be analysed with minimum of sample preparation; versatile, which
allows the average compositional information and local information of small areas
(micrometre—sized) from heterogeneous materials to be analysed; sensitive, so that
provenance analysis can be done through fingerprints of not only major elements but
also trace elements; and multi—elemental, so that in a single measurement,
information on different elements is simultaneously obtained.

In general, different reasons for the investigation of objects of art can be identified.

There is obviously the fundamental interest in the materials and techniques that

were used in the past. Art historical questions, which often concern the authenticity
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or dating the artwork and placing it in a temporal context, are another reason.
Other art historical questions concern the relationship between a particular work of
art and similar works, and identification of new techniques and materials, e.g. the
evaluation of possible trade routes. The last type of conservation questions is often
related to the damage or degradation experienced by a specific art object or to
identify materials in order to take optimal decisions concerning their restoration and
preservation®.

In this research, an attempt is made to reconstruct a painting’ s material history.
Apart from knowing the painting materials, art historians are often also interested in
the painting style and thus they focus on specific motifs in space. A whole series of
imaging techniques are available for this type of research, including

17,18 and UV-fluorescence

macrophotography!'®, infrared reflectography
photography'®!. Radiography!® is also often used to reveal underlying layers of the
artwork. Analytical techniques, on the other hand, often only provide information of
the selected points of analysis, and it is a complex task to recognise specific
spatially resolved patterns. Therefore, mapping, combined with non—destructive
analytical techniques, can provide the required analytical results, with the desired
spatial distribution, for a specific point. Although this approach is quite
straightforward, some drawbacks may hamper the investigation. First, stable
positioning equipment and stepper motors are required for the translational stage
and, second, time is usually a limiting factor.

In this work, the central panel of the ‘Wyts Triptych’ is examined by a combination
of energy dispersive X-ray fluorescence (EDXRF) spectroscopy and Raman

L1.16,20°23 ohows the

spectroscopy. A systematic search of case studies in literature
importance of combining analytical techniques in art analysis, as this strongly
enhances the reliability of the results. It was possible to perform XRF mappings of

three selected areas of the panel that were considered as key zones to understand

the changes the painting underwent during history. XRF maps have the unique
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advantage that they allow visualising the underlying paint layers and meanwhile
providing analytical results of the elemental composition of all the layers together:
like radiography, XRF is not capable of distinguishing between different layers.
However, in some cases, where XRF is insufficient to distinguish between two
pigments, Raman spectroscopy may be used to obtain additional information.

The importance of the Wyts Triptych is illustrated by the number of different
studies performed, such as visual analysis, radiography, infrared photography and

24726 The aim of our study is providing a relatively

dendrochronological analysis
objective support to the art historical interpretation of the visual analysis and

available technical documents of the painting.

8.2 The Wyts Triptych

The 16" century humanist authors, like Marcus Van Vaernewyck (1563, 1566,
1568) and Lucas de Heere (1565) have mentioned a painting by Jan van Eyck for
the church of St Martin, Ypres. According to these sources, the painting remained

1%, Van Vaernewyck also describes the

unfinished after the painter’s death in 144
painted wings of this triptych (1568). Art historical literature from the 19" and 20"
centuries refers to this work as the Ypres Madonna or the Maelbeke Madonna, after
the supposed identity of the donor, Nicolas Maelbeke, provost of St Martin’s. A
picture kept in successive private collections (Fig. 8.1(a)) was often, but not
without controversy, identified as this last work by Jan van Eyck. Except when
shown rarely in public, such as, e.g. at the exhibition ‘Les Primitifs flamands’ held
in Bruges in 1902, only very few van Eyck scholars have had the opportunity to
study the painting thoroughly; all of them reported on its precarious state of
conservation. Two drawings, one in Nuremburg (Germanisches Nationalmuseum, inv.

Hz. 279) and the other in Vienna (Grafische Sammlung Albertina, inv. 4841) were

considered copies of the original van Eyck.
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In the 1970s, when the work was offered for sale to the Belgian State, the central
panel was investigated at the Royal Institute for Cultural Heritage (KIK-IRPA),
Brussels. Radiographs, infrared photographs and the presence of smalt showed
characteristics  untypical for the 15" century painting technique®.
Dendrochronological analysis performed at Oxford University in 1975 suggested
that the painting was a 17" century copy of the lost original painting by Jan van
Eyck®. Recent re—examination has confirmed that the piece of wood used for the
support is Baltic oak. The earliest heartwood ring of the youngest plank of the
central panel is dated 1604. Under the assumption of a median of 15 sapwood rings
and 2 years for seasoning, the plausible realisation date is 1621 upwards.

That the painting is a late copy is also confirmed by the identity of the donor, which
has been mistaken equally until the 1970s. The man is a canon and carries a
cantor’ s staff and no dignitary marks of a provost. Around the presumed date of
realisation, the cantor of St Martin’s church at Ypres was a certain Pieter Wyts.
Hence the current name for the triptych (Fig. 8.1(b)).

Older photographs of the present work, as well as radiographs, infrared
reflectograms (Fig. 8.1(c)) and UV—photographs (Fig. 8.1(d)), show a very disturbed
state of conservation with several retouches mainly in the donor’s face, the Christ
child, the Virgin and the vaults of the architecture. Indeed, documentary sources
also indicate that the painting has been restored on several occasions. Some of
these campaigns were very drastic: e.g. the facial features of the donor were
reworked several times.

In 2007, the Bruges Goeninge Museum acquired this triptych.
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Figure 8.1 (a) State of conservation before restoration Berlin 1920-1929, taken
from Fierens—Gevaert, Histoire de la peinture flamande des origins a la fin du XV°
siecle, Paris—Bruxelles, 1927, vol. 1, pl. LXVIII; (b) Anonymous 17" century after
Jan van Eyck, Wyts Madonna (Bruges, Groeninge Museum) (UGent, Gica&s); (c)
IRR and (d) UV detail Virgin’s garment (Bruges, Groeninge Museum) (UGent,
Gica&s).
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8.3 Experimental

Direct XRF spectroscopy and Raman spectroscopy were performed successively.
The positions of the investigations were carefully marked on a print of the painting,

to allow investigation of exactly the same points.

8.3.1 Energy dispersive X-ray fluorescence spectroscopy

The EDXRF measurements of the central panel of the ‘Wyts Triptych’ were carried
out with a mobile EDXRF system (Fig. 8.2(a)) from the CEA (Liege, Belgium). The
EDXRF set—up is in a traditional configuration, where the miniature X-ray tube
(Magnum 50 kV, Moxtek) is perpendicular to the sample, working at a distance of
21 mm, and the detector (SDD, Ketek) is placed at approximately 43° from the
X-ray beam. Home—made software allows us to control the displacement system and
the data acquisition. An overview of the instrumentation and the displacement
system can be found in a previous article?’, keeping in mind that new developments,
concerning the remote control system and the acquisition software, have been
added recently. All spectra were recorded using the X-ray tube working at 30 kV
with an acquisition time of 300 s. The X-ray spot size on the sample was about
2 mm?®. In this case, this was not a major disadvantage, since the panel did not
present details that were problematic for EDXRF analysis. Depending on the
detector efficiency and EDXREF set—up, the region of interest in spectra ranges

typically from around 2 to 30 keV.
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CECCRINT

Figure 8.2 Experimental set—ups of (a) the mobile EDXRF system and (b) the
Mobile Art Analyser.

8.3.2 Raman spectroscopy

The Raman instrument used for this work is the Mobile Art Analyser (Fig. 8.2(b)).
This device contains a portable Raman imaging microscope (Spectracode, West
Lafayette, IN, USA) and a SpectraPro 150i f.15 spectrometer (Roper Scientific,
Princeton Instruments, New Jersey, USA). The instrument has been described in
more detail elsewhere®®. The investigations were carried out using a 600
grooves/mm dispersion grating and a 785 nm laser. The laser power used during the
measurements was set to a few milliwatts to avoid any possible sample damage.
Spectra were obtained in the spectral region between 100 and 2500 cm™. To
achieve a working distance of ca. b mm, a 6X objective lens was used. The sample
could be observed through a USB—controlled colour camera incorporated into the
probe head. Micro—positioning and focussing was achieved using three motorised,
remote—controlled micro—positioners (Oriel), with a working distance of 2.5 cm. The
spot size on the sample was about 50 pm. During this work, 60 points were
examined (Table 8.1), resulting in ca. 240 spectra.
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hemical
measuring point colour pigment ¢ eml.CE.L
composition
rim of the decorative border of the e
chasuble red vermilion HgS
undergarment virgin white massicot PbO
fold garment virgin red vermilion HgS
arment Virgin red vermilion Hgd
8 8 lead white 9PhCO,-Ph(OH),
foot christ carnation vermilion HgS
groin christ carnation vermilion HgS
belly Christ (navel region) carnation vermilion HgS
belly Christ (Virgins hand) carnation vermilion HgS
belly Christ (height Virgins hand) | carnation vermilion HgS
left shoulder Christ carnation vermilion HgS
belly Christ (border with Virgin) carnation vermilion I—IgS
anatase TiO,
pillar in the back of the painting red vermilion HgS
oy anatase TiO,
left hill in the centre of the panel blue lead white 9PbCO.-Ph(OH).
3 2
middle hill in the centre of the bl anatase TiO,
panel © lead white 9PbCO,-Ph(OH),
. - anatase TiO,
right hill in the centre of the panel blue lead white 9PHCO,Ph(OH),
anatase TiO,
sky in the centre of the panel blue lead white 2PbCO,'Pb(OH),
massicot PbO
anatase TiO,
ribbon cantor’s staff white lead white 2PbCO,Pb(OH),
zinc white 7Zn0O
_ _ lead white 2PbCO,'Pb(OH),
left pillar beige massicot PLO
rim of the decorative border of the e
chasuble brown vermilion HgS
collar alba priest white massicot/zinc white? PbO/ZnO?
left chapter white massicot/zinc white? PbO/ZnO?
L. vermilion HgS
bott d tV d
oL ease et Vi a lead white 2PbCO,Ph(OH),
border of the d tive border of
ordero t}?e E}?zgjbl:ee oraero yellow lead—tin yellow type [ Pb,Sn0O,

Table 8.1 Overview of the measured points and pigments identified by Raman

spectroscopy.
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8.4 Results and discussion

8.4.1 Direct energy dispersive X-ray fluorescence analysis

Although a number of analysis points were taken all over the Wyts panel, the main
objective of the EDXRF analysis was to look at the restored parts of the painting. In
total, in a compromise between time and material characterisation of this work of
art, 60 EDXRF spectra were recorded, regrouping all colours as well as problematic
and particular areas of investigation. From all the recorded XRF spectra, we can
assume that an intermediate layer (priming layer) made of a Pb—based pigment is
present. This was confirmed by X-ray radiography, because of the whitish aspect of
the film. The lead white mixed with the other pigments shows more dense zones on

the film.

8.4.1.1 Red, brown and flesh colour

By means of the X-ray fluorescence technique, two red pigments of the painting
were identified, namely red iron oxide and vermilion (HgS). In the spectra of the red
spots, where the use of iron oxides can be supposed, manganese was also identified
(Fig. 8.3(a)). This could mean that the red iron oxide used in the painting was a
natural iron oxide.

The intense red area on the right side of the Virgin’s garment seems to be made
exclusively of a Hg—based pigment (Fig. 8.3(b)). On the left side of the garment,
where the colour is darker, a mixture of vermilion (HgS) with addition of red iron
oxide might have been used.

Red iron oxide pigments with addition of vermilion (HgS) were also noticed in the

red pillar on the background of the painting and on the inside rim of the priest’s
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figurative border of the chasuble. We can also observe that the colour of these
areas is brownish red instead of intense, dark red.

The same combination of pigments was also present in the brown coloured areas of
the painting such as the character’s hair and the exterior rim of the priest’s
figurative border of the chasuble. For all flesh colour, vermilion (HgS) mixed with
lead white (2PbCO4-Pb(OH),) was used.

The EDXRF analysis also revealed some spots where modern pigments were used, in
the brown colour. Paint retouching with a Zn—based pigment was found in the left
part of the Virgin’s garment and in her hair. The most retouched red parts were
found in the skin of the Christ child. Zinc pigments were identified in the groin of

the Christ child, in his stomach and finally under his left arm.

8.4.1.2 Blue and green colour

Copper pigments were found in both blue and green areas. This is confirmed by at
least one point taken in the blue priest’s chasuble, in the dark blue upper Virgin’s
garment and finally in the green background of the painting. On the other hand, the
XRF analysis indicated that the blue sky in some analysed zones contained a
Co—based pigment (Fig. 8.3(c)). Traces of arsenic were found in the right part of the
blue sky, but not in the centre of the panel. This result has to be taken with
caution, because the Pb-L a line (10.55 keV) coincides with the As—Ka« line
(10.54 keV) and for that reason, the difference between these two elements can only
be achieved by looking at the K line of As at about 11.7 keV, which does not
present a highly intense peak. The mountains, between the green background and
the sky, in the middle of the central panel suggest modern retouching, probably

made with zinc and titanium white. This area seems to be completely repainted.
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Intensity

2 0 2 4 6 8 10 12 1 16 18 20
Energy (keV)

Figure 8.3 (a) XRF spectrum of red iron oxide mixed with vermilion (HgS) from the
red pillar on the background of the painting; (b) XRF spectrum of vermilion (HgS)
from the Virgin’s red dress. L a of Hg is observed at 9.898 keV and L 3 at 11.824
keV; (c) XRF spectrum of a Co—containing pigment from the blue mountains on the
left side of the panel. The presence of Co (Ka at 6.92 keV) and
Ni (Ko at 7.478 keV) can be observed; (d) XRF spectrum of lead—tin yellow type [
(PbSnO,) from the pillar on the left side of the panel. The presence of Sn (L o at
3.44 keV) and Pb (Lo at 10.55 keV) can be observed. (e) XRF spectrum of
probably an important restoration from the left part of the red dark garment of the
Virgin. By comparing this spectrum with another one from the Virgin’s red dress
(b), one can see that the ratio Fe (K« at 6.4keV)/Hg (L a at 9.989 keV) is totally
different.

8.4.1.3 White colour

Lead white (2PbCO,-Pb(OH),) was detected in the undergarment of the Virgin and

in the banner crossing the middle of the central panel. Modern zinc pigments were
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also discovered in the banner next to the cantor’s staff. Two points were measured
in the collar of the priest’s alba. At least one modern white pigment was found in
this area. XRF analysis showed the presence of Pb and Zn in one point and Pb and S
with traces of Ca in the second point. This last point suggests the use of pure lead

white (2PbCO,-Pb(OH),).

8.4.1.4 Yellow colour

There is much similarity between the results of the investigated yellow areas. All
vellow points taken of the ceiling and around the rim of the priest’s figurative
border of the chasuble indicate lead—tin yellow type I (Pb,SnO,) (Fig. 8.3(d)).
However, the two pillars on the left and right side have a different composition: no
lead—tin yellow type I (Pb,SnO,) was detected. Indeed, the colour is not exactly
yellow. Fe and traces of Co and Ni are found in these two areas. So it is possible
that a mixture of iron oxides and a Co—containing pigment was used to paint this
area, but the presence of yellow organic colorants cannot be excluded with this
technique. The left vault and the low wall in the middle of the central panel do not
contain Sn either. This lack of Sn suggests the use of yellow iron oxides/hydroxides

for these two regions.

8.4.1.5 Restored areas and two—dimensional elemental mapping

Around the whole panel, several spectra looked totally different from all the others.
Three points caught our attention. The first one is situated in the yellow rim of the
priest’s figurative border of the chasuble, where amending of the painting with the
substrate is clearly visible. The second one is on the left part of the dark red
garment of the Virgin and, finally, the third one is located in the Virgin’s hair.

These points all have in common an intense K « line coming from the Ca and nearly
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no response coming from the Pb—L a line. An important restoration could have
been made at these points, through which the intermediate layer (priming layer)
might have been lost (Fig. 8.3(e)). According to the XRF results, Zn and Ti
pigments have been used for the yellow border and in the Virgin’s hair. Curiously,
only traces of Ti, but no Hg, were detected in the point in the left dark red garment
of the Virgin. A red iron oxide could have been used in this point.

According to the XRF results, a number repaints and restorations were identified all
over the painting. Scattered points found in the dark red Virgin’s garment at a level
above the low wall, in the collar of the priest’s alba, in the banner crossing the
centre of the panel and finally in the Virgin’s hair at the level of her shoulder
indicate the use of Zn and Ti pigments. Areas with a large amount of restored parts
were also located especially in the characters. The Christ child presents restored
regions all over his body, as well as the Virgin’s hair and face. The mountains and
the brown line underneath, representing the beginning of the landscape in the
middle of the central panel were totally repainted. This was also the case for the
priest’s face and its surrounding areas.

Three two—dimensional elemental maps were realised in three different sensitive
regions: the priest’s forehead, the Virgin’s forehead and the priest’s cheek. These
three maps allowed us to locate, with precision, all repainting with Zn and Ti
pigments in these regions. Also, by means of this elemental mapping, any particular
element can be precisely positioned and a relative colour map can be made,
regarding the elemental intensity in the XRF spectra. This can give information to
better understand the layers’ composition. Figure 8.4 shows one of the three
mappings, namely in the area of the priest’s forehead. First, the XRF map indicates
that the paint used for the priest’s hair is mainly composed of Fe and a small
amount of Ca (Fig. 8.4(a)). (These Ca spots probably show that retouching was
applied directly on the ground, and that the intermediate layer (priming layer) based
of lead white (2PbCO,-Pb(OH),) has been lost.) This map shows also that a Pb-
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containing pigment was used for the priest’s skin and the sky region (Fig. 8.4(b)).
Second, this map shows where the restored areas are located. Indeed, traces of Ti

(Fig. 8.4(c)) and Zn (Fig. 8.4(d)) are good indicators of modern repaints.

(a) Priest’ s forehead, Ca (b) Priest’ s forehead, Pb
(blue) & Fe (green) ’

(c) Priest’ s forehead, Ti (d) Priest”s forehead, Zn
’ (green), Pb (red), Fe (blue)

Figure 8.4 Two—dimensional elemental mapping realised by the portable EDXRF
instrument with a step of 3 mm in horizontal and vertical directions in the region of
the priest’s forehead: (a) Ca and Fe mapping; (b) Pb mapping; (c) Ti mapping and
(d) Zn, Pb and Fe mapping.

8.4.2 Direct Raman spectroscopic analysis

Because Raman spectroscopy is a surface technique, with a relatively small
penetration depth, it is not obvious that Raman spectroscopy can help to

reconstruct the layered structure of the central panel of the ‘Wyts Triptych’ unless
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sampling takes place. Sampling the panel was not possible, so direct Raman analysis
had to be performed. Nevertheless, Raman spectroscopy can provide much
interesting information on the used pigments. Another problem that has to be taken
into account is that some of the recorded Raman spectra are overwhelmed by
fluorescence due to the thick varnish layer on top of the painting. Despite these
difficulties, the Raman analysis yields some interesting results. An overview of the

measured points and the identified pigments is listed in table 8.1.

8.4.2.1 Red, brown and flesh colour

As can see in table 8.1, the pigment vermilion (HgS) is used for the red, brown and
flesh—coloured parts of the painting. To accomplish these three different colour
tones, the pigment vermilion (HgS) (Raman bands at 256, 284 and 343 cm™') has to
be mixed with another pigment.

The pigment vermilion (HgS) was used for the red and brown rim of the priest’s
figurative border of the chasuble. Vermilion (HgS) is a pigment used since antiquity,
so it is impossible to determine, by pigment identification, whether the top layer is
the original one. By looking at drawings and pictures of the painting taken before
restoration and in between the different restoration processes, one can see that the
decorations on the priest’s figurative border of the chasuble are adapted during the
years. During the restoration, it is possible that the priest’s figurative border of the
chasuble is overpainted or even repainted, or even that some parts were never
restored.

Raman analysis of the red garment of the Virgin reveals the use of vermilion (HgS)
and a small Raman band at 111 cm™* (Fig. 8.5(a)). With Raman spectroscopy, it was
not possible to identify this pigment. The few reports of the restorations and from
the pictures taken between and during the restoration processes, implicate no

restoration of the Virgin’ s garment. Only on the UV—pictures (Fig. 8.1(d)) one can
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see that some areas are heavily repainted. However, this would be almost impossible

to detect by pigment identification, because no modern pigment was used.

HgS
HgSs
HgS

[ntensity
TiOz

1 1 1 ] ]
1800 1600 1400 1200 1000 800 600 400 200
Raman wavenumber (cm™!)

Figure 8.5 Raman spectrum of (a) the Virgin’s garment, showing Raman bands of
vermilion (HgS) and (b) the chest of the Christ child, showing Raman bands of
vermilion (HgS) and anatase (TiO,).

Comparing the drawings and the different pictures taken from the Wyts panel during
history, it could be noticed that the figure of the Christ child underwent many
adaptations. Raman analysis executed on the foot, groin and shoulder as well as on
different places on the belly and chest of the Christ child shows the presence of
vermilion (HgS). It looks as though during restoration vermilion (HgS) was used as a
red pigment. It is possible that the original red paint used to paint the figure of the
Christ child was also vermilion (HgS) and that, during restoration, the choice was
made to use the original pigment. Raman analysis from the chest of the Christ child
shows an intense Raman band at 149 cm™ and a smaller band at 198 c¢cm™. This

Raman band is caused by the pigment anatase (TiO,) (Fig. 8.5(b)). Anatase (TiO,)
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was not used by the artists immediately following its industrial manufacture
(around 1920)*. This was partly due to the high price. The industry was also
influenced by the pigment’s somewhat unreliable colour, its limited supply in most
countries and their reluctance to change from traditional materials. Next to the pure
pigment, composite anatase (TiO,) pigments with barium sulphate (BaSO,) became
commercially available in 1916. By 1950, barium sulphate was almost completely
replaced by calcium sulphate (CaSO,). The presence of anatase (TiO,), which is a

modern pigment, suggests that restoration took place.

8.4.2.2 Blue colour

Different Raman spectra were recorded from the middle of the central panel, such as
from the left, middle and right hill, and from the sky above them. The colour of
these regions is very light blue, almost white. It was not possible to identify the blue
pigment because of the overwhelming Raman signals caused by the white pigments.
The Raman spectra of these measured points all show a very strong Raman band at
149 cm! caused by the pigment anatase (TiO,). The weaker Raman bands of
anatase (TiO,) (393, 511 and 632 cm™) are also clearly visible in the spectra. Since
the pigment anatase (TiO,) is a modern pigment, this region of the Wyts panel was
definitely restored.

The Raman spectra also show bands at 110 and 1050 cm™!. These bands are caused
by the pigment lead white (2PbCO,-Pb(OH),). There are three possibilities: lead
white (2PbCO,Pb(OH),) was used as the original paint for this region; or the
restorers used a combination of lead white (2PbCO,-Pb(OH),) with anatase (TiO,);
or the pigment anatase (TiO,) was later applied.

The Raman spectrum of the blue sky shows a strong extra band (149 cm™)

(Fig. 8.6(a)). This band is caused by zinc white (ZnO) or massicot (PbO). Massicot
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(PbO) is a pigment used since antiquity, and has a yellow colour. Although zinc
white (ZnO) is known since antiquity, it was not considered as an artists’ pigment
until the end of the 18" century. Today many manufactures incorporate zinc white
(ZnO) as a supplementary pigment in titanium white (TiO,) and lead white
(2PbCO,-Pb(OH),) oil paints, to improve the performance particularly for use
outdoors?’. To give a decisive answer on the used pigment, the Raman results have

to be compared with the XRF results.

2PbCO3Ph(OH);

2PbC O3 Pb(OH)z
PbO or ZnO?

TiOz
TiOz
TiOz

Intensity
PbzSnO4

1800 1600 1400 1200 1000 800 600 400 200
Raman wavenumber {cm™)

Figure 8.6 Raman spectrum of (a) the sky in the centre of the panel, showing bands
of lead white (2PbCO,-Pb(OH),), anatase (TiO,) and massicot (PbO) and (b) the rim
of the priest’s figurative border of the chasuble showing the spectrum of lead—tin

yellow type I (Pb,SnO,).
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8.4.2.3 White colour

The Raman spectra of the ribbon of the cantor’s staff show Raman bands of anatase
(TiO,), lead white (2PbCO4Pb(OH),) and zinc white (ZnO) or massicot (PbO)
(285 c¢cm™!). The presence of anatase (TiO,) indicates that this part of the panel is
probably also restored. The Raman spectrum of the left pillar, which has a beige
colour, shows bands of lead white (2PbCO,-Pb(OH),) and massicot (PbO) or zinc
white (ZnO) (285 cm ™). In both the above—mentioned cases, the Raman results have

to be compared with the XRF results to give a decisive answer.

8.4.2.4 Yellow colour

The Raman spectrum of the yellow rim of the priest’s figurative border of the
chasuble shows bands caused by lead—tin yellow type I (Pb,SnO,) (135, 200, 279,
295, 377 and 455 cm™!) (Fig. 8.6(b)). The pigment lead—tin yellow type [ is also used

since antiquity, so no judgement could be made on the original paint layer.

8.4.2.5 Discussion

By studying the Raman spectra, we conclude that most of the identified pigments
cannot be used to collect information on the original paint layers and the layered
structure of the paint. The use of a modern pigment, anatase (TiO,), proves that
some parts of the painting were restored. By comparing the Raman analysis with the
XRF analysis, a decisive answer can be given on the use of zinc white (ZnO) or

massicot (PbO) for the light blue and white colour.
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8.4.3 Integration of the results

By comparing the results of both complementary techniques, some conclusions
could be made on the used pigments, the layered structure and the restored areas
of the painting. Visual analysis of the triptych already confirmed that the
investigated panel is a copy of van Eyck; comparing, for example, the meticulous
decorations on the boarder of the Virgin’s garment with other known works of van

Eyck, shows that the decorations painted by van Eyck are much more refined.

8.4.3.1 Red, brown and flesh colour

XRF spectroscopy and Raman spectroscopy confirmed that the pigment used for
these three different colours is Hg—based, namely vermilion (HgS). With Raman
spectroscopy it was not possible to identify the other pigments of the mixture. In
contrast, the XRF results show that a red iron—based oxide is used to make the
different colour tones. By using other proportions of both pigments, shifting colour
tones were produced. For the bright red colours, such as for various areas of the
Virgin’s garment, the intensity of the K o line of Hg is much higher than the K «
line of Fe, meaning that for this colour the relative amount of the Hg—based pigment
is much higher than the amount of Fe—-based pigment. For the brown colour, the
opposite is detected. Here, the quantity of the iron—based pigment is higher in
comparison with the amount of Hg—based pigment.

For the flesh colour, XRF spectroscopy as well as Raman spectroscopy confirms the
use of vermilion (HgS) with titanium dioxide (TiO,) for the restored parts, such as
for the chest of the Christ child (Raman spectroscopy could confirm the use of
anatase). Moreover, XRF also confirms the presence of a Pb—based pigment,

probably lead white (2PbCO4-Pb(OH),). The combination of vermilion (HgS) and a
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Pb—based pigment can be found in different areas of the Christ child, such as on the
foot, groin, belly and shoulder.

Both techniques confirm the use of vermilion (HgS) as the main pigment for the
garment of the Virgin, except for one point on the left part of the dark red area.
The UV-picture (Fig. 8.1(d)) of this point shows overpainting. Because of the thick
fluorescent varnish layer, it was not possible to obtain a Raman spectrum of this
point. However, if we take a closer look at the XRF results, we see almost no
response from the Pb—L « line. This could suggest that a big restoration took place,
where even the intermediate layer (priming layer) was scraped away and the
retouching was applied immediately on the ground layers made of Ca. The red
pigment used was probably Fe—based. Because there are only 3 of the 60 analysed
points that show this composition, we believe that the painting was unintentionally

damaged in these regions.

8.4.3.2 Blue and green colour

By using a red diode laser (785 nm) for Raman spectroscopy, it is almost impossible
to identify green pigments because of the fluorescence. A solution to this problem is
the use of a green laser, or the use of a complementary technique, as XRF
spectroscopy, which gives information on the elemental composition. This was the
case for the green as well as for the blue areas. Cu—based pigments were found both
for the blue and green areas of the painting. The XRF results also show that the
blue sky was partly overpainted by a Co—based pigment.

For the mountains, between the green background and the sky, in the centre of the
painting both techniques found traces of anatase (TiO,), suggesting that this part of
the painting was repainted. The XRF spectrum shows traces of Zn, suggesting that
zinc white (ZnO) was mixed with the Co—containing pigment. This interpretation

supports the fact that this part of the painting was restored.
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8.4.3.3 White and yellow colour

When taking a closer look to the ribbon of the cantor’s staff, one can see that two
parts can be distinguished in the ribbon: the left part, which has a darker colour and
is not very smooth; and the right part, which has a lighter colour and is very
smooth. XRF measurements of the left part show the presence of Pb as the major
element. The Raman spectrum of the this part shows only bands of lead white
(2PbCO,-Pb(OH),), suggesting that no restoration took place. For the left part,
XRF measurements found traces from Ti and Zn, suggesting that this part was
definitely restored. The presence of Zn in the XRF spectra points to the use of zinc
white (ZnO). So the Raman band at 285 cm! is, in this case, caused by zinc white
(ZnO). For the left pillar, which has a beige colour, the XRF spectrum only shows
the presence of lead. This information can be used to interpret the Raman results.
The Raman band at 285 cm' in the spectrum of the beige pillar is caused by
massicot (PbO).

For the yellow colour, both techniques agree with the use of lead—tin yellow type |
(Pb,SnO,). The XRF spectra in some points (left vault and low wall in the middle of
the central panel) do not contain Sn. This lack of Sn could suggest that yellow

oxides/hydroxides or even yellow organic colorants were used.

8.5 Conclusions

This research shows that, when a combination of EDXRF spectroscopy and Raman
spectroscopy is used, all the characteristics of an ideal method for analysing
archaeological objects, according to Lahanier et al. are present.

We can conclude that the intermediate layer (priming layer) of the painting is
painted with a Pb—based pigment, probably lead white (2PbCO,-Pb(OH),). This was

confirmed by X-ray radiography. The main pigment used for the red and brown
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areas is vermilion (HgS) mixed with different amounts of iron oxide to obtain
different colour shades. For the flesh colour, a combination of vermilion (HgS) and
lead white (2PbCO,-Pb(OH),) or anatase (TiO,) was used, depending whether the
area of the painting was restored or not.

For the blue and green areas, the pigment used is Cu—based, except that in the
blue sky traces of Co were found. The presence of anatase (TiO,) and zinc white
(ZnO) suggests that also some parts of the painting were restored. The yellow
pigment used is lead—tin yellow type I (Pb,SnO,). Another yellow pigment could not
be identified, but the results point in the direction of a yellow oxide/hydroxide or a
yellow organic colorant.

Three of the investigated areas showed a totally different XRF spectrum: no signal
of lead was present. This suggests that for these points the original intermediate
layer (priming layer) was lost. Some other points also show signs of restoration, but
here lead white (2PbCO,-Pb(OH),) was still present. This suggests that only the top
layers of the painting were scrapped away.

By producing XRF maps, we got an idea of the changes the painting underwent
during history. The restored parts could easily be identified on the basis of the XRF
maps.

[t was not possible to obtain much information on how the painting looked during
history, as too many restorations took place. It is impossible to know which parts of
the painting are still original, since the different restorations are not (well)

documented.

The mapping of the restored area with XRF spectroscopy, as described in this
chapter, gave a very precise image of the distribution of the elements in the mapped

zone. The presence of some traces of Zn and 17 indicates that restoration took
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place. Performing point measurements with Kaman spectroscopy and XRF
spectroscopy resulted in the identification of the modern pigments: anatase (Ti0.)
and zinc white (ZnO). Point measurements do not result in an image of the restored
area, but show the presence of anachronisms, which indicate a possible restoration.

For this research, it was not possible to perform mappings on the central panel of
the Wyts Triptych with the mobile Raman spectrometer (MArtA). Nevertheless we
wanted to explore the possibilities of combining Raman mapping and XRF mapping.
In the next chapter porcelain cards are used as subject to explore the different

possibilities of laboratory Raman and laboratory XRF mapping.
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Chapter 9

In the previous case studies (Chapters 5,6 &7) only point measurements were used
to analyse the different art objects, except for Chapter 8, where XRF mappings
were performed on the central panel of the ‘Wyts Triptych’ to get an image of the
restored areas. In this chapter the possibilities of Kaman and XRF mapping are
explored using porcelain cards as subjects. Micro—-XRF mapping is already a routine
analytical imaging method because of the well-established spectrum evaluation
methodology enabling specific data handling procedures. These include multivariate
statistical analysis procedures such as principal components analysis (PCA) in order
to explore and describe the acquired data, and clustering techniques in order to find
similar pixels (or areas) in the obtained images. In the case of micro—Raman,
however, the usual approach is to perform a single spot analysis of only a few
selected positions in order to ultimately identify the material on the basis of the
comparison with Raman spectra obtained from reference materials. However, when
samples are heterogeneous, imaging is still to be preferred in order to deal with the
problem of sampling. One of the most important aspects of imaging is the time
needed for the analysis. Therefore, the influence of difterent instrumental
parameters, such as resolution (low or high) and measuring time per pixel, on the
quality of Kaman spectra and images was Investigated In order to evaluate the
possibility of performing fast Raman mappings because of the need to identily the
regions of interest on the art object in a more systematic manner.

In the first part of this chapter, an overview of the developments in Raman
spectroscopy and XRF spectroscopy and the combination of both techniques for the

analysis of art objects Is given.

9.1 Introduction

During the last decade Raman mapping has proved to be a basic tool to gain insight

into, amongst others: the composition of multi-layered structures, by investigating
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stratigraphic samples removed from art objects!, the deterioration process of
pigments in frescos?, the painting technique of 16" century artists®, rust scales on
archaeological iron artefacts® and the penetration depth of conservation treatment
on cultural heritage®. Non—destructive Raman mapping can be performed using a
motorised x—y stage system that allows moving the objects in a plane. When the
stage additionally also moves in the z direction, depth profiling can take place.
Performing Raman mappings with the conventional experimental set—up may have
two limitations: only objects which fit under the microscope can be analysed, and
due to the fact that the surfaces of art objects are usually not flat, the analysis is
time consuming because of the optimisation of the focal distance that is necessary
for each point'. Ropret et al.! suggested an alternative experimental set—up to
exclude the limitation of the dimensions of the objects: a Raman mapping based on a
set of scanning mirrors that direct the laser beam in two spatial directions,
vertically through a horizontal exit on the Raman spectrometer. In this approach,
when the beam is directed through the microscope objective, the size of the object
remains the limiting factor, but when the mirrors are placed at the spectrometer’s
horizontal exit, considerably larger works of art can be studied, keeping the
advantages of full confocality and the possibility to use multiple excitation lines.

In this research, a Raman spectrometer with a conventional experimental set—up is
used to perform Raman mappings on a selected area of a porcelain card. Porcelain
cards are 19'" century art objects, printed by a lithographic process, and are due to
their dimensions excellent test—cases for mapping experiments. Next to the Raman
mappings also XRF mappings using a conventional set—up were performed on a
similar area of the porcelain card. The availability of the microscopic type of XRF
spectroscopy allows to perform a fast mapping to select the regions of interest and
afterwards performing long point measurements or mappings with a long
measurement time in the selected regions of interest®. In this work, the possibility of

performing fast maps with Raman spectroscopy on a selected area of the porcelain
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card is evaluated by changing different parameters, such as the measurement time
and the resolution.

Porcelain cards are cardboards covered with a layer of lead white, printed with text
and brightened with decorations. They represent the modern business cards or
announcements of the 19" century. Historical details of these cards are described
elsewhere’. Previous research’ showed that the identification of the pigments used
is straightforward, even when analysing with a short measuring time. Therefore a
porcelain card was used as object to evaluate the influence of Raman mapping in
high or low resolution mode and measuring for a short or long time.

Before presenting the results of the XRF maps and discussing the influence of the
different parameters on the Raman maps, an overview of the development and
applications in the field of archaeometry of Raman spectroscopy, XRF spectroscopy

and the combination of both techniques is given.

9.2 Techniques

9.2.1 Raman spectroscopy

During the last 15 years Raman spectroscopy has increasingly been applied for the
analysis of art objects®’. In 1979 Dhamelincourt et al.!° described the coupling of a
microscope to the Raman spectrometer and the application for the analysis of art
objects. The earliest papers focused in general on instrumental improvements and
explored the suitability of the approach for the investigation of art objects!!!?
focusing mainly on pigment identification. The identification of pigments in art
objects can provide information on the manufacture date'®, can help to decide on

1315 Pigment

future restoration actions', or can be useful to expose forgeries
analysis with Raman spectroscopy has been performed to study different types of art
objects'®.
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A small number of studies were carried out on antique polychrome objects, such as

on dynastic Egyptian funerary artefacts!” and wooden crucifixes'®.

18-20 21-23 24-26

Panel paintings , rock paintings and wall paintings are also common
objects to analyse with Raman spectroscopy. When investigating art objects the
focus is often not only on the identification of pigments, but also on the
identification of deterioration products®’, such as salts?® that are formed by
weathering processes. Identification of deterioration products can provide
conservators information on the future protection of the object.

Raman spectroscopic analysis of manuscripts has mainly been concerned with
pigment investigation of European mediaeval books of loose parchment leaves?™!,
but also extends to other periods. Next to pigment identification, Raman
spectroscopic analysis of manuscripts can give insight in relations between
manuscripts and scriptoria®’. An extended research of different manuscripts can lead
to an overview of pigments used over a wider period or region.

33-35

Research was done on works of paper such as lithographs , drawings®® and

3739 Analysis of these works of art should be undertaken with special

wallpapers
care, since these art objects are extremely vulnerable to damage.

For Raman spectroscopy, and similar to all other analytical techniques, the
evolution in applications is directly linked to the improvements in instrument
technology. One of the most important instrumental improvements is the presence
of the capability to measure different layers in confocal mode, and the resulted
effective spatial resolution achieved in the instruments!®.

Using standard micro—Raman equipment, the direct analysis of large art objects is
difficult since focussing the laser beam on the surface of the artwork is not easy. An
elegant solution for this problem is using fibre optics to send the laser beam to the
artefact and to collect the backscattered radiation?. Due to the development of

mobile equipment®, /n situ analysis, where the instrument is transported to the

location of the art object, could be executed.
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During the last decade motorised stages were introduced, which can move an object
point by point in three dimensions. Due to this instrumental development, Raman
spectroscopy can be used as a mapping technique. Mapping an art object consists of
performing point measurements for scanning the art object in two or three
dimensions. The most important disadvantage of mapping is that it is very time
consuming, because of the sequential analysis. A solution for this problem is
performing Raman imaging. With this technique a larger area of the sample is
illuminated and the spectral information is gathered on different places of the
detector. The disadvantage of this technique is that only the total intensity within a
certain wavelength region is recorded. As a consequence, no background correction
can be made and apart of the total intensity no other variables, such as band
position or band width, could be plotted.

In 1990, Bowden et al*? presented a new approach: line scanning. In this approach a
line is illuminated on the sample instead of a single point. This approach increases
the speed of data acquisition, while good spectral quality is maintained. In 2008,
Renishaw®® developed a commercial Raman spectrometer based on this approach,
the Streamline plus. The instrument uses optics within the inVia Raman microscope
to illuminate a line on the sample. The inVia’s motorised microscope stage moves
the sample beneath the objective lens so that the line is rastered across the region
of interest. Data are swept synchronously across the detector as the line moves
across the sample, and are read out simultaneously.

Micro—Raman mapping results in a multivariate dataset. Information on the chemical
composition of a sample can be obtained by multivariate analysis®***. The most
commonly used techniques for multivariate analysis are: principal components
analysis (PCA), partial least squares regression (PLSR), hierarchical cluster analysis
(HCA), K-means cluster analysis (KCA) and fuzzy cluster analysis (FCA). PCA
reduces the number of variables condensing all the spectral information of a large

number of spectra into a few latent variables (principle components). For PLSR a
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reference dataset consisting of spectra with known analyte concentrations is used to
build a calibration model. In cluster analysis, HCA, KCA and FCA, spectra are
segmented in groups (clusters) according to their similarity, so that all spectra
belonging to one cluster have similar characteristics. The difference between HCA
and KCA is that for KCA the number of clusters should be known in advance. In
“hard” clustering methods such as HCA, a spectrum exclusively belongs to one
cluster, whereas “soft” methods such as FCA allow one spectrum to belong to more

than one cluster at the same time.

9.2.2 X-ray fluorescence (XRF) spectroscopy

The first application of XRF in the field of archaeology was in 1967, when Vilnat et
al*® compared different XRF methods for the analysis of enamel. During the next 20
years the use of XRF spectroscopy for the analysis of art objects was only for a few
cases reported in scientific literature, amongst others: for the analysis of Etruscan
gold objects (1973)%", pigments of Minoan painted pottery (1979)*, online analysis
of china clays (1982)%, quantitative analysis of traces of barium in porcelains
(1985)°° and archaeological pottery (1987)°!. The small number of applications is
probably due to instrumental drawbacks.

Starting from the nineties, the number of applications of XREF spectroscopy for the
analysis of art increases exponentially because of instrumental developments. In
1976 Cesareo et al’? already mentioned the use of portable units for analysis with
XRF spectroscopy. This was followed by the discussion to use different probes for
the analysis of art objects by Vaughan® in 1982. In 1998 Longoni et al’* introduced
a portable XRF spectrometer for non—destructive analysis in archaeometry. Until
now, the detectors used in conventional XRF spectrometers were the classical high—
resolution cryogenic detectors, like Si(LLi) and HPGe detectors (whose resolution is

in the order of 140 eV FWHM at 6 keV). These detectors are not completely
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suitable for portable instrumentation because of the necessary cooling with liquid
N,. To compensate this disadvantage, non—cryogenic detectors, like Peltier cooled
Si PIN diodes, have been developed, with a big improvement in terms of size and
weight of the instrumentation®. The energy resolution of this type of detectors of
the order of 250 eV FWHM at 6 keV, is nevertheless sometimes unsatisfactory.
This type of portable XRF spectrometer was used for the analysis of metal alloys,
pottery and pigment identification in paintings®®. A same type of instrument was
used for the analysis of Egyptian statues in the Museum Vleeshuis (Antwerp,
Belgium)®’. This instrument has in addition a mini—focus side window X-ray tube,
which implies the use of a small beam with a spot size of approximately 0.5 mm?.

1°® introduced the use of a Hgl detector for the analysis of

Williams—Thorpe et a
British Stone Axe. Nevertheless, the developed portable XRE spectrometers use
detectors that need cooling: a liquid N, cooled Si(Li) detector (X-art™), a Peltier
cooled Si-PIN X-ray detector (semi—micro XRF spectrometer®®) or a Peltier cooled
Si drift detector (Lab—view controlled portable XRF spectrometer®). The selection
of the detector for the analysis of art objects depends on the nature of the object
and the characteristics of the environment®.

These instrumental developments made portable XRF spectroscopy an appropriate
technique for qualitative (in situ) analysis of art objects, such as pigment analysis of
Spanish artworks®®, enamels® and rock art®.

Performing quantitative analysis requires the use of an excitation beam with a very
stable energy and intensity. This is essential for the determination of elemental
concentrations since it simplifies the calibration procedures. A portable XRF
spectrometer was introduced for this purpose: the BSC-XRF system® (beam
stability—controlled XRF spectrometer). This spectrometer is equipped with a
system to monitor the energy and stability of the beam emitted by the X-ray tube.

The control of the system is obtained by a direct intervention on the beam through

suitable parameters. In order to operate under stable conditions, the system was
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accurately calibrated. This spectrometer was used for the quantitative analysis of
archaeological pottery®’.

In the last decade, many instrumental analytical techniques have developed
microscopic equivalents. The drive for this development is twofold: the need to
improve the techniques to be able to investigate the higher degree of material
complexity, and the growing need to investigate local changes in properties of

68,69

materials. For this reason, portable micro—XRF spectrometers were introduced

17971 reported the use of a portable

for the analysis of art objects. Bunzanich et a
micro—X-ray fluorescence spectrometer with polycapillary optics and vacuum
chamber for archaeometrical and other applications. When working in vacuum, the
detection of low Z elements is possible. This instrument was used for the
identification of Egyptian blue (CaCuSi,O,,) in art objects of the Egyptian collection
of the Kunsthistorisches Museum in Vienna, Austria’®. Normally the detection of Ca
and Si is difficult, but with this device also the presence of Si (low Z element) can be
easily detected. The presence of Si is important to distinguish between the blue
pigments azurite (2CuCO,-Cu(OH),) and Egyptian blue (CaCuSi,O,,).

In all the above mentioned applications of XRF spectroscopy for the analysis of art
or archaeological objects, the microscopic X-ray beam has been used to perform

3.7 or line—scanning on

local analysis by point measurements, 2D elemental mapping
the sample surface, but not to perform investigations in depth. In 2003, a 3D micro—
XRF analysis set—up was introduced to perform depth sensitive investigations of
paint layers in ancient Indian Mughal miniatures™. Successive paint layers could be
distinguished with a depth resolution of about 10 um. This set—up was also used for
the depth resolved investigation of corrosion layers of historical glass objects™.
Until now monochromatic 3D micro—XRF is only reported using synchrotron
radiation, as X-ray tube radiation in combination with state—of-the—art

monochromatising optics does not yield enough flux on the sample. Using a

polychromatic set—up in combination with a conventional X-ray tube results in an
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increase of the flux on the sample. By using this set—-up compact XRF

spectrometers are developed for archaeometric applications’’.

9.2.3 Combined techniques

Using a combination of analytical techniques has the advantage that complementary
information can be gathered. In this research, Raman spectroscopy gives molecular
information, while XRF spectroscopy provides elemental information on the
pigments used.

Hunter et al”™ describe the first application of a combined approach for the analysis
of archaeological art objects in 1993. They used a combination of XRF
spectroscopy, Raman spectroscopy, electron spin resonance, infrared spectroscopy,
thermogravimetric analysis, scanning electron microscopy and X-radiography.
During the last decade, such very extended approaches were used for the analyses
of: sienese ‘archaic’ majolica™, Byzantine wall paintings®® and the tomb of Menna,
Theban Necropolis, Egypt®!. Nevertheless, typically many archaeometric analysis
were performed using a combination of only three techniques: (a) combination of
infrared (IR), Raman and XRF spectroscopy for the analysis of inks®*®®, English
polychrome alabaster sculptures®, ancient pottery® and ancient polychrome
prints®®; (b) combination of scanning electron microscopy, Raman and XRF
spectroscopy for the analysis of Perugino’s palette®”, an ancient Italian

t88

manuscript®, a painted leather screen® and for the identification of 19" and 20

century pigments”; (¢) combination of Nuclear Magnetic Resonance (NMR) , Raman

992 "and (d) combination of

and XRF spectroscopy for the analysis of coloured maps
X-ray diffraction, Raman and XRF spectroscopy for the analysis of Chinese celadon

shards® and illuminated manuscripts®.
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The current research focuses on the combination of Raman spectroscopy with XRF
spectroscopy, because both instruments are readily available in the UGent
Department of Analytical Chemistry.

During the last decade the combination of these two techniques was applied for the

95-97

analysis of different art objects, such as: mural paintings , Byzantine icons®,

01 and blue

wallpaper?, canvas painting'®, Spanish stamps!?’, Islamic manuscripts
glaze!®.

A combination of a portable Raman spectrometer with a portable XRF spectrometer
was used to monitor the influence of nitrate on historical building materials!®1%4,
Depending the nature of the materials and the nitrate compound impacting them,
several nitrate salts can be formed: NaNO,, Mg(NO,),, Ca(NO,), and Ba(NO,),.
Because with Raman spectroscopy only the strongest band of the nitrates
(1060-1035 cm™) is detectable, XRF spectroscopy helps to distinguish between the
different nitrates, based on the detectable elements present in these salts
(Na, Mg, Ca, Ba).

Ramos et al'® reported the use of a special data treatment for the classification of
ochre pigments, where Raman and XRF data are fused. If different spectroscopic
techniques are used, the spectra need to be balanced in order to perform a correct
data sensor association. Several methods could be used, but in this case study they
make use of partial least square discriminant analysis (PLS-DA).

All the above mentioned analyses were based on point measurements. In many cases
there is also an interest to make maps of the analysed object. In an earlier study”™

we already reported the use of a two dimensional XRF mapping to get a better

insight in the restoration processes the painting underwent during history.
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9.3 Experimental

The porcelain card (Fig. 9.1) selected for this research represents a typical business
card: Frans Claes, manufacturer of chemical products in Ghent, Belgium. This card
was produced at a local lithographic shop: G. Jacqmain and R. Basse. The

dimensions of the card are: 133 x 89 x 1 mm.

Figure 9.1 Picture of the analysed porcelain card (133 x 89 x 1 mm), with selected

region of interest.

9.3.1 Confocal micro-Raman spectroscopy

The laboratory Raman spectrometer used is a Bruker Optics ‘Senterra’ dispersive
Raman spectrometer with a BX51 microscope. The Raman spectrometer is equipped
with 532 (Nd:YAG) and 785 nm (diode) laser sources. High resolution spectra are
recorded in 3 spectral windows, covering the 60-3700 cm™' and 80-3500 cm™! for
the 532 and 785 nm laser, respectively. The system uses a thermo—electrically

cooled CCD detector, operating at =65 ° C. Five software—controlled settings for

- 207 -



Chapter 9

the power of each laser are available: 100, 50, 25, 10 and 1%, i.e. up to ca. 35 mW
on the sample for the 785 nm laser. The microscope has 5X, 20X and 50Xx
objectives, with spot sizes of approximately 50, 10 and 4 pm, respectively. The
microscope contains a joystick—controlled motorised stage and setting the analysis
area is accomplished with the aid of an attached video camera. The instrument is
controlled via the OPUS software version 6.5.6. Mapping the selected area of the
porcelain card was performed using the 785 nm laser at 1% power setting, to avoid

any possible sample damage.

9.3.2 Energy dispersive X-ray fluorescence (EDXRF) spectroscopy

A laboratory micro-XRF system (Eagle—IIl microprobe, EDAX, Inc, Mahwah, NJ,
USA) provided elemental information of the mapped area. This spectrometer is
equipped with a microfocus X-ray tube with a Rh anode, a polycapillary lens (X-ray
Optical Systems, Inc., NY, USA) for X-ray focussing, and a N, cooled 80 mm?®
energy dispersive Si—(Li) detector. The sample chamber incorporates an XYZ
motorised stage for sample positioning. A high resolution microscope is used to
position the sample on the desired distance from the polycapillary. Operating in
vacuum allows the use of the Rh—L photons originating from the X-ray tube to
improve the investigation of low Z-elements down to sodium. Mapping of the
selected area of the porcelain card was performed at an operating X-ray tube
voltage of 40 kV, a tube current of 80 pA to optimise the detection of X-rays
corresponding to ca. 30% detector dead time, and a spot size of 100 pym on the

sample.
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9.4 Results and discussion

9.4.1 X-ray fluorescence (XRF) spectroscopy

In the first step of this research the possibility to identify the different pigments
used was explored performing a fast map with XREF spectroscopy. The resulting
images were used to select an area on the card to perform a second map with a
longer measurement time. On this second map principal components analysis (PCA)

and K-means cluster analysis were performed.

9.4.1.1 ldentification of the pigments

For the first map an area of 18923 by 13563 um was mapped. In this area,
respectively 128100 single points were measured in vacuum for a very short time
(0.5 s). Although a short measurement time of 0.5 s was chosen approximately 2
hours were needed to acquire these data. This preliminary map was performed to
select the area of interest of the porcelain card.

The results of this map are presented in figure 9.2. This fast mapping already
provides a lot of information on the elements of the pigments used. The maps of
Al-K and Si-K lines (Fig. 9.2) are very similar. The most intense regions of both
lines cover the blue zones of the selected area. The presence of Al and Si may
indicate that ultramarine blue (Nag_,oAlgSigO,,S,-,) was used as blue pigment. The
maps of Hg—LL,M and S—K are also very similar. This implies that for the red regions,
vermilion (HgS) was used as red pigment. If we take a closer look to the X-ray map
of Pb—L and Pb—M, we can recognise the whole structure of the selected area in the
map. This probably means that the whole cardboard is covered with a layer of lead
white. For the green zones of the card, the X-ray signal of Cu-K is the most

intense. This suggests that a Cu—based pigment was used as green pigment. The
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XRF results of this fast map already give some information of the elements used for
the golden, brown colour: a mixture of Cu and Zn.

These first results allowed the selection of a sub area of 8 by 8 mm (red raster in
Fig. 9.2) for a next imaging experiment. For this, each of the 64x64 single points
were measured for 10 s. The total map of the area took approximately 17 hours. On
this XRF dataset some multivariate statistical techniques were performed, to look if

even better XRF maps could be obtained.

AIK Max: 94 BalL Max: 294

pri V=

CuKMax: 185! FeK Max: 130 HglL Max: 132

PbL Max: 876 PbM Max: 1022

RhL Max: 106 SiK Max: 222 SK Max: 806 ZnK Max: 592

Figure 9.2 p—XRF elemental maps obtained by scanning the selected area of the
porcelain card using a 100 pm X-ray beam derived from a Rh anode operated at
40 kV. Step size, 0.149 x 0.137 mm, image size 128 X 100 pixels, or 18.923 X%

13.563 mm; spectrum collection time per pixel, 0.5 s. (2 hours)
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9.4.1.2 Chemometrical data processing

9.4.1.2.1 Principal components analysis (PCA)

This XRF dataset, which consists of series of X-ray maps, each corresponding to

one chemical element, may contain maps which are highly correlated (e.g. Fig. 9.3,

Hg and S maps).

Figure 9.3 p—XRF elemental maps obtained by scanning the selected area of the
porcelain card using a 100 pm X-ray beam derived from a Rh anode operated at
40 kV. Step size, 0.125 x 0.125 mm, image size 65 X 65 pixels, or 8 X 8 mm;

spectrum collection time per pixel, 10 s. (17 hours)

Figure 9.4 shows the scores images resulting from the PCA of the dataset presented
in figure 9.3. Principal components analysis (PCA) is a multivariate statistical
technique which aims to detect similarities between experimental multivariate

datasets, essentially through reduction of the dimensionality of the data.
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PC6

Figure 9.4 Scores images obtained by PCA of the X-ray maps in Fig. 9.3.

In figure 9.5(a) the contribution to the variance (CVE) of each PC is plotted; clearly
the first 6 PCs explain 90% of the total variance in the dataset. Figure 9.5(b) shows
the PC2-PC3 loadings plot of the original variables, i.e. the chemical elements. In
the loadings plot the presence of vermilion is clearly visible (correlation between
Hg-La and S—Ka). The loadings plot also shows a correlation between Al-Ka, Si-Ka
and K—Ka. This correlation may indicate the presence of ultramarine blue. For the
correlation between Mg—Ka and Ba—La on the one side, and between Fe—Ka and
Zn-Ka on the other side, we don’t have a plausible explanation. Perhaps the
correlation between Fe—Ka and Zn—Ka is due to the lithographical process: for the
ink a combination of Fe and Zn was often used. Mg and Ba are chemical related and

therefore appear often together.
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Figure 9.5 (a) Contribution of the variance explained (CVE) as function of the

number of principal components for the data shown in figure 9.4.
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Figure 9.5 (b) Loadings plot in the PC2-PC3 plane for the data shown in figure 9.4.
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9.4.1.2.2 K—means cluster analysis

All clustering methods are based on measuring the degree of similarity between two
of the objects to be clustered. The K-means cluster algorithm is an iterative
procedure that derives its name from the fact that it assumes the final number of
object classes to be known a priori and equal to K. It would be straightforward that
K is equal to the number of meaningful principal components. However, in practice
it is difficult to define the number of important principal components.

Therefore, for practical considerations, a K-means clustering with K= 15, a
somewhat arbitrarily and too high value, was chosen. The resulting clusters
represent sub—areas of the obtained image. Comparing these cluster images with the
optical image (picture) of the selected area, gives elemental information on the
pigments used. The clusters obtained by applying the K-means algorithm to the
original data are shown in figure 9.6.

Figure 9.7(a) shows the sum spectrum and the cluster image of the white zones of
the analysed area. The presence of the intense Pb-L lines in the sum spectrum
indicate that lead white (2PbCO4-Pb(OH),) was used for the covering layer of the
cardboard. The sum spectrum of figure 9.7(b) shows intense Cu-K lines, suggesting
that a Cu based pigment was used for the green zones. For the blue pigment
(Fig. 9.7(c)), the AI-K, Si-K and the S-K lines can be observed in the sum
spectrum. Also for the red pigment (Fig. 9.7(d)), the intense Hg-L and S-K lines
are clearly visible in the sum spectrum. Performing K—means cluster analysis on the
XRF dataset delivers additional information on the different types of brown colors
used. Figure 9.7(e) shows intense Hg-L and Cu-K lines. This suggests that a
mixture of vermilion and a Cu-based pigment was used for the dark brown color.
The brown, bronze color is also a mixture of vermilion and a Cu—based pigment

(Fig. 9.7(f)), but some Zn was also applied to the mixture.
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Figure 9.6 Compound segmentation masks obtained by K-means cluster anlysis of

the original data.
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Figure 9.7 (a) Sum spectrum of the first cluster showing the presence of lead white
(2PbCO4Pb(OH),) for the white colour.
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Figure 9.7 (b) Sum spectrum of the 5" cluster showing the presence of a Cu—based

pigment for the green colour.
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Figure 9.7 (c) Sum spectrum of the 3" cluster showing the presence of ultramarine

(Nag_;,AlsSigO,,S,_,) for the dark blue colour.
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Figure 9.7 (d) Sum spectrum of the 4" cluster showing the presence of vermilion
(HgS) for the red colour.
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Figure 9.7 (e) Sum spectrum of the 10" cluster showing the presence of a mixture of

vermilion (HgS) and a Cu—based pigment for the dark brown colour.
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Figure 9.7 (f) Sum spectrum of the 12" cluster showing the presence of a mixture of
vermilion (HgS), a Cu-based and a Zn—based pigment for the light brown, bronze

colour.

Due to the penetrative character of the X-rays, XRF spectroscopy delivers spectral
data that contains information of all layers in case of multilayer samples. Additional
XRF spectroscopy only delivers elemental information, which makes in some cases

identification of the pigments impossible.

9.4.2 Raman spectroscopy

For the Raman analysis of the porcelain cards, approximately the same area was
mapped as during the XRF analysis. In a first step of the Raman analysis point
measurements (60 s, 10 acc.) were performed in order to identify the different
pigments used. This first step was necessary to select the Raman wavenumbers

specific for each identified pigment. These wavenumbers are necessary to create an
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image of the selected area of the porcelain card. In a second step of the Raman
analysis the influence of the measuring time and measuring in high and low
resolution mode, on the intensity of the selected Raman wavenumbers was
evaluated, in order to decide whether a fast mapping can be used to select the

region of interest of art objects.

9.4.2.1 ldentification of the pigments

For the identification of the pigments used, point measurements were performed in
the same area which was mapped with XRF spectroscopy. Table 9.1 gives an
overview of the identified pigments with Raman spectroscopy and the identified

elements with XREF spectroscopy for each colour.

colour XRF results Raman results
white Pb lead white (2PbCO4-Pb(OH),)
red Hg,S vermilion (HgS)
blue Al Si, S ultramarine blue (Nag_;;Al;SigO0y,S, 1)
green Cu malachite (CuCO4-Cu(OH),)
black / carbon black (C)
Cu, Hg, S, Zn /
brown, gold
Cu, Hg, S /

Table 9.1 Overview of the pigments identified with Raman spectroscopy and the

elements identified with XRF spectroscopy for each colour.

After the selection of the Raman wavenumbers of interest a selected area of 8.031 X
5.658 mm (81x56 points) (Fig 9.8(a)) was mapped with the red laser (785 nm), with
a laser power of 1% (0.63 mW). A 5x objective lens was used, resulting in a spot size

of ca. 50 pum on the card. The measurement time of all the single points of the
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mapping was 60 s (20 s, 3 acc.), resulting in a total time of almost 7 days for the
whole mapped area. These 7 days are the accumulated result of the measurements,
the movement of the sample, the movement of the grating to record different
spectral regions, and the automatic background correction of the used Raman
spectrometer. The control software OPUS 6.5.6 (Bruker) is not able to switch off
the automatic background correction, which results in a doubling of the

measurement time.

6000

4000

Figure 9.8 (a) Optical microscope image of the analysed area of the porcelain card,
integration of the Raman band at (b) 1050 cm ! (lead white), (c) 257 cm ! (vermilion)
and (d) 545 cm™' (ultramarine). (785 nm, 5X objective, 20 s, 3 acc., high spectral

resolution, 1% laser power)
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To construct the maps of the different pigments, the data were processed with
OPUS 6.5.6. A selection of the most intense bands was made for the identified
pigments: lead white (1050 cm™), vermilion (254 cm™!) and ultramarine blue
(545 cm™). The Raman signal for malachite (218 cm™) and carbon black (1297 cm™)
were too weak to give a clear image. A possible solution for this problem could be
performing the same mapping with the green laser (532 nm). Next, all the selected
bands were integrated one by one. For this, first the baseline is constructed before
integration of the surface area of the Raman band above the baseline. The results of
this integration are presented in figure 9.8.

Figure 9.8(b) shows the integration of the most intense band of lead white
(1050 cm™). One can see that lead white is detected over the whole mapped area,
which implies that the first step in the manufacturing process was covering the
cardboard with a layer of lead white. The different intensities of the Raman signal of
lead white on the different coloured areas are also clearly visible. The maps, made
by the integration of the bands of vermilion (Fig. 9.8(c)) and ultramarine blue

(Fig. 9.8(d)), show obviously the red and blue coloured zones of the mapped area.

9.4.2.2 The influence of spectral resolution and measurement time

To evaluate the dependency of the resolution on the intensity of the Raman signal,
a similar area of the porcelain card (the red frame in Fig. 9.8(a)) was mapped two
times with the same experimental parameters (20 s, 3 acc., 5X objective lens),
except for the spectral resolution. The first map was performed using the high
spectral resolution mode (3-5 cm!), while the second map was recorded in low
spectral resolution mode (9-18 cm™). Changing to lower resolution results for the
used Raman spectrometer in a significantly shorter measurement time, because the
spectra are recorded using one grating over a range of 90-3500 cm!. When

measuring in high resolution mode the grating has to turn during the measurement,
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because the two spectral ranges (80-1525 cm ' and 1520-2660 cm!) are measured
separately and stitched together. This results in a much longer measurement time,
especially because after each movement of the grating the spectrometer performs a
new calibration. The total mapping time of the map with low resolution was ca. 22
hours, while for the map with high resolution the total mapping time was ca. 7 days.

As part of the interpretation of the Raman data, an in—house written software was
developed. This program automatically removes the spectral background using the
SNIP method!'®. Next, the sum spectrum of all the spectra is made and the Raman
bands are selected. In a following step the selected bands are integrated for all
spectra. Details of this in—house written software will be published elsewere!’’. By
selection of one band, the distribution of the Raman intensity over the selected area
can be shown as a map. Figure 9.9 compares different Raman maps with high and
low resolution. Figures 9.9(a) and 9.9(b) show the Raman intensity of the band of
lead white at ca. 1050 cm™, with respectively high (9.9(a)) and low (9.9(b)) spectral
resolution. The Raman map with low spectral resolution gives a better view of the
whole structure of the porcelain card than measuring in high resolution mode. The
same comparison is made for the Raman band of vermilion at 254 cm™'. The Raman
map with low spectral resolution (Fig. 9.9(d)) is again more obvious than the one
with high spectral resolution (Fig. 9.9(c)). When measuring in low spectral
resolution mode, the amount of light which enters the detector is higher,
corresponding in a higher sensitivity. By measuring at low spectral resolution, the
same information on the pigments is obtained in a shorter period. In this particular
example the measurement time was reduced with a factor of ca. 7. This reduction of
the measurement time is, when measuring with the Senterra Raman spectrometer,

important because of the instability of the stage.
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(a) F(h)

(c) (d)

Figure 9.9 Map of the Raman intensity of: lead white at 1050 cm™ for (a) high and
(b) low spectral resolution; and vermilion at 254 cm ™' for (c) high and (d) low

spectral resolution. (785 nm, 5X objective, 20 s, 3 acc., 1% laser power)

The same procedure was followed to evaluate the influence of the measurement time
on the quality of the map. The same area of the porcelain card was twice mapped
with the same experimental parameters (5X objective lens, low resolution), but with
different measurement times. For the first map the measurement time of a single
point spectrum was 60 s (20 s, 3 acc.), while for the second map the measurement
time only was 6 s (3 s, 2 acc.). The total time of the long measurement was ca. 22
hours and for the short measurement ca. 6 hours. Figure 9.10 shows the different
Raman maps: the intensity of the Raman band of lead white at 1050 cm™ for a long
(Fig. 9.10(a)) and a short measurement (Fig. 9.10(b)); and the intensity of the

Raman band of vermilion at 254 cm™! for a long (Fig. 9.10(c)) and a short
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measurement (Fig. 9.10(d)). Only the Raman maps of lead white and vermilion are
showed, because for the other pigments there is no clear difference between the
maps under different circumstances. This is because of the low signal-to—noise ratio
of the Raman data, due to the instability of the stage system for long measurements.
The instability of the stage is a drawback in this research. It is obvious that with a
stable stage, longer measurements would lead to better Raman maps.

The Raman maps of the long measurements (Fig. 9.10(a) and (c)) are sharper than
the ones of the short measurement. We can conclude that we have to select a
(longer) measurement time, which gives a more obvious Raman signal. Choosing a

shorter measurement time has in this case no advantages.

(c) (d)

Figure 9.10 Raman map of the Raman intensity of: lead white at 1050 cm™* for (a) a
long (20 s, 3 acc.) and (b) a short (3 s, 2 acc.) measurement time ; and vermilion at
254 cm™! for (c) a long and (d) a short measurement time. (785 nm, 5X objective,

low resolution , 1% laser power)
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Due to the weak Raman signal, noisy Raman images were obtained. These noisy
images result, after performing multivariate statistical analysis such as PCA and
K-means cluster analysis, in noisy results. To improve these results Raman images

with better signal-to—noise ratio have to be obtained.

9.5 Conclusions

This paper shows that by mapping an art object with Raman spectroscopy and XRF
spectroscopy, molecular and elemental images could be produced containing
information on the pigments used: ultramarine blue, vermilion, malachite, carbon
black and lead white.

By using the obtained XRF dataset, the possibility of using principal components
analysis (PCA) and K-means cluster analysis for gathering information on the
pigments used, has been explored. After performing K-means cluster analysis on the
dataset, the resulting sum spectra associated with each image segment give
additional information and simplify the interpretation of the measurements.

[t was also indicated that by recording Raman maps at low spectral resolution a
similar image was obtained as by measuring at high resolution. This results in a

shorter time needed for analysing the art object.

In the future, we intend to examine if the total measurement time for the Raman
analysis could be diminished by using a stable stage and the new control software is
mandatory to allow auto—focussing without the automatic calibration, in order to

improve the quality and reduce the time.
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In this chapter, the possibilities of Kaman and XRF mapping were explored using
laboratory spectrometers. In all the previously discussed case studies the Raman
results and XRF results are first interpreted separately and afterwards compared
with each other. Because of the stability problems with the Senterra Raman
spectrometer, analysis of art objects was performed using point measurements. In
the next chapter the possibilities of fused Raman and XRF data are explored. The
“fused” data consists of combining the Raman data and the XRF data in a single
data matrix, before performing principal components analysis (PCA) on the data.
Because porcelain cards are very colourfil, also PCA was performed on the RGB
values. The fused Raman—-XPRF data was evaluated comparing the different scores
and loadings plots, with the scores and loadings plots of performing PCA on the
Raman data and XRF data separately. Ildentification of the pigments used for the
porcelain cards was not possible performing PCA on the fused data. Therefore, an
attempt was made to develop an identification procedure using the fiused Raman and

XRF data. The details of this attempt are described extensively in the next chapter.
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Chapter 10

In the previously discussed case studies (Chapters 5-9) the Raman results and XRF
results are first interpreted separately and afterwards compared with each other. In
this chapter, the possibilities of fusing Raman and XRKIF data are explored. The first
part of this chapter describes the fiision for the classification of the different
measured points on 4 copies of a similar porcelain card using principal components
analysis (PCA). In the second part an attempt is made to develop a procedure for
the identification of the pigments used in the porcelain cards based on the fiused

Raman—XRF data.

10.1 Introduction

Raman spectroscopy and X-ray fluorescence (XRF) spectroscopy are particularly
well suited for the analysis of ancient art objects in cultural heritage studies because
both techniques are fast, sensitive, non—destructive and measurements can take
place in situ™?. Raman spectroscopy provides molecular information of the material,
while XRF spectroscopy provides the elementary composition. Moreover, the
penetration depth of the X-rays is larger than the penetration depth of the laser
light, resulting in combined information of different layers.

Using complementary methods maximises the amount of information obtained. In
cultural heritage studies, one should always try to maximise the amount of
information that is obtained, while minimising the (risk on) damage to the artefact®.
In recent literature, several examples of research in the field of cultural heritage can
be found, where Raman spectroscopy is combined with XRF spectroscopy. One of
these studies expressing the complementary characteristics of both techniques is
the monitoring of the influence of nitrates on historical building materials. Different
nitrate salts can be formed (e.g. NaNO,, Mg(NO,),, Ca(NO,), and Ba(NO,),),
depending the nature of the materials and the impacting nitrate compound. Whereas

Raman spectroscopy mainly detect the strongest band of the nitrates
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(vNO,;, 1060-1035 cm™), XRF spectroscopy, together with thermodynamical
modelling and ion chromatography, is used to identify counter ions and possible
nitrate combinations®®. The combination of Raman spectroscopy and XRF
spectroscopy was also used in several studies on the identification of pigments used
for different art objects, amongst others, Byzantine icons®, mural”® and easel'®!!
paintings, manuscripts!* Y, Egyptian tombs'® and burial masks®.

Van der Snickt'® et al mentioned also the use of a combined Raman-XRF
spectrometer, PRAXIS. The analytical possibilities of this combined instrument were
evaluated analysing illuminated manuscripts. The advantage of this approach is that
exactly the same spot size is measured with both techniques.

When combining different spectroscopic techniques, as in case of performing
analyses on same material with separate XRF and Raman spectrometers, there is
the obvious request to develop methods that are based on “joined” data.

For all the previously mentioned studies, both techniques were used separately, in a
sense that the spectra were obtained and processed independently and single
conclusions are obtained, by expert analysts, considering both results. The aim of
the current research is to merge the spectra and process the fused data together.
Ramos et al*!" proposed a mid-level data fusion system to process Raman and XRF
spectra obtained from a combined micro—Raman—XRF instrument. In the first step of
their data fusion system wavelet transformation is used to split each spectrum set in
blocks, according to their frequency. Next, the blocks which contain background
and noise signals are removed and variable selection is performed on the remaining
blocks to extract those variables with the most power of classification. Then, the
variables are concatenated and form a Raman—XRF meta—signal ensemble. Finally,
dual-domain signal ensembles from references and samples are classified using
partial least squares discriminant analysis (PLS-DA). This data fusion system was
already successful for the classification of different ochre pigments. The advantage

of this data fusion system is that the fusion is suitable for automated processing of
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large amounts of data and can be applied to an individual data source or n data
sources to achieve data fusion. The main drawback of this approach is the complex
data processing, requiring quite some computing power (e.g. the use of wavelet

transformation). Therefore, we propose here a less complex approach.

This current paper describes another attempt to develop methods for pigment
identification that are based on joining or fusion of Raman data with XRF data. The
experimental data are obtained from point measurements with both spectroscopic

techniques of selected positions on a set of porcelain cards (Fig. 10.1).

.

s 7 5 //////// <

BRUXELLES.

o

e

Figure 10.1 (a) Picture of copy A of the porcelain card, with an overview of the

analysed points.

Each point was measured with Raman spectroscopy and XRF spectroscopy. As part
of the evaluation of the method, principal components analysis (PCA) results
calculated from the fused data are compared with PCA results obtained from the

data acquired with only one of the spectroscopic techniques. Eventually, the aim is
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to provide a new tool that may help the researcher in the pigment identification

process on the basis of fused data from inorganic pigments.

Figure 10.1 (b) Picture of copy B of the porcelain card.

Figure 10.1 (c) Picture of copy C of the porcelain card.
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Figure 10.1 (d) Picture of copy D of the porcelain card.

10.2 Experimental

10.2.1 Samples

As test—case for the development of the data fusion system porcelain cards were
analysed, because these cards are very colourful and easy to handle. In the 19
century, porcelain cards were used as visiting cards, New year greetings, menus,
calendars, labels, certificates, funeral notices,... These cards were not only printed
with text, but also brightened with decorations and illustrations of professions,
workshops, products and production machines. Typical dimensions of porcelain
cards range from 10 X 8 cm to even 28 X 18 cm, for luxurious cards, and ca.
1 mm thickness'®. The porcelain card (Fig. 10.1) selected for this research
represents a typical business card for the company Guyot & Tardif, wholesale
business in paper and office supplies in Brussels, Belgium. During this research, 4

copies of this card were analysed. A selection of different colours was made: white,
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gold, brown, blue, pink, red, green, purple, black, light blue and beige. The 11
measured points (Fig. 10.1) were meticulously reported for each card, in order to
achieve the best possible correspondence between the position of the Raman

measurement and the XRF measurement.

The proposed identification procedure uses a small database of reference pigments.
Therefore, a selection of reference pigments was made. For the XRF analysis a
small amount of the reference pigment was fixed as a powder with n—hexane on
ultralene as described before!®, whereas Raman spectroscopy was performed on a
small amount of pigment grains on a microscope slide. Table 10.1 gives an overview
of the selected reference pigments. The pigments were selected from our collection,

to cover materials with a diverse chemical composition.

10.2.2 Instrumentation

10.2.2.1 Micro—Raman spectroscopy

Raman spectra were recorded with a Bruker Optics ‘Senterra’ dispersive Raman
spectrometer coupled with an Olympus BX51 microscope. The Raman spectrometer
is equipped with 532 (Nd:YAG) and 785 nm (diode) laser sources. High resolution
spectra are recorded in 3 spectral windows, covering 60-3700 cm and
80-3500 cm™ for the 532 and 785 nm laser, respectively. The system uses a
thermo—electrically cooled CCD detector, operating at —65 ° C. Five software-
controlled settings for the power of each laser are available: 100, 50, 25, 10 and 1%,
i.e. up to 35 mW at the sample for the 785 nm laser. The microscope has 5X, 20X
and 50X objectives, with spot sizes of approximately 50, 10 and 4 pm, respectively.

The instrument is controlled via the OPUS 6.5.6 software.
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pigment colour chemical structure supplier

azurite blue 2CuCO4Cu(OH), Kremer Pigmente
cerulean blue blue CoO-nSn0O, Winsor & Newton
cobalt blue blue Co0O-AlL,O, Kremer Pigmente
Prussian blue blue Fe,(Fe[CNly), Kremer Pigmente
ultramarine blue Nag ;,AlgSigOq4S, 4 Kremer Pigmente
malachite green Cu,CO,4(OH), Kremer Pigmente
green earth green FeSiO4 nH,O Gerin
chrysocolla green CuSiO4 nH,0O Kremer Pigmente
viridian green Cr,042H,0 Winsor & Newton
verdigris green Cu(CH,;CO0O),'nCu(OH), | Kremer Pigmente
cadmium red red CdS(Se) Winsor & Newton
vermilion red HgS Kremer Pigmente
hematite red Fe,O, Kremer Pigmente
red ochre red Fe,O, + silicate + clay Winsor & Newton
lead white white 2PbCO,-Pb(OH), Kremer Pigmente
chalk white CaCOQO, Sigma Aldrich
gypsum white CaSO,2H,0 Sigma Aldrich
lithopone white BaSO, + ZnS Kremer Pigmente
zinc white white Zn0O Kremer Pigmente
orpiment yellow As,S, Kremer Pigmente
lead—tin yellow type I | yellow Pb,SnO, Kremer Pigmente
massicot yellow PbO Delvigne

chrome yellow yellow PbCrO, Kremer Pigmente
cadmium yellow yellow CdS Sennelier Paris

Table 10.1 Overview of the selected reference pigments.

- 251 -




Chapter 10

10.2.2.2 Energy dispersive X-ray fluorescence (EDXRF) spectroscopy

A laboratory micro-XRF system (Eagle—IIl microprobe, EDAX, Inc, Mahwah, NJ,
USA) provided elemental information of the analysed samples. This spectrometer is
equipped with a microfocus X-ray tube with a Rh anode, a polycapillary lens (X-ray
Optical Systems, Inc., NY, USA) for X-ray focussing, and a liquid N, cooled 80 mm?®
energy dispersive Si—(Li) detector. The sample chamber incorporates a XYZ
motorised stage for sample positioning. A high resolution microscope is used to
position the sample on the desired distance from the polycapillary. Operation in
vacuum allows the use of the Rh-L photons originating from the X-ray tube to
improve the investigation of low Z-elements down to sodium. For all XRF
experiments a beam size of 100 ym was chosen, a voltage of 40 kV, and a tube

current of 100 u A was selected to reach 30% detector dead time.

10.3 Results and discussion

10.3.1 Fusion of the data. proposed methodology

Ramos et al®*!'" suggest two different strategies to fuse spectral data: data level
fusion or low—level fusion on the one hand and feature level fusion or mid-level
fusion on the other hand. When using low—level fusion the raw spectral data are
fused, whereas when using mid-level fusion the fusion is done ideally over the most
relevant features, so variable selection is performed before the fusion. In this

research, mid-level fusion was selected to fuse Raman and XRF data (Fig. 10.2).

Figure 10.2 shows the proposed method of fusing the data of the different
spectroscopic methods. Each of the spectrometers has, next to their specific

instrument controlling software, specialised data evaluation software that helps the
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researcher to interpret the acquired technique—specific data. In case of the EDAX
Eagle—Ill micro-XRF spectrometer the spectroscopic data are evaluated with the
dedicated spectrum evaluation routine of the AXIL software package'®?° to identify
the detected elements, and to extract the areas of the peaks of the identified
elements. Application of this dedicated software is necessary in order to
compensate for the spectral background, peak overlap, and artefacts such as escape
peaks and sum peaks that may appear in X-ray spectra. Following the proposed
method in figure 10.2, as a first step, raw spectroscopic data should be processed
with dedicated software. In case of XRF data, the fitting module of the AXIL
software package converts the raw spectra into a list of elements (XRF variables)

with corresponding peak areas for each point measurement (object).

i Raman data i | variable
red laser i selection ey
'''''''''''''''''''' i fused Raman
e, ] data ‘
i Raman data { | variable S . .
. green laser selection | fused data .| classification
S-S i | fused data , model
X de i
------------------------ - selection

Figure 10.2 Schematic overview of the proposed mid-level fusion.

In the case of the Senterra micro—Raman spectrometer commercial software such as
OPUS™ can be used to analyse the acquired Raman spectral data. However,
although this software is mature and contains many features, it lacks typically
methods for tasks such as processing and classification. Therefore, different
research groups started the development of software, specially dedicated for

222 Tn analogy with the data processing of the

spectral evaluation of Raman data
XRF spectra, and to allow all data processing in a simple software package, for the
Raman data processing, new routines were written to extract automatically Raman

band positions and the corresponding band areas from the Raman spectra.
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In the first step of the Raman spectrum evaluation, the SNIP?* background
estimation procedure was used so that, in a next step, the determination of the
Raman band positions and the calculation of the corresponding band areas could be
performed after Raman background subtraction. The estimation of the background
also allows us to decide whether a signal is significantly higher than its background
or not. The band positions were determined on the basis of simple calculations of
the first and second derivatives of the Raman spectrum. In contrast to XRF data
processing of series of XRF spectra, when book—keeping of the Raman band
information, processing a large number of Raman spectra may lead to an
overwhelming number of Raman bands. This situation was avoided by making first a
Raman sum spectrum of the dataset from which the positions of the significant
Raman bands were determined and the areas were calculated for the individual
Raman spectra as described above. This working method is commonly used when
processing XRF data constituting XRF maps. Using the above described Raman
spectrum evaluation procedure allows obtaining results with a minimum of effort in a
completely automated manner. This approach has the advantage of drastically
reducing the dataset and focussing on the molecular spectra that are commonly
present in the dataset. However, the importance of inhomogeneity’s or outlier

spectra is reduced.

Since the Senterra Raman spectrometer is a dual laser system equipped with of a
red laser (785 nm) and a green laser (532 nm), as a general procedure, all sample
positions were measured with both lasers. The “red” laser data and the “green”
laser data can be considered as whether they were obtained from different
techniques as indicated in figure 10.2. Therefore, each of these Raman datasets was
processed separately as described above. In a next step, the selected variables
(Raman band positions) of the red laser data and the green laser data were

compared. If the same Raman band positions are significantly present in both
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datasets, the data of the “green” laser are omitted. Indeed, from our general
experience in Raman spectroscopy, we consider the 785 nm (red) laser as the most
versatile for Raman spectroscopy of pigments, due to the probably lower occurrence
of fluorescence overwhelming the spectrum. In some cases, however, the green
(532 nm) laser may introduce extra information, e.g. in cases where the red laser is
seriously absorbed by the pigment. Therefore, if the same band is present in both
Raman spectra, we consider the information of the green spectrum as redundant,
whereas in the other case the data of that band are included in the new dataset. In
order to be able to compare the data in a convenient way, the Raman data were
scaled to a measuring time of 300 s. Finally the variables (Raman band positions and

corresponding band areas) were organised in a single data matrix.

For the same reason as for the Raman data, the XRF data were scaled to a
measurement time of 100 s and a tube current of 100 pA. After scaling the Raman
and the XRF datasets, the variables (Raman band positions + XRF elements),
together with the corresponding band and peak areas, were fused into a single data
matrix.

Next to the measurement of the porcelain cards, a dataset of reference pigments
was subjected to the same methodology as described above. In this way, there are
different datasets for the porcelain cards and the reference pigments: datasets for
each spectroscopic method, and the fused dataset. To prepare for the identification
process, the above described procedure was followed again including all point
measurements, i.e. processing all porcelain card spectra together with the reference

pigments spectra.

The development of the software tools was done in the high-level software
environment of IDL (ITT Visual Information Solutions). This greatly simplified the

programming task of making this prototype of the pigment identification method as
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the IDL programming language is optimised for array calculations and provides

access to numerous sets of routines for mathematical calculations.

10.3.2 ldentification procedure applied on the fiised data

Until now, the results of the Raman data and the XRF data were first evaluated
separately, most often by different researchers, possibly experienced in only one of
the applied spectroscopic techniques. In the next steps, the complementary
information of both techniques is joined and interpreted together in the attempt to
formulate answers on the sample that are consistent to the results of both
techniques. In this way, table 10.2 shows the pigment identification of the different
points of porcelain card A. Similar results were obtained from the other porcelain
cards B, C and D, as expected since similar positions on the cards were
investigated. Figure 10.3 shows the resulting Raman and XREF spectra of the red
analysed point A6. In figure 10.3(a) the characteristic Raman bands of vermilion
(HgS) are clearly visible (343, 280, 254 cm!). The characteristic lines of Hg and S
are clearly visible in the XRF spectrum (Fig. 10.3(b)), suggesting that the unknown
red pigment could be identified as vermilion (HgS). One must take into account that
the XRF method gives information of all the layers together because of the
penetration character of the X-rays. E.g. the signal of Pb, that is clearly visible in
the spectrum, is caused by the covering layer (lead white (2PbCO,-Pb(OH),)) on top
of the paper or cardboard. The Raman band of lead white at 1050 cm ' is also

clearly visible in the Raman spectrum (Fig. 10.3(a)).
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analysed point | colour identification, based on Raman spectroscopy

1 white lead white (2PbCO,-Pb(OH),)

2 gold /

3 brown vermilion (HgS) + carbon black (C)

4 blue Prussian blue (Fe,(Fe[CN],),)

5 pink vermilion (HgS) + lead white (2PbCO4-Pb(OH),)
6 red vermilion (HgS) + traces of carbon black (C)

7 green Prussian blue (Fe,(Fe[CN]g),) + chrome yellow (PbCrO,)
8 purple Prussian blue (Fe,(Fe[CN];),) + vermilion (HgS)
9 black carbon black (C)

10 light blue | Prussian blue (Fe,(Fe[CNJy);)

11 beige lead white (2PbCO,-Pb(OH),)

Table 10.2 Identification of the analysed points of copy A of the porcelain card,

based on the interpretation of the Raman spectra and the XRF spectra separately.

600

400 4

200 A

Intensity (Arbitrary units)

254

344

1050
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1600

1400 1200 1000 800 600 400 200

Raman wavenumber (cm™)

Figure 10.3 (a) Raman spectrum of point A6 (red), showing the Raman bands of
vermilion (343, 283, 254 cm™!) (785 nm, 20X objective, 300 s, 1% laser power).
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Figure 10.3 (b) XRF spectrum of point A6, peak identification is done with the
dedicated XRF spectrum evaluation AXIL.

The availability of fused data that contain information from both techniques enables
the possibility to develop tools that may help in the quest of obtaining answers on
the samples. In case of the porcelain cards, the questions are related to the
identification of pigments as shown in table 10.2. Therefore, a very simple software
tool was implemented on the basis of comparing the presence of peaks in the fused
data (i.e. presence of peaks in the Raman spectra and XRF spectra). Mathematically

we may present the fused data objects of the porcelain cards f; as follows:

fi = (ail' Qi2y ey Aifs wens aiNRaman’ aiNRaman+1’ aiNRaman+2’ ' aiNRaman+NXRF) (10° 1)

where a; (k=1, 2, -, Ng.ma) is the value of the k™ Raman variable (band position),

and aik (k:NRaman+]’ NRamarﬁ-Z’ Tty NRaman+XRF) iS the Value Of the (k_NRaman)th XRF
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variable (element). The dataset consisting of fused objects of reference pigments f is
constructed in a similar way.

The availability of these vectors f and f; allows a visual comparison of a porcelain
card object’s profile f with reference pigment profiles f. Preparing for a working
method similar to the conventional way of comparing Raman bands, where
distinction is made between very weak, weak, medium, strong and very strong
Raman signals, the data of each spectroscopic technique are scaled in such a way
that the highest peak is set to 100%. An example of this working method is

graphically presented in figure 10.4.
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Figure 10.4 Graphic plots of the intensity (%) as function of the variables for (a) the
first analysed point Al and (b) lead white.
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In order to reduce the influence of small bands, we choose to exclude Raman bands
that are lower than 10%. This is probably similar to the exclusion of weak and very
weak bands. However, the amount of profiles to look at, actually pairs of f with f is
uncomfortably high, so that the visual inspection of the graphical comparison is

preferably done after the book—keeping of the presence of peaks proposed here.

[t should be noted that the values a; (or a;) for the k'™ variable are non—zero if that

peak is significantly present. Therefore, we may define the presence of peak p;;, as:

Dk = 1 (if &y, X ay > 0) (10.2)
0 (if a5 X a; = 0)

With i =1, ", Nugoownss @and J = 1, =, Nigpigmens [-€., Pyjy is equal to 1 or 0,
depending whether the peak related to the k' variable is significantly present or not
in both, the i" data object of the porcelain card and the j" reference pigment

object.

For each object (i.e. porcelain card i, and reference pigment j) the number of bands
or peaks (i.e. number of non-zero a; values and number of non-zero a; values) can
be obtained, so that there can be calculated how many of the bands or peaks of the
porcelain card i are present in the spectra of the reference pigment j, and vice
versa. This book—keeping can also be done separately for each of the spectroscopic
techniques (.e. k=[1, 2, -, N....J for Raman and k=[Np...:1> Nramenios
Niramansxrre) for XREF). As an example, in table 10.3(a) it is shown that porcelain card
measurement Al contains 3 Raman band values and 1 XRF peak value (i.e. in total
4 fused data), while for the cerulean blue 1 Raman band value and 2 XRF peak
values (i.e. in total 3 fused data values) are considered. The book-keeping

procedure indicates that the porcelain card measurement and the cerulean blue
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have the presence of only 1 Raman data value in common. This corresponds with
33% of the Raman information or 25% of the fused data information, when considering

the totals of the card Al.

# peaks # common peaks in % common peaks in
Al and ref. pigment | Al and ref. pigment
object Raman | XRF | Total | Raman | XRF | Total | Raman | XRF | Total

Al 3 1 4

cerulean blue |1 2 3 1 0 1 33 0 25
cobalt blue 1 z 8 1 0 1 33 0 25
Prussian blue |9 z 13 2 0 2 66 0 50
ultramarine 6 z 10 1 0 1 33 0 25
azurite 11 3 14 2 0 2 66 0 50
malachite 15 1 16 1 0 1 33 0 25
viridian 8 3 11 1 0 1 33 0 25
green earth 1 3 4 0 0 0 0 0 0
chrysocolla 5 2 7 2 0 2 66 0 50
verdigris 3 3 6 1 0 1 33 0 25
cadmium red 5 3 8 0 0 0 0 0 0
vermilion 2 4 6 0 0 0 0 0 0
hematite 3 3 6 0 0 0 0 0 0
red ochre 3 2 5 0 0 0 0 0 0
orpiment 6 4 10 0 0 0 0 0 0
massicot 3 2 5 0 0 0 0 0 0

Table 10.3 (a) The output of the identification procedure to identify the first
analysed point on porcelain card A (Al). For the identification the fused

Raman—XRF dataset of the reference pigments was used.
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10.3.3 Porcelain cards

10.3.3.1 Raman classification

For the classification of the Raman data with PCA, the following Raman
wavenumbers were selected as variables: 2157, 2095, 2042, 1993, 1820, 1654,
1614, 1370, 1351, 1280, 1050, 970, 757, 556, 542, 535, 411, 385, 344, 284, 254
and 105 cm™!. These variables are projected in the loadings plot (Fig. 10.5(a)).
Combinations of different Raman band positions, suggest a possible identification of
the pigments: Raman band positions at 344, 284, 254 cm™! represent for instance
the characteristic Raman bands of the red pigment vermilion. However, the Raman
bands at 2095 and 2157 cm! are expected to be related to each other, because
they are both characteristic Raman bands of Prussian blue. Nevertheless, Raman
wavenumber 2042 cm™! is also characteristic for Prussian blue, but according to the
loadings plot it is not related to the other two wavenumbers. Also for the other
variables it is difficult to explain the mutual correlation.

The scores plot of PC2 versus PC3 (Fig. 5b) shows that with Raman spectroscopy it
is not possible to distinguish between all the different colours of the analysed
objects. The blue and green objects (A4-D4, A7-D7, A8-D8 and A10-D10) form

I suggesting that

one group which is related with the variables 2157 and 2095 cm~
the blue pigment used is Prussian blue. For the green objects the Prussian blue was
probably mixed with a yellow pigment, but identification of this pigment is not
possible when studying the loadings plot. The different red objects are spread out
over the whole scores plot, which makes identification of the red pigment

impossible. Only the white objects (A1-D1 and A11-D11) form a separate group,

but relating with the correlated variables (1050 and 105 cm ™) is not possible.

- 262 -



Chapter 10

0.4
2| 284
0.2
1654
- 18b#P 41993
—~ 0 S5 AV ?__
e 1ol
~ - 49535
o bHo 142 99-
1280 00
~0.24 1370|105
2044
757 i
050
411
-0.4 T T T
0.4 0.2 0 0.2 0.4 0.6
PC2 (16 %)

Figure 10.5 (a) Loadings plot of PC2 versus PC3 created by performing PCA on the

Raman dataset.
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Figure 10.5 (b) Scores plot of PC2 versus PC3 created by performing PCA on the

Raman dataset.
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10.3.3.2 XRF classification

For the classification of the XRF data with PCA, the following elements were
selected as variables: Al, S, Ca, Cr, Fe, Ni, Cu, Zn, Ba, Hg and Pb. The loadings
plot (Fig. 10.6(a)) shows the distribution of the variables. Looking at the mutual
correlation between the elements leads to a possible identification of the pigments.
The correlation between Hg—-L and S suggest the presence of the red pigment
vermilion (HgS). The presence of Fe shows that Prussian blue (Fe,(Fe[CNJg);) was
used. The signal of Pb shows the presence of lead white (2PbCO,-Pb(OH),). The
correlation between the Zn, Ni and Cr can be explained by the presence of these
elements in the XRF spectra of the golden analysed points (A2-D2). The presence
of Cr suggests also that chrome yellow (PbCrO,) was used. The scores plot of PC2
versus PC3 (Fig. 10.6(b)) shows that no classification of the objects is possible
based on the XRF dataset. All the objects are centralised in the middle of the plot
and mixed. The red objects are spread to the bottom left corner of the plot, which
correlates with Hg-L. and S, suggesting that vermilion (HgS) was used as red

pigment.

10.3.3.3 Raman and XRF data fusion

The scores and loadings plots of PC2 versus PC3 of the fused data are displayed in
figure 10.7. In the loadings plot (Fig. 10.7(a)) the correlation between the Raman
band positions and the elements is shown. The correlation between the bands at 344
and 254 cm’!, and the elements Hg and S, indicates the use of the pigment
vermilion. The distance to the other characteristic Raman band of vermilion

(284 cm™) is also relatively small.
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Figure 10.6 (a) Loadings plot of PC2 versus PC3 created by performing PCA on the
XRF dataset.
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Raman—XRF dataset.
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Figure 10.7 (b) Scores plot of PC2 versus PC3 created by performing PCA on the

Raman—XRF dataset.
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The characteristic Raman bands of lead white (1050 and 105 cm™!) are, in contrary
with the loadings plot of the Raman data, correlated to each other. The signal of Pb
normally has to be correlated with these two Raman bands, but this is not shown in
the loadings plot of PC2 versus PC3. Two of the three characteristic Raman bands
of Prussian blue (2157, 2095 and 2042 cm™!) are again correlated, but are not
correlated with Fe. The other correlations between the Raman and XRF variables
are not very clear, but looking at the scores plot (Fig. 10.7(b)), a good classification
of the objects is performed. The objects are divided into groups, according to their
colour: the white group, the blue—green—purple group, the grey—black group and the
gold—pink-red group. The blue—green—purple group can be divided into two
subgroups, the blue group and the green—purple group. The green and purple
objects are plotted together. For the purple objects a mixture of Prussian blue and
vermilion was used, while for the green objects chrome yellow was mixed with
Prussian blue. The variables responsible for vermilion (344, 284 and 254 cm!; S and
Hg-1.) and chrome yellow (Cr) are plotted close to each other in the loadings plot,
resulting in grouping of the purple and green objects. The explanation of the black—
grey group is very obvious: the grey objects contain carbon black mixed with lead
white. This group is correlated to one of the broad characteristic Raman bands of
carbon black (around 1369 cm™), but the correlation with the other broad band
(1634 cm™) is not visible in the plots of PC2 versus PC3. The mixture of the red
and golden objects is probably due to the similar direction in which the variables of
the red objects (Hg and S) and the variables of the golden objects (Fe, Zn, Cr, Ni)

are plotted.

The fact that certain variables (Raman band positions and elements) are
unexpectedly not correlated in the loadings plot, can be understood when

considering that the presence of a specific element (e.g. Fe) can be associated with
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different materials (e.g. Prussian blue, hematite, limonite, etc.). Similarly, different
pigments may have a Raman band at the same position.

Comparing the plots of the three different datasets, the classification of the
porcelain card measurement (objects) is the best for the fused data. Raman
spectroscopy also gives a good classification, while classification with XRF
spectroscopy is more difficult probably because XRF spectroscopy obtains
information of the different layers together, so more mixture of pigments can be
expected. In the following, the same working method was repeated for a set of 24

reference pigments.
10.3.4 Reference pigments

10.3.4.1 Raman and XRF data fusion

PCA was performed on a fused dataset of 24 reference pigments. After performing
analysis with Raman spectroscopy, 24 Raman band positions were selected as
variables: 1050, 1017, 988, 837, 457, 434, 405, 403, 382, 353, 348, 344, 310, 291,
286, 254, 218, 201, 180, 169, 153, 142, 130 and 105 cm*. For the variables related
to XRF, the following 23 elements were selected: Na, Mg, Al, Si, P, S, K, Ca, Ti, V,
Cr, Mn, Fe, Co, Cu, Zn, As, Se, Cd, Sn, Ba, Hg and Pb. The plot of the principal
components (PCs) in function of the contribution to the variance explained
(Fig. 10.8) shows that probably at least 15 PCs are needed to explain the variance,

—_ n!

resulting in 105 scores plots (C™ /m'(n—m)' ) and 105 loadings plots.

Therefore, in practice, it is difficult to use the classification of the reference
pigments to identify an unknown sample, especially when the unknown sample

represents a mixture of pigments.
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Figure 10.8 The number of principal components (PCs) as a function of contribution
of the variance explained (CVE) after performing PCA on the fused dataset of the

reference pigments.

10.3.4.2 Identification procedure

This identification procedure was applied for the identification of the pigments used
in the different copies of the porcelain card. Interpretation of the Raman spectra
and XRF spectra independently of points Al, B1, C1 and D1, showed the presence
of lead white. Table 10.3(a) presents the results of the identification procedure for
Al. Similar results were obtained for B1, C1 and D1, as expected since similar
positions on the card were investigated. According to this table the percentage of
peaks retrieved in Al and the reference pigment lead white is 100%.

This identification procedure was performed for all the analysed points of the 4
copies of the porcelain card. Table 3b shows the highest percentage of peaks found

back in the measurement points and the reference pigments of the first copy of the
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porcelain card. The black analysed point (A9) was removed from the table, because
in the reference pigments no black pigment is present.

Table 10.3(b) shows that a lot of the analysed points are often wrongly identified as
lead white after applying the identification procedure. This is due to the high signal
of Pb present in the XRF spectra (XRF spectroscopy obtains elemental information
of all the layers together). The presence of the dominant signal of Pb is problematic,
because the peak areas of all the other lines are scaled to the area of Pb. Due to
the minimum limit of 10% a lot of the XRF signals are excluded from the

identification procedure.

analysed point | pigment standard %Rarman %k % rotal
Al (white) lead white 100 100 100
A2 (gold) azurite/malachite 66 33 55
A3 (brown) Prussian blue 100 0 80
A4 (blue) lead white 75 100 80
A5 (pink) vermilion 100 0 66
A6 (red) vermilion 50 50 50
AT (green) azurite/malachite 66 33 55
A8 (purple) lead white 60 100 66
A10 (light blue) lead white 75 100 80
All(beige) Lead white 100 100 100

Table 10.3 (b) Identification of 10 of the analysed points of porcelain card A, after

performing the identification procedure on the fused Raman—XRF data.

In order to correct for this, in a next step, the signal of Pb and the characteristic
Raman band of lead white at 105 cm™' were set to zero, resulting in, after

normalisation, a different number of peaks present in the Raman and XRF spectra.
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Table 10.4 shows the results of performing the adapted identification method. The

identification of the unknown pigments is much better with this dataset.

analysed point pigment standard %Rarman %k % rotal
Al (white) lead white 75 100 80
A2 (gold) Prussian blue 80 0 47
A3 (brown) Prussian blue 38 50 41
A4 (blue) Prussian blue 66 33 50
A5 (pink) vermilion 100 33 50
A6 (red) vermilion 100 100 100
chrysocolla 100 16 37
AT (green) Prussian bleu 100 16 37
chrome yellow 50 33 37
A8 (purple) azurite 71 33 53
chrysocolla 100 25 57
A10 (light
Prussian blue 66 50 57
blue)
lead white 66 25 42
All(beige) lead white 75 100 80

Table 10.4 Identification of 10 of the analysed points of porcelain card A, after
performing the identification procedure on the fused Raman—XRF data, without

taken into account the signal of Pb and the Raman band at 105 cm™.

Table 10.4 shows that in 50% of the cases (Al, A4, A5, A6 and All) the
identification is correct. For 20% of the cases (A7 and A10) the identification is not
straightforward, but by looking at the Raman spectra and XRF spectra separately
the correct identification can be made. For the green sample (A7) a mixture of

Prussian blue (37% match) and chrome yellow (37% match) was used, while for the

light blue sample (A10) Prussian blue (57%) was mixed with lead white (42%). Only in
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30% of the cases the identification was wrong. This is probably due to the presence
of impurities as trace elements in the reference pigments and due to the ability of
gathering only the data characteristic to the pigment and not the information of the

different layers together, when analysing an unknown sample.

10.4 Conclusions

The combination of two complementary techniques, Raman spectroscopy and XRF
spectroscopy, is a powerful tool for the characterisation of pigments in art objects.
For the combination of data originating from different spectroscopic techniques a
robust methodology is necessary. In this work mid-level data fusion was presented
for the characterisation of pigments used in porcelain cards. Mid-level fusion
implements the selection of variables, before applying the classification method. For
the Raman data, the Raman band positions of the sum spectrum were chosen as
variables, while for the XRF data the elements present in the single files were
selected. The classification with PCA of the pigments used in the porcelain cards
based on the fused data was remarkably better than the classification based on the
Raman data and XRF data separately. The procedure proposed here to identify
pigments in the sample based on book—keeping of presence of bands and peaks gives
satisfying results: in 50% of the cases the automated identification was
straightforward, in 20% of the cases the identification could be performed using
additional data, such as the single Raman and XRF spectra and only in 30% of the
cases no identification was possible.

In the future, different improvements of the identification procedure have to be
implemented. One improvement could be the inclusion of the colour information
(RGB) of the references and the samples in the identification procedure. If the
colour info is included a restriction of the list with all the reference pigments to a

list of reference pigments with a particular colour can be made. The critical step for
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this improvement is the availability of a colour card on the microscopic level,
because we only have small amounts of the reference pigment available, as well as
the influence of the grain size on the colour of the pigments. Another improvement
would be using a linear combination of the reference pigments fused data to describe
the fused data of the samples, because in practice, we may expect that the
measurements are related to mixtures of pigments. Also the use of the recorded
peak ratios could lead to an improvement of the identification procedure. As a last
suggestion to improve the identification procedure, it would be perhaps more
appropriate to perform Raman spectrum evaluation on the individual spectra, similar
to XRF. However, the currently proposed method, based on sum spectra does not

require any user input.

This research shows that performing the proposed mid-level data fusion of the
Raman and XKF data results in a more accurate classification of the measured
points on the porcelain cards, using PCA, than the classification based on the
spectral data of one of the two techniques. This fused Raman—XRF dataset was also
used as test dataset to develop a procedure for the identification of pigments, which
Is based on a simple vector multiplication of the fused data of an unknown pigment
and the fused data of 24 reference pigments. According to the results presented in
this chapter, this attempt to develop an identification procedure Is relatively
successtul. Nevertheless, an extensive study has to be performed to optimise this
proposed identification procedure.

Additionally to the evaluation on the basis of spectroscopic data, a special effort
was made to describe the pigment samples on the basis of colour. For this, pictures
of the 4 copies of the porcelain card were taken using a Canon EOS 50D camera,
with an EFS 17-85 mm lens. Afterwards, the pictures were calibrated in Abode

Photoshop Lightroom 3, using an X-rite colour checker passport. For each analysed
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point the RGB values were determined and stored in a file. PCA was performed to

classify the different analysed points according to their RGB values.

Figure 10.9 shows the loadings and scores plots of PCZ2 versus PCS3. Different
groups are presented, according to the colour: the red group (point measurements
Ab5-D5 and A6-D6), the blue group (A4-D4 and A10-D10), the green group (A7,B7
and D7) and the golden group (A2-D2). Point C7 falls in the middle of the green
and blue group, suggesting that the colour of object C7 is somewhere in between
blue and green. The two other groups present in the scores plot are mixtures of two
difterent colours. For PCZ versus PC3 no distinction can be made between the
white (A1-D1 and A11-D11) and the purple objects (A3-D3). The same conclusion
is made for the black (A9-D9) and grey objects (AS8-DS8). Comparing the scores plot
with the loadings plot shows that the green objects are linked to the variable G, the
red objects to the variable R and the blue objects to the variable B. This confirms

the choice of PCA for the classification according to the RGEB values.

No RGRB information of the pigment reference materials could be obtained because
in the lab only small amounts are present of each pigment reference material. In
order to perform a conventional calibration of the pictures taken, a colour card on
the micro—level is necessary. These cards are not commercially available. Moreover,
the appearance (colour) of pigment grains is different from the macroscopic view and
Is also strongly influenced by the grain size as well as by the method of applying

pigments on the cards.
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Figure 10.9 (a) Loadings plot of PC2 versus PC3 created by performing PCA on the
RBG dataset.
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Figure 10.9 (b) Scores plot of PC2 versus PC3 created by performing PCA on the
RGB dataset.
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Chapter 11

When performing spectroscopic analysis of art objects information is gathered which
can answer different types of questions concerning, amongst others, dating the art
object, identification of new materials, manufacturing processes, the authenticity of
the artwork, conservation and remediation of the object, relationships between a
particular work and similar works, trade routes, etc. Because of the (economical and
artistic) value of the artworks, the selected spectroscopic technique has to be
non—destructive, fast, universal, versatile and sensitive. The term universal points
to the possibility of analysing materials and objects of various shapes with a
minimum of sample preparation, while the term versatile indicates the possibility to
gather average compositional information and local information of micrometre—sized
areas.

Raman spectroscopy and X-ray fluorescence (XRF) spectroscopy are both analytical
spectroscopic techniques with the above mentioned characteristics. Both
techniques already proved to be very useful for the spectroscopic analysis of art
objects. In this work, a combination of Raman spectroscopy and XRF spectroscopy
was used, as both approaches provide complementary information; Raman spectra

contain molecular information, while XRF spectra give the elemental composition.

When analysing precious objects of art, it is of great importance to gather as much
as possible information with a minimum of (or preferably no) damage to the art
object. When artworks have to be moved to the laboratory, the integrity can be
affected unintentionally during transport. Therefore, mobile, portable and handheld
Raman and XRF spectrometers were developed to perform /n situ analysis.

In the first part of this work (Chapters 5, 6, 7 & 8) the focus lays on performing in
situ analysis with mobile Raman and XRF instruments. The large amount of
identified pigments, binding media and degradation products show that the
combination of Raman spectroscopy and XRF spectroscopy is a very effective tool

for in situ analysis in the field of cultural heritage. While performing these in situ
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measurements, we observed also some drawbacks. Analysing manuscripts with the
handheld XRF spectrometer was impossible. This was due to the overwhelming
signal of Fe in the XRF spectra. This signal is caused by the gall ink that was used
to write the text between the miniatures. Due to the large penetration depth of the
X-rays, also the signals caused by the ink and the pigments on the back of the folio
are present in the XRF spectrum. A possible solution to this problem would be the
use of total reflection X-ray fluorescence (TXRF) spectroscopy after micro—
sampling. The main advantages of TXRF spectroscopy regard to conventional
energy dispersive XRF spectroscopy are: very low detection limits (pg), reduction of
the matrix effects due to smaller penetration depth of the X-rays. The biggest
drawback for TXRF analysis is that sampling is necessary to fulfil the conditions of
total reflection.

Another drawback of performing in situ analysis is sometimes the environment in
which the measurements have to take place. An example of this is given in Chapter
6 for the in situ analysis of two vault paintings in the Our Lady’s Cathedral in
Antwerp (Belgium). To reach the vault paintings, the instruments had to be brought
on a scaffolding 22 m above ground level. Performing measurements on scaffoldings
is affected by stability problems: because of the vibrations the laser beam and X-ray
beam can be brought out of focus. Another problem for Raman spectroscopy is the
interference of stray light, entering through the stained glass windows.

Because of these drawbacks, we choose to perform the measurements in the
laboratory when sampling is allowed or if the dimensions of the artwork are not too
large. Using laboratory instruments allows a careful optimisation of the experimental

parameters when acquiring the data.

Performing point measurements provides the analyst with information of a very small
region (<50um), therefore mappings can be used to gather information of a larger

area. In the second part of this thesis (Chapters 8 and 9) the possibilities of
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performing Raman and XRF mappings with as well mobile XRF as laboratory Raman
and XRF instruments were evaluated. From the case study presented in Chapter 8,
we can conclude that performing an XRF mapping results in element images, which
give information on the different restoration processes. According to the results in
Chapter 9, the images of the Raman maps measured in low resolution mode are
already of sufficient quality. Measuring in low resolution mode decreases the
measurement time for the Senterra Raman spectrometer. No conclusions on the
quality as function of the time could be made, because the stage of the Senterra
Raman spectrometer is insufficiently stable. As a result of this instability, the object
moved out of focus during the measurements. For the XRF maps, a multivariate
statistical technique, K-means cluster analysis, was used to increase the quality of

the element images and to show the presence of different colour clusters.

When a combination of Raman spectroscopy and XRE spectroscopy is used, the
critical step is measuring with both techniques on exactly the same position.
Therefore, the measured spots were meticulously marked on a printed copy of the
analysed art object. This was done for the case study described in Chapter 10,
where the fusion of Raman and XRF data is presented for the identification of
pigments in porcelain cards. For this case study, we tried to measure with both
techniques on the same spot of the sample. Fusion of Raman and XRF data results
in a better classification of the pigments, using principal components analysis
(PCA), compared to the classification based on the results of only one
spectroscopic technique. Because of the promising results these fused Raman—XRF
data were used as a test dataset for the first attempt to develop an identification
procedure based on the fused Raman—-XRF data. Although this identification
procedure is based on a rather simple vector multiplication, good results were

obtained.
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Using a combination of Raman spectroscopy and XRE spectroscopy for the analysis
of art objects has some drawbacks, which leads to some ideas for future research.
First of all some instrumental improvements would make /n situ analysis of art
objects more successful. The possibility of performing Raman analysis with a mobile
or portable spectrometer containing two lasers with a different wavelength would
lead to more successful identifications. Especially the blue and green pigments are
hard to identify because of the absorbance of the red laser light (785 nm) and the
interference of fluorescence. Having the possibility to switch to a laser with another
wavelength would make the identification of green and blue pigments easier. Also
the possibility of performing measurements using auto—focussing would result in
more successful identifications.

Another instrumental improvement is performing 7z situ analysis with a combined
Raman—XRF spectrometer. Combined Raman and XRF spectrometers were
developed, but are not commercially available. They offer the advantage of
measuring with both techniques on exactly the same spot, but the main challenge is
the data processing. Until now the Raman spectra and XRF spectra are processed
independently/separately. In this work, a first attempt was made to fuse Raman and
XRF data, but there are still some parameters of the proposed identification
procedure that could be improved. One possible improvement would be using a
linear combination of the reference pigments fused data to describe the fused data
of the samples, as in practise we may expect that the measurements are related to
pigment mixtures and to mixtures of pigments and binding media. Therefore, an
extensive study has to be performed including datasets of different types of

materials (binding media, minerals,...) to improve the identification procedure.
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Summary

Using a combination of Raman spectroscopy and X-ray fluorescence (XRF)
spectroscopy is an attractive tool for the analysis of art objects in cultural heritage
studies, because of the non—destructive character of both spectroscopic techniques.
The success of this combination is also based on the complementary character of
both techniques: Raman spectroscopy delivers molecular information, while XRF
spectroscopy provides the analyst with elemental information. Another reason why
both techniques are attractive is the availability of mobile and portable Raman and
XRF spectrometers, which makes in situ analysis possible. Especially in the field of
cultural heritage this is a major advantage, because performing analysis iz situ does
not affect the integrity of the artwork. Therefore, the aim of this work is
identification of pigments used for different types of art objects using a combination
of both techniques, the optimisation of both techniques for mapping and developing

methodology for data processing of fused Raman—XRF data.

In Chapter 2 the basic theory of both techniques is described. Special attention was
given to the characterisation of the recently acquired Senterra Raman spectrometer.
In this chapter, also a comparison is made between the different Raman
spectrometers used in this work: the Mobile Art Analyser (MArtA) spectrometer
and the laboratory Senterra Raman spectrometer; as well as between the different
XRF spectrometers that were used: the laboratory EDAX Eagle-IIl spectrometer,
the mobile ArtTAX spectrometer and the mobile EDXRF spectrometer of the

University of Liege.

Chapter 3 describes the details of the spectrum evaluation of the Raman and XRF
spectra. In the first part of this chapter the spectrum evaluation software package

AXIL is described for the study of XRF spectra. For the Raman analysis, an
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in—house spectrum evaluation program was developed. The different functions of
this software are automated background subtraction and automatic band

identification based on first and second derivatives.

The last chapter of the theoretical considerations (Chapter 4) describes into detail
two multivariate statistical techniques, namely principal components analysis (PCA)
and K-means cluster analysis. In the next four chapters (5-8) the theory was
implemented in different case studies where a combination of laboratory, mobile and
portable spectrometers is used for the identification of pigments, binding media and

degradation products.

Chapter 5 describes the in situ analysis of 3 loose folios of the Breviary of Arnold of
Egmond with mobile Raman spectroscopy. Combination with XRF spectroscopy was
not possible because of the overwhelming signal of Fe due to the ink on the back of
the folio. As an additional technique to visual analysis, /7 situ Raman spectroscopy
was used to differentiate between different hands or workshops. The results of the
Raman spectroscopic analysis show that on each of the folios a hierarchical colour
use is present: the precious pigment vermilion (HgS) was only used for the holy

figures (probably the blue pigment ultramarine (Nag_,oAlgSigO5,S,_4) also).

A combination of mobile Raman spectroscopy and portable XRF spectroscopy was
used for the /n situ analysis of two vault paintings in the Our Lady’s Cathedral in
Antwerp (Belgium) (Chapter 6). The measurements had to be performed on a
scaffolding, 22 m above ground level. Performing analysis on a scaffolding results in
stability problems: because of vibrations the laser beam or X-ray beam could be
brought out of focus. Moreover, the Raman analysis had to be performed during the
night because of the interference of stray light entering through the stained glass

windows during the day. Nevertheless, many pigments could be identified, such as:
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lead white (2PbCO,-Pb(OH),), calcite (CaCO,), lead-tin yellow type I (Pb,SnO,),
vermilion (HgS), red lead (Pb,O,), hematite (Fe,O,) and azurite (2CuCQO,-Cu(OH),).
Next to the identification of pigments also information on the structure of the
different paint layers was gathered and the presence of a possible degradation

product, gypsum (CaSO,2H,0), was indicated.

In Chapter 7, a combination of mobile Raman spectroscopy, laboratory Raman
spectroscopy, laboratory XREF spectroscopy, UV-fluorescence photography and
infrared reflectography (IRR) was used for the analysis of the precious mediaeval
manuscript Liber Floridus. In a first step in situ analysis with the MArtA
spectrometer was performed. Because of the promising results, sampling was
allowed. These micro—samples were taken using a cotton swab and in the laboratory
fixed with n—hexane on ultralene, in order to be able to use the samples for both
spectroscopic techniques. Next to inorganic pigments, also two modern pigments
were identified, suggesting that some restorations took place. After performing an
extensive study, based on the UV-fluorescence photos, we concluded that the
manuscript was not restored before and that the two modern pigments are

impurities probably left behind unintentionally during the renovation of the band.

Chapter 8 presents the results of the direct analysis of the central panel of the
so—called ‘Wyts Triptych’ after Jan van Eyck with mobile Raman spectroscopy and
mobile XRF spectroscopy. Earlier analysis already showed that the analysed
painting is a copy after the original work. Nevertheless, this copy already underwent
a lot of restoration processes. The aim of this study was to get a better insight in
the different restoration steps the painting underwent over time. After performing

point measurements with both techniques, a few modern pigments could be
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identified, such as zinc white (ZnO) and anatase (TiO,). Also XRF mappings were
performed, resulting in element images of the restored areas.

Because of the promising results of the XRF mapping with the mobile XRF
spectrometer, an extensive study was performed evaluating the possibilities of
Raman and XRF mappings (Chapter 9). For this study 19" century colourful
porcelain cards were mapped. The first part of this chapter gives an extensive
overview of the use of Raman spectroscopy, XRF spectroscopy and the combination
of both techniques in the field of cultural heritage. Recording maps implies that both
spectrometers have a very stable XYZ stage. The stability of the stage is especially
a problem for the Raman mappings, because a tiny movement of the stage already
brings the sample out of focus. Therefore, in this chapter the stability of the stage
of the Senterra Raman spectrometer was evaluated. In addition, the quality of the
resulting images was evaluated measuring in low and high resolution mode. The XRF
maps already give a good quality image of the mapped area, but by performing
multivariate statistical techniques, such as PCA and K-means cluster analysis, the

quality of the different images could be improved.

In Chapter 10 data fusion of Raman and XRF data is presented. Until now, the
spectra of both techniques were interpreted separately and afterwards brought
together for the identification of pigments, binding media, degradation products,
etc. In this chapter a mid-level fusion, which is based on the selection of variables
before the actual fusion, is presented. The Raman variables are Raman band
positions selected using the in—house developed spectrum evaluation program. For
the XRF variables, the elements present in the spectra after performing the
spectrum evaluation using the software package AXFIT were selected. After fusing
the data, in a first step PCA was performed on the dataset, created by performing
point measurements on different copies of a similar porcelain card. PCA resulted in

the classification of the different analysed points. Interpretation of the loadings and
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scores plots show that for each copy of the card, the same pigments or mixture of
pigments was used. For the identification of the pigments, a set of reference
pigments was selected and analysed with both techniques. A first attempt was made
to develop a procedure for the identification of the pigments used, based on a

simple vector multiplication.

In conclusion, Raman spectroscopy and XREF spectroscopy form a powerful
combination for the identification of pigments in the field of cultural heritage. Both
techniques are non—destructive and provide complementary information. As well for
Raman spectroscopy as for XREF spectroscopy mobile or portable spectrometers are
available, which makes both techniques suitable for n situ analysis. Fusion of Raman
and XRF data leads to a more accurate identification of the pigments than
identification based on the spectra of one of these techniques. In future research
the possibilities of the automatic identification procedure based on the fused
Raman—XRF data should be further explored, which would result in improving the

identification procedure.

- 293 -






Samenvatting

Samenvatting

De combinatie van Ramanspectroscopie en X-straal fluorescentiespectroscopie
(XRF) is erg aantrekkelijk voor de analyse van kunstobjecten omdat beide
spectroscopische technieken niet destructief zijn. Het succes van deze combinatie
is gebaseerd op de complementariteit van beide technieken: Ramanspectroscopie
geeft moleculaire informatie, terwijl XRF spectroscopie de elementsamenstelling
weergeeft. Een andere reden waarom deze technieken zo aantrekkelijk zijn, is de
beschikbaarheid van mobiele en draagbare Raman en XRF spectrometers, wat in situ
analyse mogelijk maakt. Dit is een belangrijk voordeel voor kunstanalyse, aangezien
bij het uitvoeren van in situ analyse de integriteit van het kunstwerk niet
beschadigd wordt. Het doel van dit werk is de identificatie van pigmenten van
verschillende kunstobjecten gebruikmakend van een combinatie van beide
technieken, optimalisatie van het uitvoeren van mappings met beide technieken en
het ontwikkelen van een methodiek voor de dataverwerking van gecombineerde

Raman—XRF data.

In het tweede hoofdstuk wordt de theoretische basis van beide technieken
besproken. Er wordt ook veel aandacht besteed aan de recent aangekochte Senterra
Ramanspectrometer. Tenslotte wordt in dit hoofdstuk een vergelijking gemaakt
tussen de verschillende Ramanspectrometers die hier ingezet worden: de Mobile Art
Analyser (MArtA) en the laboratorium Senterra Ramanspectrometer. Daarnaast
worden de verschillende XRF spectrometers die hier gebruikt werden, besproken:
de laboratorium EDAX Eagle-IIl spectrometer, de mobiele ArtTAX spectrometer en

de mobiele energie dispersieve XRF spectrometer van de universiteit van Luik.

Hoofdstuk 3 beschrijft gedetailleerd de spectrumevaluatie van de Raman en XRF

spectra. In het eerste deel van dit hoofdstuk wordt een beschrijving gegeven van
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het softwarepakket AXFIT, gebruikt voor de evaluatie van de XRF spectra. Voor de
evaluatie van de Ramanspectra werd intern een spectrumevaluatie programma
ontwikkeld. Het doel van dit programma is het verwijderen van de achtergrond en
de automatische aanduiding van de karakteristicke Ramanbanden gebaseerd op de

eerste en tweede afgeleiden.

Het laatste hoofdstuk van het deel ‘theoretical considerations’ beschrijft
gedetailleerd twee multivariabele statistische technieken, namelijk principale
componentenanalyse (PCA) en K-means clusteranalyse. De daarop volgende vier
hoofdstukken (5-8) behandelen verschillende case studies, waarbij een combinatie
van laboratorium, mobiele en draagbare spectrometers is gebruikt voor de

identificatie van pigmenten, bindmiddelen en degradatieproducten.

Hoofdstuk 5 beschrijft de /n situ analyse van 3 losse folios uit het Breviarium van
Arnold van Egmond met behulp van mobiele Ramanspectroscopie. De combinatie
met mobiele XRF spectroscopie is niet mogelijk door het overheersende signaal
voor ijzer, veroorzaakt door de inkt op de achterkant van het folio. Naast visuele
analyse werd in situ Ramanspectroscopie gebruikt als extra techniek om een
onderscheid te maken tussen verschillende handen en ateliers. De resultaten van de
Ramanspectroscopische analyse tonen aan dat voor elk van de onderzochte folio’s
hiérarchisch kleurgebruik kan teruggevonden worden: het kostbaar pigment
vermiljoen (HgS) werd enkel gebruikt voor de heilige figuren, alsook waarschijnlijk

het blauwe pigment ultramarijn (Nag_;,Al;SigO4S,-4).

Een combinatie van mobiele Ramanspectroscopie en XRF spectroscopie werd
gebruikt voor de in situ analyse van twee gewelfschilderijen in de Onze—Lieve—
Vrouwekathedraal in Antwerpen (Belgié) (Hoofdstuk 6). De metingen hiervoor

werden uitgevoerd op een stelling van 22 m hoog. Het meten op een stelling gaat
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gepaard met stabiliteitsproblemen: door de vibraties kan de laserbundel of de
X-straalbundel uit focus gebracht worden. Daarnaast werden de Ramanmetingen
gedurende de nacht uitgevoerd, omdat overdag interferentie optrad met het licht
dat invalt via de grote glasramen. Desondanks konden toch veel pigmenten
geidentificeerd worden zoals: loodwit (2PbCO,-Pb(OH),), calciumcarbonaat
(CaCO,), loodtingeel type I (Pb,SnO,), vermiljoen (HgS), loodrood (Pb,O,), hematiet
(Fe,O,) en azuriet (2CuCO4Cu(OH),). Naast de identificatie van de pigmenten werd
ook informatie verzameld over de structuur van de verschillende lagen en werden

sporen van een mogelijk degradatieproduct, gips (CaSO,2H,0), teruggevonden.

In hoofdstuk 7, werd een combinatie van mobiele Ramanspectroscopie, laboratorium
Ramanspectroscopie, laboratorium XRF spectroscopie, UV-fluorescentiefotografie
en infraroodreflectografie (IRR) gebruikt voor de analyse van het kostbaar
middeleeuws handschrift Liber Floridus. In een eerst fase van het onderzoek werd in
situ analyse uitgevoerd met de MArtA spectrometer. Omdat deze eerste resultaten
veelbelovend waren, werd staalname toegelaten. Deze micro—staaltjes werden
genomen met een wattenstaafje en in het labo gefixeerd met n—hexaan op ultraleen,
zodat dezelfde staaltjes gebruikt konden worden voor beide spectroscopische
technieken. Naast de identificatie van anorganische pigmenten, werden ook twee
moderne pigmenten teruggevonden. De aanwezigheid van deze moderne pigmenten
suggereert dat de miniaturen werden gerestaureerd. Na een uitgebreide studie,
gebaseerd op UV-fluorescentiefoto’s, kon geconcludeerd worden dat het
manuscript niet werd gerestaureerd, maar dat deze onzuiverheden waarschijnlijk per

ongeluk zijn achtergebleven tijdens de vernieuwing van de boekband.

In hoofdstuk 8 worden de resultaten van de directe analyse van het middenpaneel
van het zogenaamde Wyts drieluik naar Jan van Eyck, met mobiele

Ramanspectroscopie en mobiele XRF spectroscopie beschreven. Vroegere analyses
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hadden al aangetoond dat het onderzochte paneel een kopie is van het origineel.
Verschillende foto’s lieten echter zien dat deze kopie al vaak werd gerestaureerd.
Het doel van dit onderzoek is een beter inzicht krijgen in de verschillende
restauratieprocessen dat het middenpaneel onderging. Door puntanalyses met beide
technieken konden enkele moderne pigmenten geidentificeerd worden, zoals zinkwit
(ZnO) en anataas (TiO,). Daarnaast werden ook XRF mappings uitgevoerd. Deze
mappings geven per element een beeld van de gerestaureerde zone en geven dus

informatie over de verschillende restauratieprocessen.

Doordat de resultaten van de XRF mappings, die uitgevoerd werd met de mobiele
XRF spectrometer, veelbelovend waren, werd een uitgebreide studie uitgevoerd met
als doel de verschillende mogelijkheden van Raman en XREF mappings te evalueren
(Hoofdstuk 9). Voor deze studie werd een mapping uitgevoerd op kleurrijke
porseleinkaarten van de 19¢ eeuw. In het eerste deel van dit hoofdstuk wordt een
overzicht gegeven van het gebruik van Ramanspectroscopie, XREF spectroscopie en
de combinatie van beide technieken voor cultureel erfgoedstudies. Een noodzaak
voor het uitvoeren van mappings is de aanwezigheid van een stabiele XYZ
microscooptafel. De stabiliteit van deze tafel is vooral van belang bij het uitvoeren
van Ramananalyses, omdat een minuscule verplaatsing van de tafel ervoor kan
zorgen dat het object uit focus wordt gebracht. Om deze reden wordt in dit
hoofdstuk de stabiliteit van de microscooptafel van de Senterra Ramanspectrometer
gedvalueerd bij verschillende meettijden. Bijkomend werd ook de kwaliteit van de
verzamelde beelden geévalueerd bij metingen met lage en hoge resolutie. De
beelden afkomstig van de XRF mapping geven al beelden van voldoende kwaliteit,
maar door gebruik te maken van multivariabele statistische technieken, zoals PCA

en K-means clusteranalyse, kan de kwaliteit van de beelden nog verbeterd worden.
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Samenvatting

In hoofdstuk 10 wordt de fusie van de Raman en XRF data voorgesteld. Tot nu toe
werden de spectra van beide technieken onathankelijk van elkaar geinterpreteerd,
vooraleer de resultaten samen gebracht werden voor de identificatie van pigmenten,
bindmiddelen, degradatieproducten,... Dit hoofdstuk presenteert een fusie op het
middenniveau, waarbij eerst een variabele selectie doorgevoerd wordt, vooraleer de
echte fusie plaatsvindt. De Raman variabelen =zijn Ramangolfgetallen die
geselecteerd werden door gebruik te maken wvan het intern ontwikkeld
spectrumevaluatie programma. Voor de XRF variabelen werden de elementen
geselecteerd door gebruik te maken van het spectrumevaluatie software pakket
AXFIT. Na de fusie werd in de eerste fase PCA uitgevoerd op een dataset die
bestaat uit puntmetingen van verschillende kopieén van een gelijkaardige
porseleinkaart. Het toepassen van PCA op de dataset zorgt voor een classificatie
van de verschillende geanalyseerde punten. Interpretatie van de ladinggrafieken en
scoregrafieken tonen aan dat voor elke kopie van de kaart dezelfde pigmenten of
een mengsel van dezelfde pigmenten werd gebruikt. Voor de identificatie van de
pigmenten werd een set van referentiematerialen geselecteerd en geanalyseerd met
beide technieken. Een eerste poging voor het ontwikkelen van een

identificatieprocedure werd ondernomen, gebaseerd op een vectorvermenigvuldiging.

We kunnen besluiten dat Ramanspectroscopie en XRF spectroscopie een krachtige
combinatie vormen voor de identificatie van pigmenten in cultureel erfgoedstudies.
Beide technieken =zijn niet destructief en voorzien de onderzoeker van
complementaire informatie. Zowel voor Ramanspectroscopie als voor XRF
spectroscopie zijn er mobiele en draagbare spectrometers beschikbaar, die beide
technieken geschikt maken voor in situ analyse. De fusie van de Raman en XRF
data zorgt voor een meer accurate identificatie van de pigmenten in vergelijking met
de identificatie gebaseerd op één van beide technieken. In de toekomst moeten de

mogelijkheden van de automatische identificatieprocedure gebaseerd op de
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Samenvatting

gecombineerde Raman—XRF data verder onderzocht worden. Dit zal ongetwijfeld

leiden tot een verder verbetering van de identificatieprocedure.
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Appendix A: Idl routines read jeamp._dx.pro and
calc_jeamp_dx_parameters.pro

A.1 read_jcamp_dx.pro

The file read_jcamp.pro contains a set of IDL routines that are used to import the
so—called “*.dx” or “*.jdx” Raman spectral data as the step before the actual
processing of these data. The read_jcamp_dx routine is able to return a table of
spectral data in case the filemask represents more than one file, or the single file
contains more than one Raman spectrum (e.g. data of Raman map). The extended
routine read_jcamp_dx files is able to import multiple Raman data (files) and
returning the data of the common Raman wavelength interval (in case Raman

spectra were recorded with different wavelength intervals).

SYNTAX read jcamp dx[, filemask, x, y, info, [/show]]

RETURN VALUES X vector or array (wave number, spectrum)
y vector or array (intensity, spectrum)
info vector or array (info, spectrum)

SUBROUTINES read_jcamp dx_spectrumbody

import the data of an individual Raman spectrum

calc_jcamp dx spectrum

convert the data imported from the file to intensities and

wavelength numbers so that plotting a Raman spectrum

is as simple as executing “plot, x, vy”

EXAMPLES

read_ jcamp dx (reading without plotting and returning data)

read jcamp dx, /show (only plotting the data)

read jcamp dx, ‘*.dx”, x, y, info, /show (importing *.dx data returning x, y and info)
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Listing of read_jcamp_dx.pro

read_jocamp_dx.pro

how to call:
(i) read joamp_d=x —» reading without plotting and returning data
(i1 read_jecamp_dx, /show -»> only plotting
{iii) read_jecamp_dx, "*dx", x, vy, info, /show
- platti?g: plot, =, ¥
—» returning data: x, y, info

note: if mask is giwven, only the first file found is read

P
FRO read_jcamp_dx_spectrumbody, unit, headerline, t_firstx, t_lastx, t_spectraldata
empty=str =

; reading file

; read first header
line = emptystr
i o}

WHILE (STRFCS (line, "##XYDATA=") NE 0) DO EBEGIN
READF, unit, line
IF(i EQ O) THEN BEGIN

headerline = [line]
ENDIF ELSE EBEGIN
headerline = [headerline, line]
ENDELEE
i=1+1
ENOWHILE

;PRINT, headerline

; read data
i=20
READF, unit, line
REPEAT EEGIN ; ((STRPOS(line, "##END') GE 0) ©OR EOF (unit))
t_line = strjoiniztrsplit(line, /fextract), "+')
sublines = STRSPLIT(t_line, "[-+]", fextract, fregex) ; extract different words separated by "+ or '-7
;sublines = STRSPLIT(t_line, '\+’', /extract, /regex) ; extract different words separated by "+’
IF (subline={0) NE '##END=') THEN BEGIN
;PRINT, =sublines=s
nwords = H_ELEMENTS (sublines)
IF(i EQ ©) THEN BEGIN
t_firstx = FLOAT (sublines(0))
t_spectraldata = LONG(sublines(l:nword=-1))
ENDIF ELSE BEGIN
;PRINT, t_line
;PRINT, =ublines
t_lastx = FLOAT (subline=({0]})
t_spectraldata = [t_spectraldata, LONG(sublines(l:nword=s-1))]
ENDELSE
ENDIF
i=1i+1
READF, unit, line
ENDREF UNTIL ((STRFCS (line, "##END’) GE 0) OR EOF (unit))
END

; calculate spectrum
FRO calc_jocamp_dx_spectrum, spefile, headerline, t_first=, t_lastx, t_spectraldata, spectraldata_x, spectraldata_y,
info, show=show

i
empty=tr

—
floatnr = 0.0

longnr = 0L

title = emptystr ;1
joampwer = emptystr

data_type = emptystr

date_exp = emptystr ;!
xunits= = emptystr ;1
yunits = emptystr P
rescluticon = flcatnr

xfirst = longnr P
xlast = longnr s 1
ixdelta = floaktnrc ; could be non-existing
ymax = flcatnr

ymin = floatnr

xfacteor = flocatnr

yfactor = floatnr

npoints = longnr

yifirst = flcatnr

xydata emptystr

; deccding header

thelp, headerline

nheaderline = H_ELEMENTS (headerlinel

FCR 1 = 0, nheaderline - 1 DO BEGIN
sublines = STREPLIT (headerline (i), ’'=',/extract, /regex) ; extract different words separated by =’
LEE =subline=({0) OF "##TITLE' : title = sublines(l
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FHEEICAMP-DX ' ¢ joampwar = gubline=(1l)

'#HDATATYPE': data type = sublines(l)
"#HHDATE" : BEGIN
IF (M_ELEMENTS (date_exp) EQ 0) THEN BEGIN
date_exp = sublines (1)
ENDIF ELSE BEGIN
date_exp = =sublines(l) + ** + date_exp
ENDELSE
END
"H#ETIME' @ EEGIN
IF (N_ELEMENTS (date_exp)} EQ 0) THEN EEGIN
date_exp = zublines (1)
ENDIF ELSE EBEGIN
date_exp = date_exp + "’ + subline=(1)
ENDELSE
END
H "H#EORIGIN ¢ origin = publines=(l)
: "H#HOWNER " : owner = sublines (1)
H
PHRESOLUTION': resclution = sublines(l)
THENPOINTS " ¢ npoints = subline=(1)
H
PHENXUNITS ¢ xunits = sublines (1)
HEFIRSTX ' : xfirst = sublines (1)
THELASTX 2 xlast = sublines (1)
FHEEMINK ' : xmin = subline= (1)
FHENMANX " xmax = gubline=s(1l)
FHEXFACTORY : xfactor = zmublines(l)
"#EDELTAX " : ndelta = sublines(l)
H
FHEEYUNITS ¢ yunits = subklines(l)
"HEYFACTORY : yiactor = zublinesil)
HEFIRSTY ' : yfirst = sublines (1)
THENINY 7 2 ymin = subline=z (1)
FHEENMANY " ymax = gubline=s(1l)
H
FHEXYDATA " ¢ xydata = sublines (1)
r
ELZE:
ENDCASE

; calculate spectraldata

PoxX
IF (N_ELEMENTS (xdelta) EQ O) THEWN BEGIN
xdelta = fFLOI—‘AT(xlast:I—FLOAT(xfirst)],-"’inpoints—l.)
BRINT, ‘xdelta’, =xdelta
ENDOIF
spectraldata_x = LINDSEN( (FLOAT (xlast)-FLOAT (xfirst)) /FLOAT (xdelta)+l) * FLOAT (xdelta)
spectraldata x = spectraldata_x + FLOAT (xfir=st)
nx = H_ELEMENTS (spectraldata_x)
HE
H
spectraldata_y = t_spectraldata(0:nx—1) * FLOAT{(yfactor) j force to exclude wrongly added ZERC=

;PRINT, =zpectraldata
HELF, spectraldata
IF(show NE () THEN PLOT, spectraldata_x, spectraldata_y, title=title, =xtitle=xunits, ytitle=syunits

PRINT, =zpafile + ':7 +title+ ', ' +date_exp
PRINT, " nx ', N_ELEMENTS |(spectraldata_xj, *fxmin’, MIN(spectraldata =), ‘xXmax ", MAX(spectraldata =x]
PRINT, " ny ', HN_ELEMENTS (=spectraldata_y), *fymin’, MIN(spectraldata_y), ‘ymax ", MAX(spectraldata_y]

xunits ‘Wavenumber (* + STRLOWCASE (xunitz) + ')f
yunits Intensity (counts/channel)”
;= = yunits & yunits = STRUPCASE(STRMID(=,0,1))+STRLOWCASE (STRMID{s,1,STRLEN(=)-1)) + * (counts/channel)

: check for whether the info items exist

IF (N_ELEMENTS (rescultion) EQ ) THENW resolution="05" ; default resclutien is 0.5 [l/cm]
info = [apefile, date_exp, xunits, yunits, resolution] ; info i® list of =trings
jinfo = [title, date_e=xp, xunits, yunits, resolution] j info is list of strings

; check for increasing = wvalussz ... routines are succeszful only that way

;zpectraldata_x = REVERSE (zspectraldata_x)

ispectraldata_y = REVERSE (spectraldata_y)

IF (spectraldata =(0) GT spectraldata =(1)) THEN BEGIN
zpectraldata_x = REVERSE(spectraldata_x)
spectraldata y = REVERSE(spectraldata y)

ENDIF

END

i
PRO read_jcamp_dx, dxfile=s, spectraldata_x, spectraldata_y, info, showsshow

IF (N_ELEMENTS (show) EQ 0) THEN show = 0
spefile_extension = ".dx jdx*

IF (N_ELEMENTS (dxfile=) EQ 0) THEN BEGIN
;PRINT, ‘NO jeamp DX file(s) given ... mmanual selection is requested ...
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spefiles = DIALOG_FICKFILE (FILTER=[‘*dx’, "*jdx’], %
JEIX_FILTER, TITLE=spefile extension+’ file selection to be read’ )
ENDIF ELSEE EEGIN
spefiles = FINDFILE (dxfiles)
ENDELEE

thelp, spefiles
(PRINT, =pefiles(0)

IF(NOT (FILE_TEST (spefiles(0)))) THEHN BEGIN ; no spectrum selection
PRINT, 'NO jeamp DXADX selected ... read_jeamp_dx STOPPED'
EETURN
ENDOIF

nzpefilez = N_ELEMENTS (zpefiles)

IF (nspefiles NE 1) THEN BEGIN
spefiles = spefiles(0)
PRINT, "Warning : more than file selected ... only first file is going to be read.
ENDIF

spefile = =zpafile=s

OPENR, unit, =spefile, /GET_LUN
s=0
WHILE (NOT EOF (unit)) DC BEGIHN
; read 1 spectrum
read jocamp_dx_spectrumbody, unit, headerline, t_firstx, t_last=, t_spectraldata

= =3 + 1
print, - spectrum #°, =
WAIT,0.5

; calculate spectrum
calc_jocamp_dx_spectrum, spefile, headerline, t_firstx, t_lastx, t_spectraldata, =_spectraldata_x, s_spectraldata_y
, =_info, show=show
; check whether info(l) is8 empty =tring ... if =so take the number =
tempstring = STRCCMFRESS(s_info(l), /REMOVE_ALL)
IF (STRLEN (tempstring) EQ 0) THEW = info{l) = STRCOMPRESS (STRING(s), /REMOVE_ALL)
IF (= EQ 1) THEN BEGIN
spectraldata_x
spectraldata_y
info =
ENDIF ELSE EEGIN
; assume same dimensionzs for all individual RAMAW spectra
spectraldata x = [[spectraldata_ =], [=_spectraldata =]]
spectraldata y = [[spectraldata_y], [s_spectraldata y]]
infe = [[info], [=_info]]
ENDELSE
ENDWHILE ; NOT EQF{unit)
CLOSE, unit
FREE_LUNM, unit

_spectraldata_x
_spectraldata_y
_info

[ mm

H
; read dxfiles containing that uld contain more than 1 sp
PRO read_jecamp_dx files, dxfiles, spectraldata_wx, spectraldata_y, info, show=show

IF (N_ELEMENTS (zshow) EQ 0) THEN show = 0
spefile_extension = ".dx jdx*

IF (N_ELEMENTS (dxfile=s) EQ 0) THEN BEGIN
PRINT, ‘NO jeamp DX fileis) given .. manual selection is requested ...
spefiles = DIALOG_FICKFILE(FILTER=['*dx’, "*jdx'], %
JFIX_FILTER, TITLE=spefile_extension+’ file selection to be read’ )
ENDIF ELSE EBEEGIN
nzpefiles = N_ELEMENTS (dxfiles)
IF (nspefiles EQ 1) THEN EBEGIN
; filemask is given
spefiles = FINDFILEidxfiles)
ENDIF ELSE EEGIN
; defiles i8 array of dx-filenames
spefiles = dxfiles
ENDELSE
ENDELEE

help, spefiles=s
PRINT, spefiles(0)

IF (NOT (FILE_TEST (spefiles(0)))) THEM BEGIN ; no spectrum selection
PRINT, 'NO jeamp DX/ADX selected ... read_jeamp_dx STOPPED'
EETURNM
ENDIFE

nzpefiles = N_ELEMENTS (zpefiles)
PRINT, '[read jeamp_dx_files] *, nspefiles, - files tobe read’

FOR ==0, nspefile=z-1 DO BEGIN
spefile = spefiles(s)
OFENR, unit, spefile, /GET_LUN
; read 1 spectrum
read jocamp_dx_spectrumbody, unit, headerline, t_firstx, t_last=, t_spectraldata
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print, spectrum #°, =
SWAIT, 0.5
; calculate specktrum
calc_jocamp_dx_spectrum, spefile, headerline, t_firstx, t_lastx, t_spectraldata, = _spectraldata =,
, =_info, show=show
; check whether info(l) is empty =tring ... if =so take the number =
tempstring = STRCCMFRESS(s_info(l), /REMOVE_ALL)
IF (STRLEN{tempstring) EQ 0) THENW = info{l) = STRCOMPRESS (STRING(s), /REMOVE_ALL)
nx = N_ELEMENTE (s_spectraldata_ax)
IF (= EQ O) THEN BEGIN
spectraldata = = s_spectraldata_ x
spectraldata y = =_spectraldata_y

infe = =_info
t_beg = =_spectraldata_x(0) ; table lowest wawenumber
t_end = =_spectraldata_x(nx-1) ; table highest wawenumber

ENDIF ELSE BEGINM
; assume same dimensicns for all individual REMAN spectra
; check dimensicns before joining adding data

s_bag
s_end

=_spectraldata_x(0) ; spectrum lowest wavenumber
=_spectraldata x(nx-1) ; spectrum highest wavenumber

IF{s_beg EQ t_beg AND =_end EJQ t_end) THEN EEGIN
; do nothing ... table and spectrum to be added =same length in wavenumber domain
PRINT, 'DoMNOTHING..®
ENDIF ELSEE EEGIN
; different length table and spectrum to be added ... chunk
PRINT, 'DoSOMETHING ..
new_beg = MREX([t_beq,

=_beg])
new_end = MIN({[t_end, =_end])

t_beg_i = WHERE (spectraldata_x(*,0) EQ new_beg)
t_end_3i = WHERE (spectraldata_x(*,0) EQ new_end)
=_beg_i = WHERE (s_spectraldata_x EQ new_beg)

=s_end_ i WHERE (=_spectraldata_x EQ new_end)

; make spectraldata_x and s_spectraldata_x =zame langth in wavenumber domain
spectraldata_x = spectraldata_x(t_beg_i:t_end_i, *)

=_spectraldata x = =_spectraldata x(=s_beg _i:s_end i)

spactraldata_y = spectraldata y(t_beg i:t end i, *)

=_spectraldata_y = =_spectraldata_y(=s_beg_i:s_end_i)

; store new beg and end for table
t_beg = new_beq
t_end = new_end
ENDELSE ; IF{s_beg NE t_beg OR s5_end NE t_end)

spectraldata = = [[spectraldata =], [=_spectraldata =]]
spectraldata y = [[spectraldata_y], [=_spectraldata_y]]
infe = [[info], [=_info]]
ENDELSE
CLOSE, unit
FREE_LUN, unit
ENDEOR

END

_spectraldata_y
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A.2 calc_jcamp_dx_parameters.pro

The file calc_jcamp_dx_parameters.pro contains a set of IDL routines that are used
to extract the information (position and intensity of peaks) from Raman spectra. The
calc_jcamp_dx_parameters calculates the position (wave number) of peaks and the
corresponding intensity, based on calculation of the first and second derivative of
the spectrum. If the background is not given as input the calculation is done on the
full spectrum. The snip routine estimates the background using the SNIP algorithm
of Clayton, Ryan and co—workers. If calc_jcamp_dx_parameters is executed with the
background as argument then the calculations are done on the background
subtracted Raman spectrum;see routine calc_jcamp_dx_parameters_using _background
for details. Also, if available by argument the background is used to decide whether

a peak can be omitted on statistical considerations as explained in this work.

SYNTAX calc_jcamp dx parameters, filemask, $
input _x = input x, input y = input y, $
input b = input b, input_info = input info, $
dl_threshold = dl_threshold, d2 threshold = d2_ threshold, $
res_x, res_y, res_dx, res_yback
INPUT VALUES

filemask filemask if no other input is given
input_x vector or array (wave number, spectrum)
input_vy vector or array (intensity, spectrum)
input b vector or array (intensity, spectrum)
input_info vector or array (info item, spectrum)

dl_threshold threshold value equal to fraction of maximum change 1°° derivative
d2_threshold threshold value equal to fraction of maximum change 2" derivative

RETURN VALUES

res x vector or array (wave number, spectrum number)
res_y vector or array (intensity, spectrum number)
res_dx vector or array (uncertainty wave number, spectrum number)
res_yback vector or array (intensity, spectrum number)
SUBROUTINES
pderiv programmed derivative with DOUBLE precision
ideriv calculation of derivative by interpolation with polynomial
BACKGROUND ESTIMATION PROCEDURE
snip background estimation procedure SNIP of Clayton, Ryan and co
isnip iterative background estimation procedure SNIP

example: yback = snip(input_ x, input y, 5, wvl range=[50, 1800], /show)

EXAMPLES
. calc_jcamp dx parameters, ‘testl.dx', wvl range=[150,1400],5$
dl_threshold=0.02, d2_ threshold=0.05, res x, res y, res dx, $
/labeled, psfile='testl.ps’
. read jcamp dx, 'test2.dx', i x, iy, info
i yback = snip(i x, i y, 5, wvl range=[100, 1600],/show)
calc_jcamp dx parameters using background, nonexisting var, $
input x=1i x, input y=i y, input b=i yback, input info=info,$
wvl range=[250,1800], dl_threshold=0.02, d2_ threshold=0.01, $
res x, res y, res dx, res yback, /labeled, psfile='test2.ps’
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Listing of calc_jeamp_dx_parameters.pro

calc_jcamp_dx_parameters.pro
calculate parameters from graphs =tored in the jcamp files

how to call:

cutput:
res_xli)  wavenumbsr of maximum i
res_yli) intensity of maximum i
res_dx{i) width of peak at maximum i

2.g.1
ICL> calc_joamp_dx parameters, gramslibed08blaow DX*, wvl_rangs-[200, 700], dl_threshold=-0.02, d2_threshold-0.04

pderiv 3 rammed derivative
FUNCTICON pderiv, x, ¥

¥ = DCUELEI(X)
¥ = DCUELE (y)
nx = M_ELEMENTS [x)

res_dx = DELARRI(DX) ; helding the differential values
FOR i=0, nx-2 DO EEGIN

res_dxii) = [ y(i+l) - yii) ) / [ =ii+l)y - ={i) |

ENDFOR

res_dxinx-1) = res_dx(nx-2)
EETURN, res_dx
END

; ideriv caloulation of derivative

FUNCTICN ideriv, =, ¥

¥

interpolat

width = 21 ;oodd 1101

¥ = DOUBLE ()

¥ = DOUELE (y)

nx = H_ELEMENTS (x)

res_dx = DELARE(nx) ; helding the differential wvalues

i_beg = (width / ZL]
i_end = nx - {(width / 2L) + 1)

FOR i=i_beg, i_end DO BEGIN
®_range_i = (INDGEW (width)-i_k=g) + i
temp_x - X{x_range_ i)
temp_y - yix_range i)

temp_coeff = POLY_FIT(temp_x, temp_¥, 2}
temp_kb = temp_cosff(l)

temp_c = temp_cosff(2)

temp_deriv = temp b + (2 ¥ temp_co * temp_x)

res_dx(i) = temp_derivii_keqg)

otting

np_x, temp vy, psym=4
yitemp_x, temp_coeff)
joplot, temp =, yfit

ENDFCR

FOR i=0, i_beg DO EEGIN ; £i1l very first dx with first calculated wvalue
res_dx (i) = res_dx(i_beg)
ENDFCR

FOR i=i_end, i_end+i_beg Do BEGIN ; fill last dx with last calculated wvalue
res_dxii) = res_d=x(i_end)
ENDFCE

EETURM, res_dx
END

background estimation procedurs SNIF of Clayton, Ryan and coworkers

H
H
; input ix, iy, i_n, ; ¥ & ¥ values, and numkser of regquested interations i_n

H ¥ walues are necessary in case a wavelengkth-range is given (wvl_range)
; output ] ;7 background estimation wvalues

FUMCTICHN snip, i_x, i_v, i_n, wvl_range-wvl_range, show-show, ps-p=, waittime-waittime

IF(M_ELEMENTIS (show) EQ Q) THEMN show = O ; do met show by default

IF{H_ELEMENTIS (p=] Eg 0] THEHN BEGIN ; paramzters used by procedure calc _jcamp_dx_parameters
ps=0
s2l_charsine

z2l_charthic
szal_thick
sel_symeirme

EHDIF ELEE EEGIH
ps=1
sel_charsine
sel_charthick
sel_thick
sel_symsirne

ENDELSE

IF (W_ELEMENTS (waittime) EQ 0) THEN waittime=0

b

1
2
3
.7

IF{show) THEN EBEEGIN
pmulti_old - !P.MOLTI
B MULTI = [0, 1, 3]
=) ;rangs = [MIN(i_y)*0.%5, MAX(i_y)*1.05]
PLOT, i_x, i_y, linestyle=1, ¥XETYLE-1l, XRAWGE-REVERSE (wvl_range), %
YETYLE=1, YRAWGE=plotyrange, TITLE='Data¥ "’

WAIT, waittims
EMDIF

nx = M_ELEMENTS(i_x)
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IF (W_ELEMENTS (wvl_range) EQ 0] THEM BEGIN
nheg = 0
nend = nx -1
EWDIF ELSE BEGIH
; calculate range of iy walues corresponding to the wavelength range
diff x = i_x - wvl_range(0)
temp_i - WHERE (diff x GE 0)
IFi{temp_i(0) EQ -1) THEN BEGIN
nbeg = 0
ENDIF ELZE EEGIN
nbeg = temp_i(0)
EHDELEE
diff x = i_x - wvl_range(l}
temp_i = WHERE (diff_x cE 0)
IF(temp_1i(0) EQ -1) THEN BEGIN
nend = nx-1
EHNDIF ELSE EEGIH
nend = temp_i(d)
EHNDELEE
EWDELSE
7 nbk=g and nend holds RoI
PRINT, 'snipnbegnend: ', nbsg, nend
IF {show) THEM BEEGIN ; display selected region when asked
CPFLOT, i_x (nbeginend), i_y(nbag:nend)
WAIT, waittims
ENDIF

; calculate where to start: it all depends on the chosen width
i square rooct tranzformation

yhack = 1
ybhack (nbeg:nend) = SQRT(yback(nkeg:nend) >0}

width - 50 ; window FWHM ? fixed numbsr for Raman 277777277
; width=200 ... 5 expansion = 40 * 0.5/ /ch ... width of 20 l/c
; width=50 width of 4 1,

NREDUC = 8

sgrt2 = SQRT(2)

red_fac = 1

iw = (red_fac * Z * width) + 0.5

; calculate the borders to be stripped

FOR j-1, i_n OO BEGIN
; calculate width iw, reduce for last NREDUC iterations
IF{j ©T (i_n-UEEDUC)) THEN red fac = red_fac / SQRTZ

; stripping
IF (iw LE 0) THEN break

FCOR i=-nbeg, nend Do BEGIN
iw = (red_fac ¥ 2 % width) + 0.5
il = mex({ [i-iw, nbeg] }
iZ = MIN{ [i+iw, n=nd] )

ivback (i) = MIN([ybacki{i)+3*EQRT([vback({i)), 0.5*(yback (il)+yback (12))]}
vhack{i) = MIN|[ykack(i), 0.5*%(yback({il)+yback{i2))]]
ENCEQOR

ENDFCE

; inverse =guare root transformation
FOR i-nkeqg, nend DO ykack (i) - yback{i)"2

IF (show) THEN EEGIN
FLOT, i_x, yback, ¥3TYLE=1l, YRANGE=plotyrange, 5
JPLOT, i_x, ryback, YSTYLE=1l, YRARNGE=[MIN|yback (nbeg:nend))*0.95, MARX(yback(nbeg:nend))*1.05]7, 3%
¥STYLE-1, XRANGE-REVERSE(wvl_ranges), linestyle-5, TITLE=-'Yback’
CoFLOT, i_x({nkeg:nend), yback(nbeg:nend)
WAIT, waittime
ENDIF

IF (show) THEN EEGIN
FLOT, i_x, i_y, YSIYLE=1l, YRANGE=plotyrange, XsTYLE=l, XEANGE=REVERSE(wvl_range), linestyle=l
CPLCT, i_xinksg:nend), ybackinbeg:nend), linestyle=5

OFLOT, i_xinbeg:inend], yback(nbeg:nend)+2%3QRT (yback (nbeg:nend)), linestyle=2 ; line of uncertainty n*zigma ... n addi
tional parameter ¥717%

WAIT, waittime

'P.MULTI = pmulti_old

ENDIF
FETUEM, yback
END

iterative background estimation procedure SNIF of Clayton, Byan and coworkers

input ix, iy, ; ¥ & v values,

in ; array of number of requested interations i_n

H
H
H
H x wvalues are necessary in case a wavelength-range is given (wvl_range)
7 output o b ; background estimaticon wvalues

FUMCTIICH isnip, i_x, i_y, i_n, wvl_range-wvl_rangs, zhow-show, ps-ps

i_times = N_ELEMENTE (i_n)

b w o= i =
t_y = iy

nx = H_ELEMENTS (i_x)
yback - DBLARR(nx) * 0.0
t_yback = yback

FOR i=0, i_times-1 DO BEGIN
ty = (i_y - yback) = O
t_yback = snipit_x, t_y, i_n({i), wvl_range=wvl_range, show=show)
yback = yback + t_ykack
ENDFCE
EETURMN, yback
END

H
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input i x, i_y, i_dx i_dx is used to judge whether new peak starts (i.e. i_dx is instrumental paramster)
output o_x, o_y, o_dx o_x(i) indicate peak i position with intensity walus o_y (i) with width o_dxi(i)
RO calc_reduced_x_y_dx, i_x, i_y, i_dx, 3%
o_¥, o_d

e e e

nx = H_ELEMENTS (i_x)

;7 initialime accounting variables
temp_x = i_x(0)
tem iy ()
tput = 0 ; no results in o_x yet
nx-2 DO BEGIN
nx_0 = i _=m(i}
nx_l = i_={i+1)
dx = nx_1l - nx_0 ; always positive
IF (dx T i_dx OR i EQ nx-2) THEN EEGIN
i new peak
;7 calculate old pesk

temp_nx = H_ELEMENIS(Cemp_x)
IF (temp_nx EQ 1) THEN BEGIH
;i single point peak value
IF(flag_cutput) THEN BEGIN
7 add to results
¥, temp_xi0)]
, bemp_y(0)]
| x, i_dx] ; result cannct be better than instrumental precision
ENMDIF ELSE BEGIHN
7 first results
o_x = temp_xi0]
o_y = temp_y(0)l
o_dx = i_dx ; result cannct be better than instrumental preciszion

EHNDELSE
ENDIF EL3E BEGIN
; more than one value to consider
M MOMENT [temp_x)
T MOMENWT (temp_y]
THEN EEGIN
7 add to results

o_x = [o_x, temp_x_moment (0)] ; average
oy = temp_y_moment (0} ] ; average
o_dx = [o_dx, temp_x(temp_nx-l)-temp _x(0)] ; o_dx is defined by the borders detected in this procedure

ENDIF ELSE BEGIN
; first results

O_x = temp_x moment (0] ; average
o_y = temp_y moment(0) ; average
o_dx - temp_x(temp_nx-1)-temp_x (0] ; o_dx is defined by the borders detected in this procedure
flag_output = 1
ENDELSE
ENDELSE

; initialize accounting variables with new peak values
temp_® = nx_1
temp_y = i_y(i+l)
ENCIF ELSE EEGIN
; 2till =same peak
temp_® - [temp_x, nx 1]
temp_ vy - [temp_y, i_y(i+l)]
ENCELSE

ENDFCER

IF input_b is given THEW input_

is assumed to be a net peak intensi

EC calc_joamp dx_parameters, filemask, 3
input_= - input_x, & i spectral data
input_y = input_y, % ; spectral data
input_hb = input_b, % ; spectral data ... input_yback is ambiguous word
input_info = input_info, %
psfils - psf£ile, §
labeled = labeled, § ; add value= at peaks
wvl_range = wvl_range, §

dl_threshcld = dl_threshold, §
dZ2_thresheld - d2_threszhold, §
nowait = nowait, §

res_x, res_y, res_d=x, res_yback

peak info

;wvl_range = [500, 1&600]
jwvl_range = [1300, 16007
iwvl_rangs - [500, 1000]
jwwl_range = [1000, 1200]
iwvl_range = [1010, 1020]

print, "cale_jeamp_dx_paramelers hegin ©
help, filemask

help, input_=

help, input_y

help, input_b

help, input_info

IF(I1_ELEMENTS (nowalt) EQ 0) THEN BEGIN
waittime = 2
ENDIF ELSE BEGIHN
wailttims = 0
ENDELSE

; postscript output or not
IF(11_ELEMENTS (p=file) EQ 0) THEN BEGIN
ps=0
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subtitlestring="" ; no psfile
ENDIF ELEE EEGIH
ps=1
subtitlestring=-psfile ; add psfile on plots
psb, p=sfile
ENDELSE

IF {H_ELEMENTS (labeled) EQ 0) THEM labeled - 0

7 check thresholds
IF{1i_ELEMENTS {dl_threshold] EQ 0) THEW dl_threshold - 0.02
IF ({M_ELEMENTS (d2_threshold] EQ 0) THEN dZ_thresheold - 0.02

; background given er net

IF (M_ELEMENTS (input_bk) ST 0) THEN BEGIN
yback = input_b
ENDIF

check what type of input is dealt with: filemask er (input_x, input_y)
note that mors than one Raman spectrum can be processed
filemask has pricrity: if both are given then (input_x, input_y) is ignored

7 files selection
IF(M_ELEMENTS (filemask] EQ 0) THEN EEGIN
; check whether there is input of type (input_x, input_y)
IF (H_ELEMENTS (input_x) EQ 0 OR N_ELEMENTS (input_y) EQ 0) THEN BEGIN
; absolute no intenticon of giving input via arguments ... ask for files
PRINT, ‘noflilemask given ... manual selection is requested ... ©
dxfiles = DIALOG_PICKFILE(FILTER-['*dx’, **DX', '*jdx', "*IDX'], /FIX_FILTER, /MULTIFLE_FILES, &
TITLE="DIDX files 1o be evaloated * )
filemode - 1
nspectra = N_ELEMENTS(dxfiles)
EMNDIF ELSE BEGIN
; no filemask, input of type (input_x, input_y)
filemode = O
; find cut how many spectra are given as input
ndim_input_x = size(input_x, /n_dimen=sions)
ndim_input_y = size(input_y, /n_dimensions)
dim_input_x - sirs{input_x, /dimen=zions)
dim_input_y - sire({input_y, /dimenzions)
IFindim_input_x GT 2 OR ndim_input_y GT Z) THEW BEGIN
PRINT, '[calc_jcamp_dx_paramelers] ERROR inpul_x andfor inpul_y are vectors or matrices .. caleulation canceled
EHDIF
IF(ndim_input_x EQ 1) THEM EEGIN
; only one spectrum
nspectra = 1
IF (H_ELEMENTS (input_info)] EQ 0) THEN EESIN
dxfiles = "inpul yj=xjii) j="+5TRCOMPRESS (STRING ( INDGEN (nspectra)+1), /REMCVE RLL) ; check for filepname in info 1011}
ENDIF ELSE BEGIN
dxfiles = input_infoc(0)
EHDELSE
ENDIF ELSE BEGIN
; more than one spectrum: check for dimensions of input_x and input_y are matching
IF (dim_input_x¢(0) WE dim_input_wy{0) OR dim_input_x(l) HE dim_input_y({l)) THEN EEGIN
; mismatch
PRINT, *[calc_jeamp_dx_parameters] ERROR mismaich of inpul_x and input_y __. caleulation canceled ©
RETURHN
EHNDIF ELSE EBEGIH
; legal input of type (input_x, input_y)
nzpectra = dim_input_x(l)
IF (M_ELEMENTIS(input_infc) EQ 0) THEN BEGIW
dxfiles - "inpul yj=xjii) j="+5TRCOMPRESE (STRING | INDGEN (nspectra) +1), /REMOVE_ALL) ; check for filename in info !00!

ENDIF ELSE BEGIN
dxfiles = input_info(0)
ENDELSE
EHNCELSE
EHNLDELEE
EHNDELEE
ENDIF ELSE BEGIN
dxfile=s = FINDFILE(filemask)
nspectra = H_ELEMENMIS (dxfiles)
filemods - 1
ENDELSE

npeaks = 0
FOR i=-0, nspectra-1 0O BEGIN
pmulti_cld = !F.MULTI
!B MULTI = [0, 1, &]
IF (filemode EQ 1) THEN BEGIN
read_jcamp_dx, dufilesii), =, y, info
titleinfo = dxfile=(i})
ENDIF ELSE EBEGIN
x = input_x(¥,i)
¥ = input_y (¥, 1)
IF (M_ELEMENTE (input_info) EQ 0) THEN BEGIN
info = [ inpul ¥j=xjli) j="+ETRCCMFREESS(STRING(i+1l), /EEMCVE _ALL), ‘none’, ‘none ", "none’, "none’ | ; check for filename in info !!!!
titleinfo - info(0)
ENDIF ELSE BEGIN
info = input_infoi*,i) ; check this !!1!!
temp = = SIRSPLIT(Info(d), /", JEXTRACT)
n_temp_= = HN_ELEMENTS (temp_s}
titleinfo = temp_s(n_temp_s-1]+" #'+5TRCOMPRESS (STRING(i+1l), /REMCVE_ALL)
ENDELSE
ENCELSE
#_resolution = x(1) - =xid) ;O TRTIVRIIRIIVETIREIEET
#_resoluticn = 0.5

; Belecti of ROI

wvl_beg = MIN(x)

wrl_end = MAX(x)

IF (H_ELEMENTS (wvl_range) EQ 0) THEN EEGIN
PRINT, 'Noselection of ROI .. full spectrum’
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wvl_range = [wvl_beg, wvl_esnd]
ENDIF ELSE EEGIN
wvl_beg = wvl_range (0]
wrl_end = wvl_range (1]
ENCELSE

; calculation of x _beg and x_end
#x_beg = O
#_=nd = H_ELEMENTS (x]-1

x = xix_bksg: x_end)
¥ = vix_beqg: x_end)
IF (M_ELEMENTS (input_b) ST 0) THEM yback = yback (x_beg: x_end)

; only lock on =zelected ROI

#_sal_i = WHEEE (x GE wvl_beg END x LE wvl_end)

® o= x(x_sel_1i)

¥ o= yvix_=z=l_i)

IF (H_ELEMENTS [(input_b) GT 0] THEW yback = ybackix_sel_ i)

nx = H_ELEMENTS (]

xscale - 10 ; using xscale of 5 there is the risc to et

THEW yback_corig = yback

% = CONGRID( DCOUELE (), xscale * nx, 0, 0 , /INTERF)
¥ = CONGRID( DOUELE (y), xscale * nx, 0, 0 , /INTERF)
IF (M_ELEMEMTSZ (input_b) ST 01 THEW BEGIN
; background is given ... expand it also
yback - COWGRID( COUBLE(yback), xscale ¥ nx, 0, 0 , /JINIERF)
;help, x, ¥, vybac
sjwindow,
JPLOT, x, ¥, ystyle=l, yrange=[0, MEX{vback)], &
H ¥MSTYLE-1, REVERSE (wvl_range)
JOPLOT, x, yback
JOPLOT, x_orig, y_orig, linestyle=1
JOPLOT, x_orig, yback_crig, linestyle-l
JWAIT, wailttime
ENCIF ELSE EBEGIN
; no background given
ENCELSE
; %, ¥ and yback are expanded data sets from here

IF(ps EQ 0) THEH BEGIN
WINDOW, 0, EETARIN=2, x=ime=800, ysire=%00
sel_charsize = 2
sel_charthick = 1
zel_thick -1
sel_symsize -1

ENCIF ELSE EBEGIN

; postscript graph parameters
sel_charsize =1
sel_charthick = 2

sel_thick -3
sel_symsire = 0.7
ENCELSE
i oraw

FLOT, #%_orig, ¥_orig, TITLE=titleinfo+ "Rawy', SUBTITLE=subtitlestring,$
charzige=s2l_charsize, charthick=sel_charthick, thick=sel_thick, 3§

xstyle = 1, wmrange = REVERSE (wvl_range), $ ; xstyle=3
YSTYLE=1, YRRNGE = [MIN{y), MAX{y)]
JPLOT, %, ¥,TITLE=dxfiles(il+ " Rawy’, xstyle = 1, charsize=2, xrangs = wvl_range, $ 5 HEtyle=3

H YSTYLE-1, YRANGE = [MIM{y), MAX(y)]
FPLOTS,  [MIN(x), MRX(x)], [0,0]

;7 Emooth
ysmooth - SMOOTH(Y, 2, /EDGE_TRUNCATE) ; paramster 777
jyemooth = SMOOTH(y, 10, /EDGE_TRUNWCRATE) ; parameter 177

FLOT, #, ysmooth, title='Smoothedy’, 3
charsire=-sel_charsire, charthick=-sel_charthick, thick=-sel_thick, £
linestyle=1, =xstyle = 1, xrange = REVERSE(wvl_range), 4§
¥STYLE=1l, YRANGE = [MIN{(ysmooth), MAX{ysmooth)]

JPLOTS, [MIN(x), MRX(x)], [0,0]

dl_orig = iderivi(x, vyl

;dl_orig = pderivix, v)

;dl_orig = DERIVI(y)

;dl_orig = DERIV (%, ¥y

PLOT, x*, dl_orig, title='DERIVofnawy’, psym=3, %
charsire-zel_charsire, charthick-sel_charthick, thick=-sel_thick, £
xstyle - 1, xrange — REVERSE (wvl_rangs)

FLOTS, [MIW(x), MAx(x)], [0,0], /DATA

net =nough precisicn !!!
not =nough precision !!!
net =nough precision !!!

dl = ideriwix, rsmooth)

;dl = DERIV{y=mooth) ; mot enough precision

;dl = DERIV(x, yemooth) ;i mot enough precisicn

PLOT, x, dl, title="DERIV of smoothed y', psym=3, 2
charsire=-sel_charsire, charthick=-sel_charthick, thick=-sel_thick, £
xstyle = 1, xrange — REVERSE(wvl_range)

JPLOTS,  [MIM(x), MERX(x)], [0,0]

dl = smoothidl, 10 * xszcals, /EDGE_TRUNCATE)

dl = smooth(dl, 5 * xscale, /EDGE_TRUNCRTE)

dl = =moothidl, 3 * xscale, /EDGE_TRUNCETE)

PLOT, x, dl, title='Smooth DERIV of smoothed ¥*, psym=3, 3§
charsire-zel_charsire, charthick-sel_charthick, thick=-szel_thick, £
xstyle = 1, wxrange = REVERSE (wvl_range)

PLOTS, [MIW(x), Mex(x)], [0,0]

;d2 = DERIV(x, dl_orig)
; no plot dz

dZ = ideriw(xz, dl)
;jd2 = DERIV(x, dl) ; faster but lower precision z22!!!
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dZ = smooth(di, 3 * xscale, /EDGE_TRUNCATE)

sth({dz, 5 * x=zcale, /EDGE TRUNCATE]

hidz, 10 ¥ x=scale, /EDGE TRUNCATE)

PLOT, =, d2, title="DERIV*Zoflsmoothed¥y’, psym=3, §
charsize=sel_charsirse, charthick=sel charthick, thick=s=l_thick, %
xstyle = 1, xrange = REVERSE (wvl_range)

PLOTS, [MIW(x), MAX{x)], [0.0]

how elese to ZERC
ow elese to ZLERD

;jdlzercs_i = WHERE( (ABS (dl_crig) LT 0.05 * max({dl_origl))
dlmeros_i = WHERE( (RBS(dl) LT dl_threshold * MRX(d1ll)) ;

dlzeros_x = ¥ (dlzeros_i)
dlzeros_y = dl_origi{dlseros_i)
FEEOS_Y - yi{dlzmeros_i)
dizeros_y = dZidlzeros_1i) ;7 d2 values where dl is n=ar meroc

CPFLOT, dlmeros_x, diZreros_y, PSYM=L

mindZ = MIN(d2)

temp_i — WHEEE(d2zerocs_y LT dZ_threshold ¥ mind2)
jtemp_i = WHERE (d2wmeros_y GT 0.02 ¥ maxd2) H
IF (temp_i(0) HE -1) THEN EEGIN
dlzercs_posy_x = dlrercs_x(temp_1i) ; % wvalues for which: (i) lst DERIV is n=ar ZERD and (ii) Znd DERIV positive
TECOE_Y - seros_yltemp i) ;¥ walues
ENDIF ELSE EEGIN
; no ®x values for which (i) lst DERIV is near ZERO and (ii) 2Znd DERIV positiv

n ! how small compared to GRAND MEX
how small comparsd toc GERAND MEX

dlzercs_posy_x = FLTARR(1)
TELOS_Y = FLTAEE(Ll)
dlzercs_posy_x(0] = -209%
reros_y (D) - -D0g99
ENCELSE
Jprink, dlzmercs_posy %
;PRINT, d - max (dlreros_posy_x)
;PRINT max(meros_y)

plot ¢
'P.MUOLTI = pmulti_old
IF(ps Eg 0) THEH BEGIN
WINDOW, 1, EETAIN=2, x=ire=1200, ysize=000
ENDIF ELSE EEGIN
; next plot is bkest in landscape
CEVICE, /LANDSCEFE
ENCELSE
FLOT, #, ¥, TITLE=titleinfo+ " Rawy’', SUETITLE=subtitlestring, XTITLE=info(2), ¥TITLE=infoi(3), §
charsime==z2l_rcharsire, charthick=-s=l_charthick, thick-==1_thick, §
xstyle = 1, xranges = REVERSE(wvl_rangs), 5§ i xstyle-3
YSTYLE=1, YRANGE = [MIM(y)*0.%5, MAX(y)*1l.2]
n_dlwercs_posy_x — M_ELEMENTS (dlreros_posy_x)

IF (lab=led] THEW BEGIN

USEEEYM, [0,0], [-.5,0.5] ; vertical symbol
labelyoffset = ((MAX(y)*1.2) - [(MIM(y)*0.95)) / 20
OFLOT, dlweros_posy X, FReros_y + labelycffset, PSYM=8, 5§ ; psym l:+ T:x B:|

thick==el_thick
;FOR j=0, n_dlzeros_posy_x-1 DO BEGIN
; OFLOT, dlmeros_posy_ X, FReros_y, FSYM=T
H EHLDFOR
ENDIF ;IF(labeled)

WAIT, waittims ; waiting time between two plots
'P.MULTI = pmulti_old

JPRINT, dlwzercs_posy
;ERINT, '—. '
JERINT, s=ros=_v

JCELVER, res_x, res_y, res_dx, res_yback
cale_reduced_x_ry_dx, dlrercs_posy_xX, rAeros_y, X_resclution, res_x, res_y, res_dx

jprint, ‘cale_jeamp_dx_parameters end
shelp, res_x

;help, res_y

shelp, res_dx

JPrinmk, res_x

Jprink, Tes_7

shelp, input_b

; IF yback is given THEW remove peaks that can ROT be statistically distiguished from the background
; get background intensities corresponding to res_x
IF (M_ELEMENTS (input_b) EZ 0] THEN BEGIN
; background met given: no change of results
ENCIF ELSE EBEGIN
; check whether the peaks found are statistically different from the background
temp res_x - res_x
temp_res_y = res_y
temp_res_dx = res_dx
;i res_b doesn'Lexisl yest

mresults = 0

mres_x = MN_ELEMENTS(lemp_res_x)

Tes_x = =9999. ; indicating no result
FOR p=0), nres_x—1 0O BEGIN Jusep

2 vback and x are expanded spectral data
diffx_p = WHERE{ABS{x—lemp_res_xip) LE (L1}
shelp, p, diffx_p
1F(dilfx_pi0) NE —1) THEN BEGIN
2 background value of peak i is found
temp_yh = MAX{vhack(dillx_p)) 7 take most pessimistic result (highest background)

AFp EQ O THEN BEGIN

3 help. x, yback

PRINT, “temp_res_x (0) *, temp_res_x(()
PRINT, *MaX (yback (diffx_p)) ", lemp_yh
NDIF

- 314 -




s_factor=2. 1 size factor of de sigma later in the comparison
s5_factor=3. :size facior of de sigma later in the comparison
< take into account increase of background because of statistics
temp_yb_max = temp_vh + (s_factor * SQRT(2. * temp_res_yi(p) + temp_vhj) : backmax = B+s_factor*SQRTI2ZP+B)  do NOT change factor 2 !
; take also mest pessimistic peak value (i.e. iaking into account unceriainty )
l\.mp res_yp_min = lemp_res_y(p)— (s_ Factor * & SORT(lemp._ N:*:_'f'[p] +2 % 1emp_yb))  : peakmin = P—s_fuctor* SQRT(PH2E)  do NOT change factor 211
AF(temp_res_yp_min G1 3. * SQRT(tlemp_vbh_max)) THEN | soonservalive 9%
AdF{lemp_res_yp_min 2. ¥ SQRTilemp_vh_max)) [1[] Nl s conservalive 955
]![u:mp res_y(p) G 1]
Alemp_res_yip) GT 2. % SQRT(emp_vh_max)) T1 H
-(ln_mp res_y(p) GT 3. * SQRTilemp_vhi) THEN BEGIN : mest optimistic
higher than background . store resulis
[] l“nn_*.ull*. EQ 0) THEMN BEGIN
2 first peak in list to store
res_x = lemp_res_xip)

: lemp_res_yipl]
=|res_dx, temp_res_dx(p)]
|n_ _vhack. lemp_yh]

EMNDIF T G0N
s peak -.I:-::-u Id he C(JI‘IHIdLIL‘d as h.u&.km i

PRINT, ® Lme res_xip). 'y’ lemp_res_yip), " yback’.temp_yh. * backmax ", temp_yb_max. ’ peskmin’. lemp_res_vp_min
ENDE 3 * SQRT(lemp_yh))

EMDIF Al

H pmhlcnm Wllh "LEOL" I10p-_FuII\- deadeode

ENDELSE
ENDEOR _
ENDELSE : IF(N_EI .]iME‘.N’['S{inpul_h] EQ 0) THEN BEGIN

1F(labeled) THEN BEGIN
s output values on top of peaks found
s caleulate offset of labels
= LLM.-\X(}'J*I 2) ~ (MIN(y1*0.95)) /20

STRING(res_x, FORMAT=" (F&. 1) " JVREMOVE_ALL)
ALIGNMENT=0.5.
le.L

E‘.P‘J[)]E' AF(labeled)

help, info

ninfo = N_ELEMENTS (info)

FOR k= nfo-1 DO BEGIN
i_string = STRCOMPRESS(STRING (k/REMOVE_ALL)
PRINT, info (*+i_string+” ) : "'+infoik)+" "
EMDFOR

< build st of results: list_x list_y lisi_dx list_yback

s ne data For i_yhack 7
ndlm res_x = SLZEres_x /N_DIMENSIONS)

PRINT ' '

PRINT, ' #d e b bhndss idis ".i
PRINT, © ndim_res_x is ', ndim_res_x
TE(MN_F ENTS(res_x) GT 0) THEN PRINT, * res_x". mes_x
PRINT ,* '

SWALT, waillime

or o peak

; check whether there 1 peak or no peak
IF(N_ELEMENTSires_x) EQ 0) THEN BEGIN

! what happens when there is no peak e.g. —9999
value non—existing peak still under consideration
res_x  =-999%

res_y
res_dx
res_yhack = —9999

ARROD) & list_x(0) = res_x(0)

RR(1) & list_v(0) = res_y(0)

SRI(L) & list_dxi0)  =res_dxi0)
TARR(1) & list_yback(0) = res_yhack(o)

Aemp_add_yhack =

list_x  =[[list_x]. [temp_add_x]]
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list_y  =[[list_v]. [temp_add_y]]
list_dx =[[list_dx], [temp_add dx]]
list_yback = [[list_yback].[temp_add_yback]]
 msamples is i+1
ENDELSE
EMD
1: BEGIN : maore than 1 peak
n_res_x =N_ELEMENTSIres_x)

0) THEN BEGIN

;msamples is 1
PRINT, * i =1po=s 27
WATT, wailtime

; there are alres
; check whether an expansion of the lisi_* datamatrix is necessary

IFin_re LE npeaks) THEN BEGIN
L T *.L.l)'*. max number of peaks: add resulls
temp_add_x ARR(npe: & temp_add_xifn_res_x—1)
temp_add_y R]i[np-a..ikl.) & temp_add_y(in_ 1)
temp_add_dx RRinpeaks) & temp_add_ dx[[] n_res_x—1)

FI
demp_add_yback = FLTARRinpeaks) & temp_add_ybackilizn_res x—|f|

s1_x],  [temp_add_x]]

51y, [temp_add_y]]

ist_dx]. [temp_add_dx]]
[list_yback], temp_add_vback]]
+1

ENDIF ELSE BEGIN
11_res_x becomes max number of peaks: expand matrices storing the results and add
cmsamples is i+1
vexpand the results matrices and store old results

;\RR[H_I’\:!‘-_)L i+]J & Icrnp_udd_x[

O:npeaks—1., (i—1) —Jl*.l x
1

lemp_ ..udd dx L res_x, 1) & temp_add_dx{ Omp
stemp_add_yback = FLTARRID res_x, i+1) & temp_add_yback(
add new resulls

temp_add_x(*, i & list = =temp_add_x
temp_add_yi*. i) & list_y  =temp_add_v
temp_add_dxi*, i) dx & list_dx qmip_acd_dx

demp_add }h.n_k(“ i) = res_yhack & list_yhack = temp_add_yhack

[n res_x LE npeaks)
(i EQO)

cratch next time
MPORARY(res_x)
PORARY (res_v)
IMPORARY (res_dx)
dumnw = TEMPORARY (res_yback)

ENDFOR ; FOR i={). nspectra—1 DO

res_x = lisl_x

wres_yhac _||l.l | yhack

IFips) THEMN pse

ENID

Ly s raw spectral data (P+B) . net peak intensity will be caleulated
PRO cale_jeamp_dx_paramelers_using_background. filemask, $
input_x = inpul_x, ﬂ: - spectral data
inpul_y = inpul_ 2 spectral data (actually P+E)

inpul_k input_b, s spectral data o inpul_yback is ambiguous word
inpul_info = inpul_info, §
psfile e, %

labeled eled., ; add values al peaks
wyl_range vl _range. §

d1_threshold = d1_threshold, §

d2_threshold = d2_threshold, §

nowail = nowail, $

Tes_x, res_v. res_dx, res_vhack 2 peak info

i_ydilf = (inpul_y — inpul_b) =0
plot, inpul_x, input_y

oplot, input_x, input_ b, linestyle=1
oplol, inpul_x, i_y
oplol, inpul_x, SQ]{][mpul hy*2

1 res_dx is not defined

twhen cale_jeamp_dx_parameters is called with h.uks!rnund netto y is assumed
cale_jeamp_dx_parameters, nonexisting_ in inpul_x. input_y=i_wdifT, input_b=input_b. input_info=input_info, %
wvl_range=wvl_range, dl l|1n_l.|10|d=d| ||1| 3

eshold, d2 ||1|1:I.|10|d=d'-‘ threshold, nowail=nowail, %
res_x. res_y. res_ix, res_yback, labeled=labeled, psfile=psfile
thelp, res_x. res_y, res_dx., res_yhack

Jprint.,
tprint,
print.

ENID»
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Appendix B: Publications and activities

B.1 List of (contributions to) publications

1. de Veij, M., Deneckere, A., Vandenabeele, P., de Kaste, D., Moens, L. (2008)
Detection of counterfeit Viagra® with Raman spectroscopy. Journal of

Pharmaceutical and Biomedical Analysis 46: 303—309.

2. Calvo del Castillo, H., Deprez, N., Dupuis, T., Mathis, F., Deneckere, A.,
Vandenabeele, P., Calderén, T., Strivay, D. (2009) Towards the differentiation
of non—treated and treated corundum minerals by ion—beam—induced

luminescence and other complementary techniques. Analytical and

Bioanalytical Chemistry 394: 1043-1058.

3. Deneckere, A., Schudel, W., Van Bos, M., Wouters, L., Bergmans, A.,
Vandenabeele, P., Moens, L. (2010) In situ investigations of mediaeval wall
paintings in the Antwerp Cathedral. Spectrochimica Acta FPart A - molecular

and biomolecular spectroscopy 75: 511-519.

4. Deneckere, A., Hocquet, F-Ph., Born, A., Klein, P., Rakkaa, S., Lycke, S.,
De Langhe, K., Martens, M.P.J., Strivay, D., Vandenabeele, P., Moens, L.
(2010) Direct analysis of the central panel of the so—called ‘Wyts triptych’

after Jan Van Eyck. Journal of Raman Spectroscopy 41: 1210-1219.

5. Deneckere, A., De Reu, M., Martens, M.P.]J., De Coene, K., Vekemans, B.,
Vinzce L., De Maeyer, Ph., Vandenabeele, P., Moens, L. (2011) The use of a
Multi-method approach to identify pigments in the 12th century manuscript
Liber Floridus. Spectrochimica Acta Fart A - molecular and biomolecular

spectroscopy, 80: 125—132.
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6. Deneckere, A., Vekemans, B., Van de Voorde, L., de Paepe, P., Vincze, L.,
Moens, L., Vandenabeele, P. (2011) Scanning porcelain cards with Raman
spectroscopy and X-ray fluorescence spectroscopy. Special issue of Applied

Physiscs A - Optical Technologies in Art and Archaeology, submitted.

7. Deneckere, A., Leeflang, M., Bloem, M., Chavannes—Mazel, C.A., Vekemans,
B., Vincze, L., Vandenabeele, P., Moens, L.. (2011) The use of mobile Raman
spectroscopy to compare three full-page miniatures from the Breviary of
Arnold of Egmond. Spectrochimica Acta Fart A - molecular and biomolecular

spectroscopy, Accepted.

8. Deneckere, A., de Vries, L., Vekemans, B., Van de Voorde, L., Ariese, F.,
Vincze, L., Moens, L., Vandenabeele, P. (2011) Identification of inorganic

pigments used in porcelain cards based on fusing Raman and XRF data.

Applied Spectroscopy, Accepted.

B.2 List of (contributions to) oral presentations

1. Workshop NACHO, Brussels, Belgium, 8 — 9 October 2009
Oral presentation by Annelien Deneckere
Deneckere, A., Hocquet, F.—P., Born, A., Klein, P., Rakkaa, S., Lycke, S., De
Langhe, K., Martens, M. P. J., Strivay, D., Vandenabeele, P., Moens, L.:

Direct analysis of a so—called 'Wyts Triptych’ after Jan Van Eyck.

2. Non—destructive Analysis of Cultural Heritage Objects PhD Day, Luik, Belgium
2 July 2009

Oral presentation by Annelien Deneckere

Deneckere, A.:

In situ investigation of mediaeval wall paintings in the Antwerp cathedral.

- 318 -



3. 5" International Congress on the application of Raman Spectroscopy in Art and
Archaeology, Bilbao (Spain), 14 — 18 September 2009
Oral presentation by Annelien Deneckere
Deneckere, A., Hocquet, F.-P., Born, A., Klein, P., Rakkaa, S., Lycke, S., De
Langhe, K., Martens, M. P. ]., Strivay, D., Vandenabeele, P., Moens, L.:
An in situ investigation of a so—called 'Wits triptych’ after Jan Van Eyck.

Best oral presentation

4. Workshop NACHO, IRPA/KIK, Brussels (Belgium), 8-9 October 2009
Oral presentation by Annelien Deneckere
Deneckere, A., Hocquet, F.—P., Born, A., Klein, P., Rakkaa, S., Lycke, S., De
Langhe, K., Martens, M. P. ]J., Strivay, D., Vandenabeele, P., Moens, L.:

Direct analysis of the central panel of the ‘Wyts triptych’.

5. 10" Flemish youth conference of Chemistry, Blankenberge (Belgium), 1-2
March 2010

Oral presentation by Annelien Deneckere

Deneckere, A., De Reu, M., Vekemans, B., Vincze, L., Vandenabeele, P.,
Moens, L.:

The analysis of the mediaeval manuscript ‘Liber Floridus’ with Raman and

X-ray Fluorescence spectroscopy.

6. 9" International Conference on Raman Spectroscopy Applied to the Earth
Sciences - Sensu Latu, Sydney (Australia), 28 June - 2 July 2010
Oral presentation by Annelien Deneckere
Deneckere, A., De Reu, M., De Coene, K., Vekemans, B., Vincze, L., Moens,
L., Vandenabeele, P.:
Raman spectroscopy, supplemented with two other techniques, as tool to

gather information about the mediaeval manuscript ‘Liber Floridus’
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7. 60" Annual conference on applications of X—ray Analysis, 1-5 August 2011
Oral presentation by Bart Vekemans
Deneckere, A., Vekemans, B., de Vries, L., Van de Voorde, L., De Paepe,
P., Vincze, L., Moens, L., Vandenabeele, P.:

Investigation of porcelain cards using combined spectroscopic techniques.

8. 6" international congress on the application of Raman spectroscopy in art and
archaeology, 5—8 September 2011
Oral presentation by Annelien Deneckere
Deneckere, A., Vekemans, B., de Vries, L., Vincze, L., Vandenabeele, P.
Moens, L.:
A combination of Raman and X-ray fluorescence spectroscopy to investigate

porcelain cards.

B.3 List of (contributions to) poster presentations

1. Technart 2009, Non—destructive and microanalytical techniques in Art and
Cultural Heritage, Athens, 27 — 30 april 2009
Poster presentation by Helena Calvo del Castillo
Calvo del Castillo, H., Chéne, G., Dupuis, T., Mathis, F., Deneckere, A.,
Moens, L., Vandenabeele, P., Calderon, T., Strivay, D.:
Ongoing study of treated and non—treated corundum samples

Best Poster Award

2. 8" International Conference on Raman Spectroscopy Applied to Earth
Science — Sensu Latu, GeoRaman ’08, Ghent, Belgium, 2-6 June 2008
Poster Presentation by Annelien Deneckere

Deneckere, A., Deprez, N., Calvo del Castillo, H., Strivay, D., Vandenabeele,
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P., Moens, L., Calderon, T.:
Towards a differentiation of non—treated and treated corundum minerals by

means of Raman microscopy: first results.

PhD symposium Faculty of sciences, Ghent, 28 april 2009

Poster presentation by Annelien Deneckere

Deneckere, A., Schudel, W., Van Bos, M., Wouters, L., Vandenabeele, P.,
Moens, L.:

In situ investigations of mediaeval wall paintings in the Antwerp Cathedral.

5" International Congress on the application of Raman Spectroscopy in Art
and Archaeology, Bilbao (Spain), 14 — 18 September 2009

Poster Presentation by Annelien Deneckere

Deneckere, A., De Reu, M., Vekemans, B., Lycke, S., Vincze, L.,
Vandenabeele, P., Moens, L.:

Raman analysis of the mediaeval manuscript “Liber Floridus’ at the library of

Ghent University.

Archeometrie aan de UGent: een stand van zaken, Ghent (Belgium), 22
January 2010

Poster presentation by Annelien Deneckere

Deneckere, A., Hocquet, F.—P., Born, A., Klein, P., Rakkaa, S., Lycke, S.,
De Langhe, K., Martens, M. P. J., Strivay, D., Vandenabeele, P., Moens, L.:

Direct analysis of the so—called ‘Wyts triptych’ after Jan van Eyck.

International School Hubert Curien Structural and Molecular Archaeology: 3™

course non-invasive analysis of painting materials, Erice (Sicily), 14-21 June
2010

Poster Presentation by Annelien Deneckere
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Deneckere, A., Vekemans, B., Van de Voorde, L., Vincze, L., De Paepe, P.,
Vandenabeele, P., Moens, L.:
Mapping of porcelain cards with Raman spectroscopy and X-ray fluorescence

spectroscopy.

9" International Conference on Raman Spectroscopy Applied to the Earth
Sciences - Sensu Latu, Sydney (Australia), 28 June - 2 July 2010

Poster presentation by Annelien Deneckere

Deneckere, A., Leeflang, M., Bloem, M., Chavannes—Mazel, C.A.,
Vandenabeele, P., Moens, L.:

The use of Raman spectroscopy to compare three folios from the Breviary of

Arnold of Egmond.

9" International Conference on Raman Spectroscopy Applied to the Earth
Sciences - Sensu Latu, Sydney (Australia), 28 June - 2 July 2010

Poster presentation by Annelien Deneckere

Deneckere, A., Vekemans, B., Van de Voorde, L., Vincze, L., De Paepe, P.,
Vandenabeele, P., Moens, L.:

Mapping of porcelain cards with Raman spectroscopy and X-ray fluorescence

spectroscopy.

XVIIIth congres of the GMPCA Archéométrie2011, 11 - 15 April 2011
Poster presentation by Annelien Deneckere

Deneckere, A., Vekemans, B., Van de Voorde, L., De Paepe, P., Vincze, L.,
Vandenabeele, P., Moens, L.:

A multi-method approach for the characterising of porcelain cards.
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