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INTRODUCTION
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1.1

THE DEGRADATION OF ARTWORKS

From the earliest cave paintings to the works of 20th century abstract
expressionists, visual art has been one of the primary forms of cultural
expression throughout human existence. Even centuries or millennia after
their creation, such works can still act as important representations of cultural
identity, communicate philosophical, spiritual, or political ideas, or act as
sources of historical information. However, as a matter of historical fact, only
a fraction of all artworks ever produced survived the ravages of time and are
still preserved today. Besides the possibility of conscious destruction and
disposal, every physical artwork endures some degree of chemical
degradation. Inevitably following the second law of thermodynamics, every
carefully conceived composition, all thoughtfully chosen colors, and even the
most robust supports are eventually bound to be altered beyond recognition.
Some ways in which chemical degradation can for instance affect the
structural and visual appearance of oil paintings are shown in figure 1.
Although the direction of these processes is irrevocable, the rate at which an
artwork loses its original bright colors or artistic composition depends on a
multitude of factors. These factors can be environmental (e.g. light,
temperature, relative humidity), and/or compositional (e.g. type of support,
type of binding medium, use of pigments and additives). Besides
characterizing artworks in terms of their attribution and production history,
conservation scientists are also concerned with the study of degradation
phenomena in works of art. With the goal of optimizing conservation
treatments, storage and display conditions, and helping art historical
interpretations, conservation scientists study artwork degradation by
combining knowledge of materials chemistry, thermodynamics, and physics
with observations made on artwork themselves or models thereof.
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Figure 1: Some examples of oil paint degradation. a) Zinc soap globules on the surface of
Salvador Dalí’s Couple with Their Heads Full of Clouds. b) White efflorescence on an ultramarine
paint from Alexis Merodack-Jeaneau’s La Créole au Perroquet. c) A cracked yellow paint on
Karel Appel’s L’Été.3 d) Cracked black paint on Franz Kline’s Palladio.4 a) Reprinted by permission
from Springer Nature Customer Service Center GmbH: Springer Nature, Issues in Contemporary
Oil Paint, by K. J. van den Berg, A. Burnstock, M. de Keijzer, J. Krueger, T. Learner, A. de Tagle,
G. Heydenreich ©2014.1 b) Reprinted by permission from Springer Nature Customer Service
Center GmbH: Springer Nature, Conservation of Modern Oil Paintings, by K. J. van den Berg, I.
Bonaduce, A. Burnstock, B. Ormsby, M. Scharff, L. Carlyle, G. Heydenreich, K. Keune ©2019.2 c)
Reprinted from ref. 3. d) Reprinted from ref. 4.

1.2 INSTRUMENTAL ANALYSIS OF DEGRADATION
PROCESSES
For a definition of ‘method’ versus ‘methodology’ and other ambiguous terms,
please refer to the glossary included in chapter 2.
Observation with the naked eye (or a simple visual aid) still plays a
fundamental role in detecting signs of alteration and degradation, helping to
better understand the way they modify the current appearance of an artwork.
However, there has been a strong tendency over the past few decades to
incorporate analytical tools. Some of the most important aspects of such
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analytical tools are being able to chemically distinguish compounds that
cannot be distinguished with the naked eye, being able to analyze an object
below its surface, and being able to analyze the composition and structure of
an object on the microscale (or smaller).
In studies aimed at understanding the (chemical) processes of artworks, it is
of vital importance to be able to identify and distinguish chemical compounds
that cannot be distinguished with the naked eye. Degradation process can
only be properly understood when the original components are known and
the degradation products are correctly identified. For the identification of
chemical components, the human eye is inherently limited, in the sense that
it can only distinguish compounds based on texture and color. Analytical tools
can go much further, discriminating between compounds based on their
absorption of infrared (IR) radiation, their emission of characteristic X-rays, or
even the weight of molecular fragments.
The ability to analyze an object below its surface is similarly important, as the
vast majority of artworks are made of opaque materials and visual analysis
only provides information about its exposed surface. Degradation is often not
limited the surface of an artwork, but can occur throughout the bulk.
Moreover, the sub-surface composition of an artwork may greatly affect the
chemical changes that eventually become visible on the surface. Ways in
which information can be obtained below an object’s surface include taking
samples, imaging the object in transmission, or making use of dedicated subsurface imaging technologies.
Finally, the need to analyze the composition and structure of an artwork on
the microscale is a very multifaceted one that is rarely discussed on a
fundamental level. Due to the central role of chemical microanalysis in this
thesis, a vision is postulated here as to why microscale analysis is such an
important aspect of the study of degradation processes in works of art. First,
many degradation processes tend to occur as reactions between solids
(artistic materials) and liquids (e.g. water), gases (e.g. oxygen), or other solids
(e.g. surface deposits, other artistic materials). Therefore, reaction products
are initially formed on solid interfaces. Since artists would have noticed
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excessive chemical alterations when working with certain unsuitably reactive
compounds, artistic materials would typically have been chosen to be at least
relatively stable in their applied mixture under ambient conditions. Therefore,
the total amount of reaction product tends to remain small even after
prolonged periods of time. Their diffusion is then either very fast (in case of
gaseous or liquid reaction products) or extremely slow (in case of solid
reaction products). This means that either the products cannot be traced
back, or they will remain to occupy a small volume at the interface or in the
vicinity of the original material. Second, since many artistic materials are
mixtures, its solid components tend to exhibit a high degree of granularity or
form domains small enough not to be distinguished by the naked eye. Other
materials (e.g. wood, marble, some ceramics) possess some intrinsic level of
porosity, which also divides the material into many microscopic domains. This
combination of slow degradation processes occurring at solid interfaces and
slow diffusion of reaction products in a microscopically heterogeneous matrix
means that information on the origins of degradation phenomena is often
encoded in patterns and distributions on the microscale. Moreover, it is of
especially great importance to be able to detect and study degradation
phenomena in paintings before they reach a stage at which they affect the
artwork visually. This means that it is of high interest to be able to study
chemical alteration in artworks at a relatively early stage: a stage in which
degraded domains are even smaller and analysis at the micro- or nanoscale
becomes crucial.

1.3

MICROCHEMICAL IMAGING

Over the years, many imaging methods have been developed for applications
in conservation science. Many are specifically aimed at resolving chemical
distributions on the object-scale, such as macroscopic X-ray fluorescence
(XRF) scanning, optical coherence tomography, and reflectance visible-tonear-infrared hyperspectral imaging. Others, however, are applied specifically
for analysis on the microscale—often combined with sampled cross-section
to provide a look below the object’s surface. As was discussed in the previous
17

section, it is this chemical analysis on the microscale that can yield particularly
valuable information on degradation processes.
The development of such microchemical imaging methods can all eventually
be traced back to the first optical microscopes, but their analytical capabilities
have been expanded greatly over the past few decades. Optical microscopes
solely use the absorption and reflection of visible light as a contrasting
mechanism and initially relied on the human eye as a color-sensitive detector.
Nowadays, instead of basing chemical discrimination exclusively on
interactions with visible light, microchemical imaging methods can make use
of almost any wavelength in the electromagnetic spectrum—ranging from
mid-infrared to hard X-rays—as well as beams of charged particles, such as
electrons. Instead of using the human eye as a detector, systems have been
developed that can count single photons, produce megapixel images, and
extend the number of spectral bands from just three (red, green, and blue) to
several hundreds. Recent developments are even starting to provide access
to the third dimension, giving researchers the ability to look below the surface
of their samples or even the objects as a whole. Due to a combination of many
of such developments, the size of the details that can be resolved has been
reduced drastically; whereas optical microscopes are inherently limited by the
diffraction limit of visible light, some imaging techniques now manage to
improve upon that spatial resolution by as much as two orders of magnitude.
Due to many constraints in terms of cost, size, and accessibility,
microchemical imaging methods come in various degrees of sophistication.
Many methods are developed commercially for routine use as desktop
instruments in research laboratories, whereas others—for instance those
based in large-scale facilities—have completely tailored designs, with a strong
focus on using advanced, state-of-the-art components. In the context of
microchemical imaging methods, particularly interesting developments are
taking place at synchrotron light sources. Synchrotrons are among those
previously mentioned large-scale facilities, providing access to a wide range
of unique, high-end spectroscopy and imaging methods. Synchrotrons work
by accelerating charged particles close to the speed of light and moving them
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around in a circular trajectory. The radial acceleration necessary to keep the
particles in their trajectory causes the emission of electromagnetic radiation
(i.e. light). The radiation emitted by synchrotron light sources is coherent,
extremely bright, and can be tuned to a wide range of energies. These
properties make synchrotrons very suitable as light sources, providing
analytical capabilities that can often not be reproduced in a lab environment.
Most notably, the small divergence and high brilliance of synchrotrongenerated X-ray beams has made it possible to use advanced focusing optics
and develop X-ray micro- and nanoprobes. Such probes have proven to be
indispensable to analyze the inorganic chemistry of samples and resolve their
properties on the micro- or nanoscale. In addition, synchrotron-generated
infrared (IR) and ultraviolet (UV) beams have been found to provide significant
advantages when used as light source in mid-IR microspectroscopy and deepUV photoluminescence microscopy. As there are only several large-scale
synchrotron light source facilities worldwide, their unique capabilities tend to
be utilized to the fullest extent possible—making use of state-of-the-art optics
and detector technology and even driving many developments themselves.
Given the complex chemical nature of degraded artistic materials and the
importance of analysis on the microscale, there is currently a strong interest
in the application of synchrotron-based analytical methods. This trend in the
wider context of ancient materials was reviewed by Bertrand et al. in 2012
and has only become more prominent in recent years.5

1.4

SCOPE OF THE THESIS

All these (ongoing) developments in microchemical imaging techniques pose
a great opportunity for conservation scientists. Their samples of degraded
artistic materials often bear a wealth of information on the underlying
chemical degradation processes, but high degrees of chemical complexity and
spatial heterogeneity put very specific demands on the methodologies by
which these are analyzed. Having access to a continuously expanding
microchemical toolbox allows to address these demands by exploring various
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measurement modalities and different scales of analysis. Conversely, it is
recognized that art historical samples can also act as an inspiration for the
development of novel microchemical imaging approaches.
This thesis, entitled Developing Microchemical Imaging for the Study of
Pigment Degradation in Oil Paint, deals specifically with the issue of chemical
degradation in oil paintings: one of the most influential and widely
appreciated artforms in the visual arts. The next seven chapters provide an indepth discussion of how distributions of reaction products and reactive
components can be resolved using various methods of microchemical
imaging. Here, for the reasons described in the previous section, the focus is
primarily on synchrotron-based methods; exploring the most advanced
capabilities of modern analytical instrumentation. Although the end goal of
the discussed methodological developments is always to answer certain
chemical questions about degradation processes, this thesis focuses mainly
on the technological aspects, the theoretical background for certain
observations, and ways in which to process and analyze the obtained
microchemical images.
Originally, this thesis was meant to deal exclusively with the degradation of
the pigment zinc white: a white pigment used in many 19th and 20th century
paintings that often suffers from degradation issues (see figure 1a and 1d).
Since zinc white is a brightly luminescing pigment and evidence was gathered
several years ago that some of its degradation products exhibit luminescence
as well, the initial research focus was on photoluminescence-based imaging
methods. Recognizing that these photoluminescence-based methods also
have interesting applications for the characterization of lead white, the scope
of the thesis was broadened beyond zinc white alone. Instrumentally
speaking, the research focus was eventually shifted from photoluminescence
towards X-ray based microchemical imaging methods. Having access to stateof-the-art X-ray microscopes at the SOLEIL synchrotron, this shifted focus
allowed us to explore new analytical capabilities that were found particularly
suitable for the study of the intrinsic properties of zinc white. Taken
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altogether, this thesis is meant as an exploration of microchemical imaging
methodologies for the study of oil paint degradation in general.

1.5

OUTLINE OF THE THESIS

Chapter 2 first reviews the current state-of-the-art of microchemical imaging
as applied to studies of oil paint degradation. Covering measurement
modalities based on the use of mid-infrared, near-infrared, visible, and UV
light, X-rays, and charged particle beams, it is shown what types of
information can be obtained, what length scales are relevant for what
purpose, and what limitations the current technology still has.
Chapters 3, 4, and 5 then show some of the applications of
photoluminescence-based microchemical imaging techniques. In chapter 3, it
is shown how deep-UV induced photoluminescence microimaging can be
used to resolve distributions of zinc white degradation products at a
submicrometric spatial resolution. This principle is illustrated through images
obtained on a microsample from an early 20th century Mondrian painting and
is confirmed through analysis on pure reference compounds. Chapter 4
focuses on the luminescent properties of the zinc white pigment itself and
uses the heterogeneous emission properties of the pigment to provide
evidence for the use of three different types of zinc white in a painting by Bart
van der Leck. Differences in the extent of surface degradation of the two
exposed zinc whites strongly suggests a link between the pigment production
process and its reactivity in oil paint. Chapter 5 describes a study done on a
sample from Leonardo da Vinci’s The Virgin and Child with Saint Anne.
Correlating measures obtained through Rietveld refinement of X-ray
diffractograms with hyperspectral photoluminescence maps, it was possible
to gather quantitative information on the chemical composition of lead white
in different paint layers. Following previous studies on the relationship
between lead white composition and post-synthesis treatments, a hypothesis
could be formed on the conscious choices Leonardo made with regards to the
use of lead white in his paintings.
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Based on certain observations made in chapter 3 and 4—supported by some
of the catalysis literature—it was hypothesized that a relation may exist
between populations of certain intrinsic crystal defects in zinc white and its
reactivity in oil paint. To test this hypothesis, a study was set up to develop
methodologies capable of quantifying intrinsic crystal defect populations and
specific surface area of different batches of zinc white. Combining nanoscale
X-ray absorption analysis with tailored data processing algorithms, it was
shown that the nanometric zinc oxide crystallites that make up the zinc white
pigment exhibit distinct binary X-ray absorption contrast. Initially ascribed to
the existence of binary intrinsic crystal defect populations, the results were
written up as a thesis chapter and published in The Journal of Physical
Chemistry C (see Appendix B, page 127). Follow-up experiments in June 2020,
meant to correlate the binary X-ray absorption contrast to optical
luminescence behavior, eventually falsified the published interpretation of
this binary contrast—showing that it actually originates from the X-ray natural
linear dichroism properties of ZnO. Although these findings appear to have
little relevance for the study of oil paint degradation, they were carefully
analyzed and written up for the wider scientific community.
Chapter 6 reports on how the X-ray absorption contrast resolved on many
individual ZnO crystallites can be used to quantify X-ray linear dichroism
properties without the need for single crystals, crystalline thin films, or highly
ordered nanostructure arrays. A computational quantification procedure is
proposed that consists of defining many randomly oriented crystallites,
modeling theoretical X-ray absorption intensities, and fitting the model
parameters to several experimental absorption intensity distributions.
Chapter 7 describes the original experiments from June 2020, which were
designed to establish correlations between X-ray absorption and optical
luminescence properties of individual ZnO crystallites. Equipping a scanning
transmission X-ray transmission microscope with a sensitive optical detection
system, it was possible to perform for the first time simultaneous
hyperspectral X-ray absorption and X-ray excited optical luminescence
imaging. The use of a ∼40 nm diameter X-ray nanoprobe means that optical
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luminescence spectra can be recorded on ZnO powders well below the
diffraction limit of the observed optical emission wavelengths.
Finally, chapter 8 reflects on the limitations of the current microchemical
imaging methodologies applied to oil paint degradation studies and explores
the prospects for implementing various new technologies. Divided into four
subsections, the chapter covers ways in which to improve the retrieval of
spatial and chemical information, ways in which to address the limited
statistical relevance of analysis on oil paint microsamples, and the integration
of computational methodologies in the processing of microchemical data.

References
1

Keune K, Boevé-Jones G, It’s Surreal: Zinc Oxide Degradation and
Misperceptions in Salvado Dalí’s Couple with Clouds in Their Heads, 1936. In:
Van den Berg KJ, Burnstock A, Keijzer M, Krueger J, Learner T, De Tagle A,
Heydenreich G, editors. Issues in Contemporary Oil Paint. Cham: Springer; 2014.
p. 283-294

2

Graczyk A, Hélou-de La Grandière P, Phenix A, Mirabaud S, Oil Paint Straight
from the Tube: Paint-Specific Deterioration in Works by Alexis MérodackJeaneau, 1910-1913. In: Van den Berg KJ, Bonaduce I, Burnstock A, Ormsby B,
Scharff M, Carlyle L, Heydenreich G, Keune K, editors. Conservation of Modern
Oil Paintings. Cham: Springer; 2019. p. 229-243

3

Bronken IAT, Boon JJ, Corkery R, Steindal CC, Changing Surface Features,
Weeping and Metal Soap Formation in Paintings by Karel Appel and Asger Jorn
from 1946-1971. J. Cult. Herit. 2019, 35, 279-287

4

Rogala D, Lake S, Maines C, Mecklenburg M, Condition Problems Related to Zinc
Oxide Underlayers: Examination of Selected Abstract Expressionist Paintings
from the Collection of the Hirshhorn Museum and Sculpture Garden,
Smithsonian Institution. J. Am. Inst. Conserv. 2010, 49, 96-113

5

Bertrand L, Cotte M, Stampanoni M, Thoury M, Marone F, Schöder S,
Development and Trends in Synchrotron Studies of Ancient and Historical
Materials. Phys. Rep. 2012, 5, 51-96

23

