
REVIEW

Non-Invasive and Non-Destructive Examination
of Artistic Pigments, Paints, and Paintings by Means
of X-Ray Methods

Koen Janssens1 • Geert Van der Snickt1,2 •

Frederik Vanmeert1 • Stijn Legrand1 •

Gert Nuyts1 • Matthias Alfeld1,3 • Letizia Monico1,4 •

Willemien Anaf1,5,7 • Wout De Nolf1,6 •

Marc Vermeulen1,7 • Jo Verbeeck8 • Karolien De Wael1

Received: 15 May 2016 / Accepted: 21 October 2016 / Published online: 21 November 2016

� Springer International Publishing Switzerland 2016

Abstract Recent studies are concisely reviewed, in which X-ray beams of (sub)mi-

crometre to millimetre dimensions have been used for non-destructive analysis and

characterization of pigments, minute paint samples, and/or entire paintings from the

seventeenth to the early twentieth century painters. The overview presented encom-

passes the use of laboratory and synchrotron radiation-based instrumentation and

deals with the use of several variants of X-ray fluorescence (XRF) as a method of

elemental analysis and imaging, as well as with the combined use of X-ray diffraction

(XRD) andX-ray absorption spectroscopy (XAS).MicroscopicXRF is a variant of the

method that is well suited to visualize the elemental distribution of key elements,

mostly metals, present in paint multi-layers, on the length scale from 1 to 100 lm
inside micro-samples taken from paintings. In the context of the characterization of

artists’ pigments subjected to natural degradation, the use of methods limited to ele-

mental analysis or imaging usually is not sufficient to elucidate the chemical
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transformations that have taken place. However, at synchrotron facilities, combina-

tions of l-XRF with related methods such as l-XAS and l-XRD have proven them-

selves to be very suitable for such studies. Their use is often combined with

microscopic Fourier transform infra-red spectroscopy and/or Raman microscopy

since these methods deliver complementary information of high molecular specificity

at more or less the same length scale as the X-ray microprobe techniques. Since

microscopic investigation of a relatively limited number of minute paint samples,

taken from a given work of art, may not yield representative information about the

entire artefact, several methods for macroscopic, non-invasive imaging have recently

been developed. Those based on XRF scanning and full-field hyperspectral imaging

appear very promising; some recent published results are discussed.

Keywords X-ray fluorescence � X-ray diffraction � X-ray absorption � Synchrotron
radiation � Paintings � Pigments

1 Introduction

Starting from pre-historic times, human artists have always felt the urge to depict

their surrounding world on various substrates by using colored materials of different

types. Historical paintings, such as, for example, prehistoric cave paintings, are

often called ‘‘windows on the past’’ and have allowed later generations to imagine

how former human societies looked and/or functioned. Historical paintings,

therefore, are an enormously valuable part of the cultural legacy we have inherited

from past generations.

There is a general belief that paintings are complex, but essentially static

assemblages of widely different (in)organic materials. However, at, or just below,

the seemingly placid surface of these works of art, chemical reactions are taking

place that slowly alter the chemical make-up of the paint layers. While some of

these reactions are the result of intimate contact between the different materials,

most are driven forward by external physicochemical factors. A prime stimulus for

reduction–oxidation (redox) reactions is light absorption by colored substances

(molecules) in the ultraviolet (UV) and visible (VIS) range. Such reactions can lead

to spontaneous in situ formation of secondary chemicals that will often differ in

their macroscopic properties (such as color, volume, porosity) from the original

materials. Both the organic components of paint (protein-, saccharide- or lipid/oil-

based binding media, organic dyes, etc.) and/or the inorganic components (mostly

pigments based on metal ions) may be affected. Another important factor in paint

degradation is the often cyclic variation in relative humidity, which causes

condensation and re-evaporation of minute moisture droplets within the microp-

orous, age-cracked paint layers. The latter can act as miniature galvanic cells in

which redox reactions can occur at the interface between pigment grains, binding

medium, and water. In addition, phenomena such as crystallization of salts, the

leaching of metal cations from pigment grains, and in situ formation of metal soaps

can gradually undermine the mechanical integrity of paint materials [1]. Cycles of

condensation/evaporation may also transport secondary alteration compounds
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towards the surface, leading to the formation of weathering crusts. These crusts can

be partly crystalline; almost all have a color and texture that is quite different from

the original material.

When considering the inorganic materials employed as pigments by artists from

the fifteenth to the eighteenth century, a relatively limited evolution can be observed

over time. This is because the chemistry of pigment synthesis was fairly limited in

this period, with the majority of inorganic materials used as pigments still being

naturally occurring minerals. Only in cases of a few exceptions, such as lead white

and smalt, the chemical technology was sufficiently advanced that specific colored

inorganic materials of high quality and chemical stability could be synthesized in

controlled circumstances.

Since the trade in artists’ pigments was well spread, it was possible for artists to

purchase different varieties of the same pigment, often of significantly different

quality and price; in the case of mineral species, these quality differences are related

to different geographical origins and/or the grain selection/purification method to

convert mineral finds into finely ground pigment powder.

Among the pigments employed by fifteenth to seventeenth century fine art

painters in the Low Countries, such as Jan Van Eyck (1390–1441), Hans Memling

(1430?–1494), Quinten Matsys (1466–1530), Pieter Brueghel the Elder (1525?–

1569), Pieter Paul Rubens (1577–1640), Anthony Van Dyck (1599–1641),

Rembrandt van Rijn (1606–1669), Jan Davidz. de Heem (1606–1684), and

Johannes Vermeer (1632–1675), a few fall in a special category. For these, in

many historical paintings, a significant level of chemical alteration of either the

pigment grains themselves or of the paint they are part of is observed. It concerns,

for example, the pigment smalt (a blue, cobalt-doped type of potassium-rich glass),

vermilion red (mercury sulphide, HgS, also known as cinnabar in its mineral form, a

pigment used since antiquity), orpiment and realgar (both arsenic sulphides,

respectively As2S3 and As4S4), and lead white (usually a mixture of cerrusite,

PbCO3 , and hydrocerrusite, 2PbCO3�Pb(OH)2). Smalt is a very frequently

employed blue pigment that turns greyish/pink upon alteration. Since smalt is

often used as part of large surfaces (for example, in a blue sky, in blue clothing of

saintly figures, in the darker backgrounds of indoor scenes) its discoloration can

have a profound influence of the general outlook and color balance of the painting.

This is, for example, the case in a number of paintings by Jan Matsys (1509–1573)

and Rembrandt van Rijn. A less strong, but notable change in color can take place

with vermilion red, where the originally bright red surface may darken; in addition,

the blackened parts of the paint often become covered with white precipitates. In a

number of works by the baroque-era painters P.P. Rubens and Pieter Brueghel the

Younger (1564–1636), such discolorations have been observed. The yellow/orange

pigments composed of arsenic sulphides such as realgar and orpiment have a

reputation of being fugitive, i.e., one assumes them to be converted by the action of

light and humidity to gaseous/volatile As-containing compounds, supposedly

causing the yellow-orange tinting power of these paints to slowly disappear. The

seventeenth century painter J. Davidz. de Heem frequently employs the bright

orange orpiment as part of his intricate flower pieces while in the Rembrandt
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paintings The Nightwatch and The Jewish Bride, realgar is for example employed

for painting yellow/golden highlights of the fabrics.

Near the end of the nineteenth century, a number of scientific and technical

innovations such as the industrial synthesis of new pigments (with bright, more

saturated hues) and the introduction of the paint tube (allowing easy distribution and

use of industrially produced artistic paints) set the stage for a significant artistic

revolution. Indeed, several masters of modern art, such as Joseph M.W. Turner

(1775–1851), John Constable (1776–1837), Camille Pissarro (1830–1903), Paul

Cézanne (1839–1906), Vincent van Gogh (1853–1890), George Seurat (1859–1891),

and James Ensor (1860–1949) avidly made use of the new possibilities the recently

available pigments and paints offered for expressing themselves.

Among the many colors employed by Vincent Van Gogh, the use of yellow

pigments becomes very important after 1885.While in his early period (1883–1885/6),

he employed mainly Naples yellow (lead antimonate) or light hued earth pigments, in

the second half of his career (when he worked in Paris, Arles, and St. Remy,

1885–1890), he frequently employs both chrome yellow and cadmium yellow [2]. As

becomes clear from his correspondence [3], chrome yellows are among Van Gogh’s

favored pigments, featuring in some of his most important paintings from the French

period (1886–1890), such as, for example, the Sunflowers series of paintings. Already

during his lifetime, Vincent van Gogh was aware of the lack of stability of chrome

yellow (see letter nr. 595 from 1898 [3]). In this respect, cadmium yellow had a better

reputation; however, recent investigations have revealed that also this pigment may

change its hue under the influence of time and environmental agents. Its degradation

behavior has been/is being studied inworks of art byVincentVanGogh,HenriMatisse

(1869–1954), and EdvardMunch (1863–1944). The final pigment to be discussed here

isminiumor red lead (Pb3O4);VanGogh and his contemporaries sometimes employed

this orange-red pigment. This substance, frequently used outside artists’ workshops to

protect metals from corrosion, tends to become either white or black, as a function of

its chemical environment.

In order to assess better the current and future state of a painted work of art, it is

highly relevant to have a good understanding of the alteration processes that

gradually affect the materials it consists of. Many of these alteration phenomena

only become visible after an extended period of time and are caused by slow acting

(physico-)chemical transformations in multi-component and multi-phase chemical

systems that only gradually move towards equilibrium. Redox processes have been

identified as being responsible for alteration of a number of inorganic pigments. A

lot of these reactions involved include a photo-activation step and, therefore, require

(sufficiently energetic) light falling on the painting (surface). The secondary

compounds formed in this manner generally are present as micrometer-thin layers,

at or just below the paint surface. Advanced analytical methods that allow to

distinguish between subtly different compounds or valence states of the same

transition metal in these micrometer-thin and superficial alteration layers and that at

the same time are able to provide information on the distribution of such secondary

compounds, are therefore mandatory tools for art-conservation research [4].

Traditionally, to study the chemical make-up of painted artworks in detail,

(minute) paint samples are collected. These tiny samples can be taken using five
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standard ‘‘microdestructive’’ techniques: scalpels or lancets (e.g. [5]); gentle cotton

bud (Q-tip) abrasion (e.g. [6]); microdrilling (involving a 100–200 lm diameter

bore) (e.g. [7]); or laser ablation, the ablated materials being collected on

microscope slides (e.g. [8]). These techniques remove only minute amounts of

material and any damage is effectively invisible to the naked eye; they, therefore, do

not disturb the esthetic experience of the artwork. Moreover, microdestructive

sampling is mostly limited to areas where paint losses have already occurred. The

extracted material often comprises the entire stack of micrometre-thick paint layers

at a given position. To examine the minute samples, one or more non-destructive

microanalytical methods may be employed before undertaking additional analytical

investigations that involve the chemical digestion of the sampled material, or any

other wet-chemical operation. Prior to microanalysis, multilayered paint samples are

typically embedded in resin, cross-sectioned and then polished. Alternatively, the

different materials/layers in a paint sample may be carefully separated from each

other under the microscope for separate analysis.

The range of analytical techniques available to painting researchers is now fairly

extensive and the methods can be used to characterize a painting’s materials in

detail. They include the following: optical microscopy (OM), scanning electron

microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDX) [9],

micro-Fourier transform infrared spectroscopy (l-FTIR) ([10]), micro-Raman

spectroscopy (l-RS) [11, 12], high-pressure liquid chromatography (HPLC), gas

chromatography coupled with mass spectrometry (GCMS), and pyrolysis GCMS

(Py-GCMS) [5, 13–15]. To complement these analytical methods there are chemical

imaging techniques such as synchrotron radiation (SR)-based micro-X-ray fluores-

cence (l-XRF) [16], micro-X-ray absorption near-edge spectroscopy (l-XANES)
spectroscopy ([17]), micro-X-ray powder diffraction (l-XRPD) [18], and syn-

chrotron radiation micro-Fourier transform infrared spectroscopy (SR-l-FTIR). SR-
based photoluminescence is a relative new addition to this series [19]. Often,

combinations of these methods are required to fully understand the paints’

chemistry [20, 21]. This was also the case for a number of the investigations

described below.

Micrometers below a painting’s surface, a wealth of information may be present

about the creative process followed by the artist while making the work of art. The

manner in which a painted work of art was created, its conservation, and exhibition

history may leave material traces behind, for example, in the layer-by-layer build-up of

the artwork. However, this stratigraphic information, comprising structural and

compositional aspects, is usually not easy to obtain in a non-invasive manner. Next to

the visible surface layers, subsurface layersmay includeunderdrawings, underpaintings,

and adjustments made in the course of painting. Together, all these layers determine the

current appearance of the work of art. In a growing number of cases conservators have

discovered abandoned compositions underneath paintings, illustrating the artist’s

practice of reusing a canvas or panel. Imaging methods that can ‘‘read’’ this hidden

information without any damage to the artwork are, therefore, valuable tools for art-

historical research [22]. The standardmethods for studying the inner structure of painted

works of art are X-ray radiography (XRR) and infrared reflectography (IRR), both

penetrative illumination techniques that are optionally complemented with the

Top Curr Chem (Z) (2016) 374:81 Page 5 of 52 81

123



microscopic analysis of cross-sectioned paint samples. Since these methods all have

their limitations, recently, a number of fundamentally new approaches based on X-rays

for imaging the buildup of hidden paint layers systems (and for analyzing small samples

thereof) have been put into practice. Two major motivations can be discerned for the

development of such analytical methods: (a) the desire to knowmore about the creative

process and/or the artist’s way of working that have led to a given artefact and (b) the

need to assess and predict the current and future condition of a work of art. Motivation

(a) is essentially of art-historical nature and seeks to reconstruct (better) the past/history

of an artwork while motivation (b) is more strongly linked to preventive conservation

and to conservation technology and, therefore, mostly concerned with the future of the

artwork [17]. It should be duly noted, however, that for conservation, also an

understanding of the history of awork of art and the artist’s intent is fundamental, since it

provides the basis for assessing the current condition of the artwork and for deciding

which might be the most appropriate interventions [23].

A comprehensive understandingof the paints used in awork of art, therefore, requires

information from across the painting’s surface, as well as on their ordering as a function

of depth [23]. To complement the detailed information that can be gathered from a

limited number of (possibly non-representative) paint cross sections, mobile versions of

different non-invasive spectroscopicmethods can be used to investigate a (much) larger

number of locations on a work of art. By means of portable XRF (PXRF), element

signatures can be swiftly recorded from all differently colored areas of a painting,

allowing indirect inferences to be made on which pigments were used throughout.

Similarly, portable RS and FTIR equipment can be used in a complementary manner to

record molecular spectroscopic data and to assess the presence of any organic

constituents (e.g. [24]). More recently, several X-ray and visible/near infrared (VIS/

NIR) based non-invasive imaging methods have been developed and successfully

employed to document the composition of complete paintings [25–27]. They can be

considered the state-of-the-art equivalents of the two imaging methods that have been

routinely employed in subsurface investigation of paintings for several decades: infrared

reflectography (IRR) and X-ray radiography (XRR). Some of these exploit a scanning

mode of operation (see Fig. 1) and include the techniques of macroscopic X-ray

fluorescence (MA-XRF) [26], macroscopic X-ray diffraction (MA-XRD) [28],

macroscopic Fourier transform infrared scanning in reflection mode (MA-rFTIR)

[29], and VIS/NIR imaging [30]. Camera-based analytical approaches include

hyperspectral imaging in the visible range (350–700 nm), the near-infrared range

(NIR; 0.7–1.7 lm), and the short-wave infrared range (SWIR; 1.7–2.5 lm) [27].

In what follows, after outlining a number of X-ray based methods of analysis

suitable for studying pigment degradation phenomena, we describe a number of

recent studies aimed at unraveling the degradation pathways these pigments are

subjected to. Here, the ability to determine the speciation of the inorganic metallic

compounds on the (sub)microscopic scale is often highly valuable, as this speciation

state often alters during degradation processes. We also briefly describe recently

developed methods of chemical imaging by means of which the distribution of

pigments in paintings can be visualized. It is often interesting to combine both

methods for local (speciation) analysis and large scale chemical imaging in a study

of a particular work of art.
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2 X-ray Based Methods of Analysis

X-ray fluorescence analysis (XRF) is a well-established method of (semi-

)quantitative elemental analysis that is based on the ionization of the atoms of the

material being irradiated by an energetic beam of primary X-rays. XRF on heritage

and archaeological samples is mainly used in reflection geometry to probe the

stratigraphy of polished cross-sections of micro-samples or the exposed surfaces of

objects. The energy of the fluorescent photons is the difference in energy between

the vacancy that is the result of the ionization process and the electronic state of the

electron filling the vacancy [16, 31]. In this manner, the characteristic radiation

emitted by the ionized atoms contains information on the nature and the abundance

of the elemental constituents present. The technique is particularly efficient for

studying high atomic number (high-Z) elements in low-Z matrices. Analysis of the

XRF spectra involves identification of the elements present from the fluorescence

lines observed and estimation of their net intensity; the latter are in principle

proportional to the abundance of the corresponding chemical elements. (Semi-

)quantitative analysis usually involves more complex calculations as initial

absorption of the X-ray beam and absorption of the fluorescent photons in the

material has to be modeled by taking the (expected) matrix composition into

account in an iterative fashion [32–34]. Since XRF meets a number of the

requirements of the ‘‘ideal method’’ for non-destructive analysis of cultural heritage

materials [35], analysis of objects of artistic and/or archaeological value with

Fig. 1 Christ with singing and music-making Angels, Hans Memling (1430–1495, Royal Museum of
Fine Arts, Antwerp, Belgium, panels 779, 778, and 780; oil on panel). a MA-rFTIR scanner in front of
panel 779; b PXRF-analysis of the chest-area of Angel #8, panel 778. c MA-XRF scanner, scanning part
of panel 780, and resulting elemental maps. The FTIR maps shown in a correspond to the white rectangle
in the MA-XRF maps shown in c. Adapted from [21]
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conventional XRF is fairly common. It is in fact one of the most often applied

methods for obtaining qualitative and semi-quantitative information on such

objects. Several textbooks cover the fundamental and methodological aspects of the

method and its many variants [36].

The variants of XRF that are most relevant for the analysis of painted works of

art or of micro-samples taken from such artifacts are (1) PXRF, (2) the X-ray

microprobe (XMP), involving the combined use of l-XRF/l-X-ray absorption

spectroscopy (l-XAS) and/or of l-XRF/l-XRD, usually based on synchrotron

radiation, and (3) MA-XRF imaging.

Portable XRF (PXRF): prior to analyzing painted works of art with more

sophisticated methods, as a means of first exploration or screening of the artifacts,

the use PXRF, sometimes also called handheld XRF (HXRF or HHXRF) is usually

very relevant [37]. Various compact, battery operated devices of this kind are now

commercially available [38–43] next to a number of self-built systems [44–47]. One

of these is shown in Fig. 1b. Since the interaction of individual photons of a specific

energy with single atoms of given atomic number can be very well described, in

principle, any form of X-ray fluorescence and, therefore, also PXRF, has the

potential of being used for (semi-)quantitative analysis. Several calibration schemes

and variants thereof have been developed since the 1970s [48]. Over the past

decade, PXRF instruments have allowed non-invasive analyses to be conducted in

museums around the world, on virtually any size artifact, producing data for up to

several hundred samples per day. However, questions have been raised about the

sensitivity, precision, and accuracy of these devices, and the limitations and

advantages stemming from performing surface analysis on (often) heterogeneous

objects made in obsidian, ceramics, metals, bone, and painted materials have been

discussed [49]. In the next paragraph, a number of recently published studies in

which PXRF was part of the set of analytical methods employed is outlined.

Considering that in PXRF-based studies, the interpretation of the spectral data

obtained from complex, multilayered (paint) systems can be problematic, usually

the advantages of PXRF have been exploited in combination with other, more

surface-specific and/or molecule-specific methods of analysis, in particular vibra-

tional spectroscopies such as Raman and FTIR (micro)spectroscopy.

PXRF has been used extensively both for documentation, as well as for

authentication purposes [50] of works of art of different historical periods. The

painting materials used in prehistoric rock art have been characterized by PXRF,

usually in combination with more specific methods (of molecular spectroscopy)

[51–53]. To characterize the materials and stratigraphies of an Egyptian coffin in the

Museo Civico Archeologico of Bologna (Italy), restored several times in the past, a

two-step approach involving both non-invasive and micro-invasive analysis

techniques was used [54]. The in situ, portable spectroscopies employed included

XRF, fibre optics reflectance spectroscopy (FORS), and FTIR. This multi-technique

approach allowed to reveal many differences in the composition of the (calcite,

CaCO3) ground layer and to identify the pigments in the original [cinnabar,

orpiment, red clay, Egyptian blue (CaCuSi4O10), and copper-based greens] and

restored zones [lead white, Naples yellow (Pb(SbO3)2/Pb3(SbO4)2), cerulean blue

(CoO�nSnO2), azurite (2CuCO3�Cu(OH)2)] of the coffin. In order to resolve
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remaining doubts about the presence of specific pigments in superimposed layers, a

few micro-fragments of paint were removed and analyzed using benchtop methods.

PXRF was combined with portable RS, Diffuse reflectance infra-red Fourier

transform spectroscopy (DRIFTS) and other methods for studying two wall

paintings in the Naples Archaeological Museum. The artefacts were extracted ca.

150 years ago from Marcus Lucretius’ house in Pompeii, showing the result of the

interaction of H2S gas (expelled during the eruption of Vesuvius) on the painting

materials [55]. The efflorescence on the walls of the house and the extracted wall

paintings were also studied [56]. The painted surface of plasters withdrawn from

different areas of the Villa dei Quintili (Rome, Italy) were examined in a similar

manner [57]. A combined XRF/XRD portable instrument was used to study the

pigment palette in the paints of the vaults of the Courtyard of Lions in the Alhambra

Palace (Granada, Spain), identifying (among others) cinnabar and hematite (Fe2O3)

in the red hues, in combination with hydrocerussite in the flesh tones while lazurite

((Na,Ca)8[(S,Cl,SO4,OH)2|(Al6Si6O24)]), azurite, and malachite (CuCO3�Cu(OH)2)
were encountered in, respectively, the blue and green areas [58]. Nubian wall

paintings (from churches in southern Egypt and northern Sudan) from the seventh to

fourteenth century were analyzed with a combination of PXRF and LA-ICP-MS,

allowing the identification of the raw materials employed [59]. On a thirteenth

century icon covered by a nineteenth century painting, an extensive campaign of

non-invasive analytical investigations was carried out using PXRF, FORS, UV–VIS

absorption and emission, allowing the documentation of the gilding techniques

employed and formulation new hypotheses regarding thirteenth century painting

techniques and materials [60]. To document the use of powdered bismuth (Bi) in

Late Gothic paintings and polychromic sculptures, PXRF was used together with

SEM-EDX and optical microscopy [61]. A combination of portable FTIR, Raman,

and XRF was used to identify the rare minerals crocoite (PbCrO4) and mimetite

(Pb5(AsO4)3Cl) in medieval Bohemian murals [62], probably as a result of the

degradation of the pigments orpiment (As2S3) and minium (Pb3O4). The same

methods were also employed to determine the nature of the painting materials

present in Memling’s polyptych Angels Singing and Playing Music [63] (see Fig. 1),

allowing the assessment of the manner in which this painter employed a limited set

of pigments and dyes to accomplish a great variety of color and optics effects. With

the aim of establishing it better into its historical context, a portable XRF–XRD

system was employed to analyze a fifteenth century illuminated parchment from the

Archive of the Royal Chancellery in Granada [64]. This revealed the presence of

gold and silver, lead tin oxide yellow (Pb(Sn,Si)O3/Pb2SnO4), azurite, vermilion,

minium, and malachite. Also, the materials employed by Pieter Brueghel the Elder

in the painting Mad Meg were studied by means of PXRF and other methods [65],

identifying the use of copper resinate green, smalt blue, vermilion red, and lead

white; these findings confirm the hypotheses about ‘‘an economic way of painting’’

by Brueghel. The gold dust, gold leaf, and the materials used for the gilding of two

miniature portraits on copper support from the Evora Museum collection (Portugal)

were examined and analyzed by stereomicroscopy, Raman, and FTIR micro-

spectroscopies, SEM-EDX, PXRF, and liquid chromatography coupled to diode

array and mass spectrometric detection [66]. The pigments and binding media
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employed in Sorolla’s gouache sketches for the Library of the Hispanic Society of

America, New York City, NY, USA have been studied by means of a combination

of PXRF, SEM-EDX, and FTIR analysis, showing that a rich palette of pigments

was used to manufacture these nineteenth century artists’ materials [67]. With the

aim of documenting the evolution in the pigment use of the late nineteenth century/

early twentieth century. Belgian painter James Ensor, and to correlate this technical

evolution with stylistic developments, a systematic survey was conducted mainly

based on PXRF [68]. A series of non-invasive analyses employing PXRF,

portable RS, and FTIR were combined with benchtop micro-Raman and SEM-

EDX investigations to study the complicated mixtures encountered in paintings by

E. Munch and F. Kupka, highlighting the need to employ combinations of methods

in order to arrive at unambiguous pigment identifications [69]. Other works of

modern painters were examined to verify their authenticity [70] or document their

pigment usage [71–75].

Microscopic XRF (l-XRF) is a branch of XRF that has been developed since

1990 [76], mainly thanks to the use and increasing availability of (a) synchrotron

radiation (SR) and (b) various devices for efficient focusing of X-rays [16, 77]. It

can obtain information on the local elemental composition of inhomogeneous

samples. At synchrotron facilities, a variety of micro- or nanofocus optics, based on

refraction [78, 79], diffraction [80, 81], or total reflection [82, 83] of X-rays, is

currently in use to create small beams with energies in the 1–100 keV range and

with diameters of typically 0.1–1 lm. In laboratory l-XRF instruments, mostly

polycapillary lenses are employed for focusing [84–86], providing focused X-ray

beams that usually are 10–30 lm in diameter [87]. Among the commercial

apparatus currently available, there are some specifically developed for the local

investigation of works of art [88]. By incorporation of additional degrees of freedom

of the measuring head, the analysis of Antique manuscripts [89, 90] and bronzes

[91, 92], Medieval paintings [93], Chinese porcelain [94], and Baroque-era

drawings [95] has become possible.

A specific sub-type of micro-XRF investigations are those employing a confocal

excitation-detection geometry [96]. In this case, the recorded XRF signals stem

from a well-defined cube-like ‘‘sampling’’ volume that is situated at the intersection

of the X-ray optical devices positioned between X-ray source and sample (defining

the primary beam) and between sample and X-ray detector (defining the direction

from which XRF signals can enter the detector) [97]. Often, polycapillary optics are

employed for the latter purpose [98, 99]. By moving the sample through this

sampling volume, local information on the elemental composition of the material

being investigated can be obtained. Sequential series of confocal XRF measure-

ments along lines and planes allows to visualize the distribution of chemical

elements of interest in one or two dimensions, creating, for example, virtual depth

profiles, and two- or three-dimensional distributions inside the materials of interest

[23, 100, 101]. After its original introduction at synchrotron radiation facilities

[97, 101–105], the feasibility of performing confocal XRF measurements using tube

sources was demonstrated by several groups around the world [106–110], along

with appropriate deconvolution, quantification, and simulation models [111–118].

Several papers have been recently been published where confocal XRF
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measurements are exploited for sub-surface examination of painted works of art

[119–124], next to pottery [125], coins [86], stained glass [126, 127], painted metal

sheet [128], and natural rock samples [129].

About 10–15 years ago, the main advantages of SR-based l-XRF for the study of

archaeological and artistic materials (such as glass, inks, enamel, metals) were

considered to be its quantitative and non-destructive character combined with the

possibility to perform trace analysis at the 1–10 ppm-level for transition element

metals [130]. At that time, the combined use of l-XRF with l-XAS and l-XRD was

described as an interesting development [131]. Currently, this multi-modal approach

has become standard practice at SR facilities, where the role of l-XRF is still central,

but often no longer ofmajor importance. X-raymicroprobes (XMPs), i.e., synchrotron

beam lines that allow the combined use of these methods are nowadays present at all

SR facilities. Recent review papers [21, 132–134] indicate that they are well-

established, non-destructive analytical tools that are successfully employed in a large

variety of application fields such as materials science/quality control, environmental

science, geology, and life sciences, as well as in cultural heritage investigations.

Figures 2 and 3 show spectral data and chemical maps derived from degraded paint

micro samples. For the investigation of (altered) paint layer samples, also SR-based l-
FTIR is being increasingly used as a complementary method; in addition to the

identification of organic components (binders, varnishes) it provides specific

Fig. 2 a Photograph of Sunflowers by Van Gogh (Arles, 1889; Van Gogh Museum, Amsterdam, the
Netherlands); sampling spots are also shown. RGB composite MA-XRF maps of b Pb/Cr/Zn and c Hg/
As ? Cu/Fe. d Raman and IR distribution of different CY types (LS-CY: light-sensitive chrome yellow
(PbCr1-xSxO4, with x[ 0.4); LF-CY: light-fast chrome yellow (monoclinic PbCrO4); CO: chrome orange
[(1-x)PbCrO4�xPbO]). Triangles show the location of FTIR analyses;‘‘V’’ and ‘‘RL’’ indicate spots
containing also vermilion and red lead. The white circle denotes the location where only red lead was
identified. e Photomicrograph detail of sample F458/4 where SR l-XRF/l-XANES analysis of f–i) were
performed. RGB SR l-XRF images of f S/Cr/Pb [map size: 124 9 51.2 lm2; pixel size (h 9 v):
1 9 0.25 lm2; energy: 6.090 keV]. g, h RG Cr(VI)/Cr(III) chemical state maps [pixel size (h 9 v):
0.7 9 0.2 lm2] and i XANES spectra collected from areas indicated in g, b. Maps of (g, h) were acquired
in the regions shown in f. Adapted from [156]
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information on the presence of counter ions such as carbonates, sulfates, and oxalates

where l-XRF and l-XAS mostly yield data on the metal ions themselves.

SR-based XMPs have proven their value over more conventional combinations

of microanalytical methods, especially for the characterization of degradation

products that are formed in thin layers (smaller than 10 lm in thickness) at the

surface of weathered archaeological and/or artistic materials and artifacts. Since

individual paint layers in paint stratigraphies may be only a few micrometres in

thickness, the lateral resolution offered by laboratory l-XRF is not always sufficient

to extract all relevant information; thus, the collection of elemental maps from paint

cross sections using SEM-EDX at a typical lateral resolution of 1 lm is still

preferred. Occasionally, l-XRF has been used for this purpose, and then mostly in

combination with other laboratory-based methods that provide complementary

information [135, 136]. Since the use of (focussed beams of) synchrotron radiation

exposes the materials under investigation to elevated doses of radiation, not all

materials can be examined without beam damage [137]; phenomena such as gradual

loss of crystallinity, beam-induced oxidation or reduction have been observed in

several cases [138–140].

X-ray absorption spectroscopy (XAS) is based on the absorption of X-rays by

materials in the vicinity of the absorption edge of one of its constituting elements.

The technique provides chemical speciation, i.e. information on the coordination

Fig. 3 a Le bonheur de vivre (aka The Joy of Life, 1905–1906, oil on canvas, 176.5 9 240.7 cm, The
Barnes Foundation, BF719) by Henri Matisse; b S-Ka edge XANES of cadmium yellow (CdS, in red) and
its transparent/colourless oxidation product (CdSO4�nH2O, in green); c, e) Optical photographs of paint
cross sections taken from a; d, f Compound sulphide (red)/sulphate (green) map of the areas indicated by
the red rectangle in c and e (step size: 1 9 1.2 lm2); g–i) XRF, full-field XANES and XRD maps of the
sample shown in e. Adapted from [222]

81 Page 12 of 52 Top Curr Chem (Z) (2016) 374:81

123



sphere of the selected absorbing element (the central atom). The tunability of the

synchrotron emission with typical bandwidths DE/E smaller than 10-3–10-4, i.e. in

the (fractional) eV range for hard X-rays, permits the fine scanning of individual

element absorption edges. Synchrotron beam line setups are usually optimized to

continuously scan the primary beam energy E with a fixed exit of the beam over the

desired energy range (a few tens of electron volts for XANES or a few hundred eV

for extended X-ray absorption fine structure (EXAFS) spectroscopy). Due to the

high absorbance of many materials encountered at energies below 20 keV most

X-ray absorption experiments for cultural heritage and archaeology are performed

using XANES in fluorescence detection mode by collecting the X-ray signal

typically over some tens of eVs. The XANES fingerprint that is obtained is

compared to that of known reference compounds and in many situations the

unknown fingerprint spectra can be described by a linear combination of the spectra

of the references (see for example Fig. 2i or 3b). By recording l-XRF maps at a

limited number of energies along the XANES spectrum and appropriate transfor-

mation of the resulting intensity distributions, it is possible to obtain species-specific

maps (see for example Fig. 3b). Several reviews on the use of XANES for cultural

heritage investigations are available [17, 20].

X-ray diffraction (XRD): the main use of XRD for the study of paintings and

pigments stems from the fact that identification and quantification of crystalline

phases in complex mixtures is possible. Via appropriate optics, an X-ray micro-

beam of medium to low divergence (typically\3 mrad) is generated that allows a

paint sample or an entire artifact either in transmission or in reflection geometry to

be irradiated (see Fig. 4). Such beams may be generated at synchrotron facilities

using various optics, but also by using laboratory X-ray sources and, e.g., double

focusing mirrors. The powder diffraction rings are usually recorded with a two-

dimensional detector and then azimuthally integrated (Fig. 4e, f), yielding a radial

profile (scattering intensity vs. scattering angle 2h or momentum transfer Q). Each

phase inside the sample gives rise to a series of diffraction rings that appear as sharp

peaks in the radial profile. This ‘‘fingerprint’’ can be compared with databases and

used to identify the phases present. A possible overlap between the diffraction peaks

makes this process more difficult. In a number of cases, also Rietveld analysis [141]

is performed in order to extract quantitative information.

Macroscopic X-ray fluorescence (MA-XRF) imaging is a large scale variant of l-
XRF that has come in use since 2008 when it transpired that hidden/overpainted

layers in paintings can be revisualized in this manner; significantly more (pictorial

and chemical) information can be obtained than by means of X-ray radiography

[142]. It involves the relatively fast scanning of a work of art relative to an X-ray

source and XRF-detector assembly. Either the latter assembly is moved in front of

the stationary artwork (mobile MA-XRF scanners) or vice versa. With typical dwell

times of 50–200 ms per point, a (very) large number of XRF spectra (of the order of

one to several million spectra/artwork) are recorded, yielding (after appropriate

spectrum evaluation [143]) large-scale elemental maps (see Figs. 1c, 2b, c, 7c, d, 8,

9d, 10b). While its development started at a synchrotron facility [144], at which also

the first studies were realized [142, 145–148], relatively soon mobile MA-XRF

instruments were developed that allowed performing scanning experiments in the
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museum or picture gallery where the works of art are normally on display or are

conserved [26, 149, 150]. With these MA-XRF scanners, it was possible to examine

a great variety of artworks by well-known artists such as Rubens [22], Rembrandt

[151–153], Vermeer [154], Goya [155], Van Gogh [145, 156], Magritte [157],

Mondriaan [158] and Pollock [159], and to discover new information on their

artistic history and on their current state of conservation. Several X-ray instrumen-

tation manufacturers and research institutions have recently described MA-XRF

scanners of their own making [27, 160].

3 Multimodal X-ray-Based Identification and Degradation Studies
of Artists’ Pigments

3.1 Pigments As Semi-Conductor Materials

Most of the artists’ pigments of which the spontaneous degradation behavior are

described below are semiconductors. These are materials in which, upon absorption

of photons, electrons can be promoted from the valence to the conduction band,

leaving behind positive holes (see Fig. 5a). As illustrated in Fig. 5b, near the surface

of the material, band bending can take place, which may lead to either electrons or

positive holes being ‘‘injected’’ in the adjacent materials. The (in)stability of these

Fig. 4 a XRR image (obtained via X-ray absorption tomography) of a minium pustule removed from the
surface of ‘‘Wheat stacks under a cloudy sky’’, V.van Gogh (Kröller-Müller Museum, Otterlo, the
Netherlands). b Schematic and photograph of scanning XRF/XRD setup employed at Beamline P06 of
PETRA-III. c XRF and d XRD 2D distribution images of the severed pustule (map size: 80 9 55 lm2).
e 2D X-ray diffractogram of a plumbonacrite-rich location and f corresponding Q-space spectrum
showing the peaks of various lead carbonates. g Color reconstructions of the projected and h the internal
crystalline distribution of the paint sample. Pixel size: 45 lm2 (in c, d, and g); 11 lm2 (in h). Adapted
from [163]
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pigments and the nature of the corresponding chemical transformations may be

better understood/predicted by considering the positions of the valence band

maximum (VBM) and conduction band minimum (CBM) in relation to their

thermodynamic oxidation and reduction potential (uox and ured) and that of water

(see Fig. 5c) [161, 162]. In this manner, the positions of uox and ured can be used for

a fast screening of the stability of semiconductor pigments towards photo-induced

corrosion in an aqueous/humid environment. This theoretical approach corresponds

well with experimental data on pigment permanence and degradation phenomena

found in the literature. By experimentally recording the photo-induced reduction or

oxidation current emitted by the irradiated pigment/paint in an electrochemical

setup that mimics the real environment of the degrading paint, the influence of

potentially harmful environmental parameters (e.g., the wavelength and intensity of

the exciting light, the type of solvent, its pH, the concentration of metal-binding

ligands such as Cl-and HCO3
-) can be rapidly determined. It provides an

experimental way of assessing whether or not a semi-conductor pigment is prone to

photo-induced oxidation or reduction, with the advantage that it is much faster than

more traditional approaches based on artificial ageing of paint model samples.

Accelerated weathering experiments on such materials usually are time-consuming,

limiting the number of environmental factors of which the influence can

Fig. 5 a Indication of the penetration depth of blue (&450 nm), green (&510 nm), and red (&650 nm)
light. b Band bending for n-type semiconductors under illumination: accumulation layer (negative surface
charge), flat band potential and depletion layer (positive surface charge, most common for n-type
semiconductors). Arrows indicate either recombination of generated electron–hole pairs, or charge
separation in the presence of an electric field induced by band bending. c Schematic overview on the
stability of semiconductors in water. Oxidation and reduction potentials of a semiconductor relative to the
oxidation and reduction potential of H2O. d Oxidation and reduction potentials relative to the NHE and
vacuum level for relevant semiconductor pigments or pigment degradation products in aqueous solution
at pH 7 (pH 8.5 for ZnO), plotted versus the valence (dark grey columns) and conduction (light grey
columns) band edge positions at pH 7. Adapted from [161]
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systematically be examined. Moreover, during the long time period of artificial

aging, the possibility exists that several chemical transformation processes (e.g. an

initial photo-induced redox reaction followed by the precipitation of the released

metal ions with suitable anions) may be taking place so that only their compound

effect can be observed [163]. As concrete examples, the degradation behavior of the

pigments cadmium yellow (CdS) and vermilion (a-HgS) were discussed in greater

detail [162, 164, 165].

3.2 Pigment Degradation Studies Related to Fifteenth–Seventeenth
Century Works of Art

Vermilion red (a-HgS) is a very frequently used semi-conductor pigment from the

neolithic period onwards. It has been mined prehistorically and historically in

China, Japan, Europe, and the Americas to extract metallic mercury (Hg0) for use in

metallurgy, as a medicine or preservative, and as a red pigment for (body) painting

and in ceramics [166]. It is a pigment that features a complex multistep degradation

pathway. Chlorine and sulfur K-edge l-XANES investigation were combined with

l-XRD to determine the alteration mechanism that causes red pigment to acquire a

grayish-black aspect (see Fig. 6) [167]. Paint fragments from Rubens paintings and

from wall paintings in the Monastery of Pedralbes in Spain have also been examined

[168–170]. Whereas elemental analyses of the degradation products revealed, along

with mercury and sulfur, the presence of chlorine, XRD identified (in addition to a-
HgS) calomel (Hg2Cl2) and the mercury-, sulfur-, and chlorine-containing minerals

corderoite (a-Hg3S2Cl2) and kenhsuite (c-Hg3S2Cl2). These observations are

consistent with S- and Cl-edge XANES data. The resulting maps reveal a clear

stratification between the primary mercury compounds (a-HgS) and the secondary

species that arose from the interaction with environmental chlorine, leading the

authors to hypothesize that a-HgS first takes up Cl, thereby converting into one or

more Hg3S2Cl2 phases. These light-sensitive compounds, following the loss of

sulfur atoms, can be transformed into Hg2Cl2, whereas sulfide ions oxidize into

sulfate ions. The final step may involve the UV-induced disproportion of Hg2Cl2 to

HgCl2 and may cause metallic mercury to turn white calomel into a grayish-black

substance. No evidence for this transformation could be found with X-ray methods,

although some relevant data were recorded via secondary ion mass spectrometry

[171]. To study in greater detail the principle environmental factors (light, presence

of halides) influencing the instability of red mercury sulfide and to better understand

the chemical equilibria governing the formation and evolution of the different

degradation compounds, a thermodynamic study of the Hg–S–Cl–H2O system was

made in combination with theoretical considerations and experimental ageing

experiments [172]. The latter were performed in O2-rich and O2-poor circumstances

(see Fig. 6d, e). From these it could be concluded that Hg(0), a-Hg3S2Cl2, and
Hg2Cl2 can be formed from the reaction of a-HgS with ClO(g). Artificial aging

experiments were carried out on model samples following the conditions assessed in

the first part, in order to reproduce natural ageing observed on red mercury sulfide.

Similarly to degradation compounds detected on original works of art, mercury

chlorine compounds such as calomel and corderoite were identified on the surface of
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a-HgS model samples when exposed to light and a sodium hypochlorite solution.

Together with these compounds, sulfates were detected as well, and more

particularly gypsum (CaSO4�2H2O) when Ca was originally present in the model

sample. These experiments also showed that light is a necessary factor to obtain

degradation. From the relevant Pourbaix diagrams, it follows that both calomel and

corderoite can be formed at basic pH, which is consistent with their formation in the

presence of NaOCl solution (pH 12) during artificial aging experiments. These

compounds appear to be formed simultaneously, but the visual aspect of the samples

changed during the course of the ageing experiments, showing different steps and

colors. In order to remain stable, corderoite needs chlorine to be always available as

a reagent. In the case of aging in O2-rich circumstances, corderoite after some time

disappeared and was converted into calomel. It, therefore, appears that corderoite is

an intermediate product in the reaction of the formation of calomel from a-HgS.
Mapping of cross-sections obtained from the artificially aged samples revealed a

multi-layered structure similar to the ones observed on altered works of art, with

mercury chloride compounds on top of red mercury sulfide layers and sulfates at the

surface of the samples. Compounds containing both S and Cl are found in

intermediate layers. Concerning the visual aspect of the degradation of red mercury

sulfide, the different compounds detected on the pellets and on historical paintings

(calomel, corderoite, kenhsuite, gypsum) explain the observed white/purple colors,

but not the black one. The attribution of the black colour to meta-cinnabar (b-HgS)

Fig. 6 Photographs of paint micro-fragments taken from: a The Adoration of the Magi, a painting by P.
P. Rubens, Royal Museum of Fine Arts, Antwerp, Belgium; b, c a Roman fresco from Villa delle Torre,
near Pompeii, Italy. d Pellets aged with NaOCl solution and light at different times of ageing: (top panel)
two-layered vermilion|gypsum pellet, aged in a cyclic system; single-layered vermilion pellet, aged in
(middle panel) cyclic and (bottom panel) closed system; e Visible and local backscattered electron (BSE)
image of two-layered vermilion|NaCl pellet, aged with NaOCl in a closed system; the table shows
quantitative SEM analyses results performed on the four points shown in the BSE image (in atomic
percentage; Hg, S, Cl, and Na concentrations were normalized to a total of 100%; C, O, and Al data not
shown here). Adapted from [170]
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turned out to be unfounded. Theoretical spectroscopic results have indicated that

none of the minerals identified as degradation compounds on mercury sulfide

samples is intrinsically gray or black [165]. The presence of elemental mercury was

proposed as a by-product of the photo-induced mechanism that causes the darkening

of the paintings. In some conditions, the formation of Hg0 from HgS is indeed

thermodynamically favorable. By means of electrochemical methods [164, 173], the

formation of metallic mercury from HgS by the joint action of light and chloride

ions could be experimentally demonstrated. All the above consideration could be

brought together in the following sequence of chemical transformations:

HgS ! b� Hg3S2Cl2 ! a� Hg3S2Cl2; c� Hg3S2Cl2 ! Hg2Cl2

! Hg0 þ HgCl2:

By means of a combination of laboratory-based experiments and thermodynamic

modeling, the mechanism(s) and kinetics of cinnabar alteration in fresco applica-

tions was further clarified, specifically the role of light, humidity, and chlorine ions.

Additionally, possible pathways and preventive and remedial conservation

treatments during or immediately following excavation were explored to inhibit

or retard darkening of cinnabar pigmented fresco surfaces [174].

Arsenic sulfide pigments (AsxSy) are yellow (orpiment, As2S3) to orange-red

(realgar, As4S4) p-type semi-conductors that have been used as wall painting

pigments since antiquity, especially in Asia or Egypt [175, 176] and in illuminated

manuscripts [177–179]. They have been used less extensively in Europe where less

toxic or easier-to-use alternatives, such as lead–tin yellow, lead chromate, or

cadmium yellow, were available and preferred. Nonetheless, both orpiment and

realgar are frequently found in easel paintings, especially during the Venetian

renaissance era and in still life or portrait details [180]. It is not also uncommon to

find them in sculptures or decorative art objects [181]. Their sensitivity to light and

resulting photo-oxidation in works of art is well described and often identified

[182–184]: realgar (a-As4S4, monoclinic, red) first becomes para-realgar (b-As4S4,
monoclinic, yellow) which then turns into arsenolite (As2O3, white) while orpiment

(As2S3, yellow-gold) directly turns into arsenolite [176, 180, 182, 185, 186]. In oil

paintings, the chemical degradation of emerald green (Cu(C2H3O2)2�3Cu(AsO2)2)

and of arsenic sulfide pigment have arsenic trioxide (As2O3) as a common

degradation end product. In such paintings where this degradation takes place,

arsenic is no longer confined to the pigment particles, but is detected via elemental

X-ray analysis throughout the whole paint system, e.g., at layer interfaces, in

varnishes, around iron- and aluminium-containing particles, and in the wood

structure of a panel painting. The migrated arsenic is thought to be transported

within the paint system as arsenic trioxide in aqueous form (H3AsO3) by the same

mechanism as its transport in groundwater in the environment. In environmental

studies, the oxidation of As(?III) to As(?V) is well documented; dispersed arsenic

in paintings released from degraded pigments can, therefore, be a marker for water-

linked transport processes [180]. In a cross section from A Stone Cartouche with a

Garland of Flowers (1655) by the Flemish seventeenth century painter Daniel

Seghers (1590–1661), a combination of FTIR and Raman microscopy and XANES
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investigations was employed to identify and image the two oxidation states of the

arsenic sulfide pigment and its secondary compounds—arsenite [As(?III), unde-

graded] and arsenate [As(?V), degraded]. This painting presented unquestionable

signs of alteration as the yellow roses, originally painted using a mixture of arsenic

sulfide and ochre, became transparent over time. The As-K edge l-XANES spectra

and maps collected from the cross section left no doubt that As(?V) compounds are

effectively present while some of the corresponding Raman data are consistent with

this [187]. Some indications are already available that the mineral schultenite

(PbHAsO4) can be formed in situ; a positive identification of this degradation

compound by means of XRD could be realized in several seventeenth century

paintings by J. De Heem (unpublished data).

Smalt was commonly used as a pigment by artists between the sixteenth and

eighteenth centuries. It is a powdered blue potash glass colored by cobalt ions that

easily degrades in oil paint, causing sometimes dramatic chromatic changes in the

appearance of oil paintings. In many cases, reflection light microscopy demon-

strated the presence of partially discolored smalt particles with a remaining blue

core [188] (for an example, see Fig. 9b, c). The composition of smalt can vary

considerably depending on the manufacturing process and the elements that are

present in the raw materials in addition to the essential glass components silica,

potassium oxide, and cobalt. It is known from historical documentary sources that

smalt was available to artists in various grades with different color intensities, but it

can be difficult to distinguish between pigment that is degraded and that which has

always been rather grey in hue. Quantitative analysis of smalt pigment by SEM–

EDX has proved to be a useful method of distinguishing between deteriorated and

well preserved pigment based on the potassium content [189]. A typical pattern was

encountered in a sample from Paolo Fiammingo’s The Sons of Boreas Pursuing the

Harpies (National Gallery London, NG 5467) [190]. In the upper layer of the cross

section, where the smalt is mixed with lead white, it is well preserved and contains

around 13–14 w% K2O. The smalt in the lower layer, which was mixed with only a

little lead white, is degraded: the paint appears yellowish; the pigment has lost its

color almost entirely and contains only 1–2% K2O. In order to investigate the

changes in the structure and environment around the cobalt ion on deterioration and

to further the understanding of the basis of the loss of color, particles of well-

preserved and altered smalt in micro-samples from paintings in the National

Gallery, London, and the Louvre Museum, Paris, were analyzed using XAS at the

Co K-edge [191]. XANES and EXAFS measurements showed that in intense blue

particles, the cobalt is predominantly present as Co(?II) in tetrahedral coordination,

whereas in colorless, altered smalt the coordination number of Co(?II) in the glass

structure is increased, and there is a shift from tetrahedral toward octahedral

coordination. The extent of this shift correlates clearly with the alkali content,

indicating that it is caused by leaching of potassium cations, which act as charge

compensators and stabilize the tetrahedral coordination of the cobalt ions that is

responsible for the blue color. The same samples were analyzed complementarily by

using vibrational techniques such as l-RS and SR-FTIR microscopy [192].

Comparison of the resulting spectra with those from modern smalt, together with

spectral decomposition and correlation with quantitative SEM-EDX analysis, shed
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new light on the role of the various cations in the silicate structure. Important

modifications in the structure of the pigment on alteration were revealed, in

particular the leaching of alkali ions and the formation of silanol groups, which

subsequently condense to create new bridging Si–O–Si bonds and molecular water

in the glass. The degradation mechanism and progressive deterioration of smalt

were reproduced while also a theoretical explanation for the connection between the

discoloration process and structural atomic changes around the Co atom was

provided [193].

From antiquity, the pigment ultramarine was prepared by grinding the semi-

precious stone lapis lazuli (containing the mineral lazurite) into powder. It was one

of the most expensive artists’ pigments throughout history. Lapis lazuli is composed

of various minerals, among which aluminosilicates of the sodalite group. The most

notable is the mineral lazurite (Na,Ca)8(Al6Si6O24)(SO4,S,Cl)2 in which the cations

and anions are trapped within the aluminosilicate framework. The pigment obtains

its color from the fact that S2
- and S3

- anions are present inside the sodalite b-
cages. Evidence of entrapment of carbon dioxide in the natural pigment from

Afghanistan was found by Miliani et al. [194], indicated by the IR absorption band

at 2340 cm-1 and a low frequency satellite corresponding to the 13CO2 isotopo-

logue. The thermal behavior of natural ultramarine was studied by FTIR, UV–vis

spectroscopy, and XRD, from 300 to 1120 K. Measurements showed that CO2 and

the encapsulated S3
- chromophore behave in the same way during the heating

experiment, starting to be released only at about 670 K when the apertures of the

sodalite b-cages became larger as an effect of temperature. The absorption at

2340 cm-1 can be used as a reliable discriminant between Afghan (the most

probable source prior to the nineteenth century for Western artworks) and artificial

ultramarine, a fact of great interest when dealing with the authentication of

artworks. Recently, the possibility was investigated to distinguish lapis lazuli of

different geographic provenance based on their S–K edge XANES spectrum [195].

All examined lapis lazuli samples feature a S-XANES profile consistent with S3
-

being the dominant species (which considered to be the main responsible for the

blue colour); however, also indications for the presence of species such as S4
2-, S4

-

, and S8 are apparent, depending on the origin of the material. However, the

heterogeneity of the natural rocks hampers the straightforward association of one

specific S K-edge XANES spectrum to a region of provenance. The blue pigments

used on altarpieces in the fifteenth century in Catalonia and Crown of Aragon are

principally composed of the mineral azurite. To a lesser extent, lapis lazuli was used

and occasionally in the background areas and for outlining the principal figures;

indigo (of vegetal origin) was used for the chromatic preparation layer. Data from

several altarpieces belonging to well-known artists of that time were analyzed by

SR-XRD, benchtop FTIR and SR-FTIR microscopy, RS, and SEM-EDX. XRD and

SR-FTIR proved to be especially useful. The application of several layers with

decreasing particle size, starting with azurite and finishing with lapis lazuli relates

these artworks van Eyck’s ‘‘Adoration of the Mystic Lamb’’ [196]. Synthetic

ultramarine shares many properties with its natural form. Both natural and synthetic

ultramarine have long been considered to be highly stable to light and compatible

with other pigments. With both pigment forms, in some circumstances, a grey-black
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to greyish/yellow discoloration of ultramarine-containing paint may be observed. In

historical paintings, this phenomenon is known as ‘‘ultramarine disease’’ and is

generally attributed to a break-up of the binding medium. In a recent study on color

changes resulting from the interaction of various inorganic pigments with acrylic

binding media under UV irradiation, ultramarine blue was found to have a very

significant influence on alkyd resin paint, including a loss of blue color [197]. The

opening of the sodalite cages of ultramarine [198] can cause its chromophoric

S-anions to be released, leading to a loss of color of the pigment itself. Recently, Al-

K edge XANES was employed to investigate the white discoloration of synthetic

ultramarine in twentieth century paintings [199]. In degraded areas (induced by

exposure during 1 min to 3 M HCl), the Al K-edge XANES featured an additional

peak, corresponding to octahedral, six coordinated aluminium; in undegraded

ultramarine, only the signature from AlO4 units, part of intact b-cages, are observed.
From this difference, it may be possible to conclude that the degradation of

ultramarine may involve the removal of Al from the aluminosilicate network.

3.3 Alteration of Late Nineteenth/Early Twentieth Century Artists’
Pigments

Below, we describe a number of recent case studies where a combination of X-ray and

vibrational spectromicroscopic methods, sometimes together with more conventional

laboratory-based analysis techniques, was used to shed light onto the degradation

mechanism of pigments employed by artists such as James Ensor, Henri Matisse,

Vincent van Gogh, and contemporary artists. The degradation behavior of various

yellow pigments such as chrome yellow (PbCrO4 or PbCr1-xSxO4 with x B 0.8), zinc

yellow (K2O�4ZnCrO4�3H2O), cadmium yellow (CdS/Cd1-xZnxS), and Naples yellow

[Pb(SbO3)2�Pb3(Sb3O4)2] were investigated by means of l-XAS and/or related

methods, in addition, the degradation of minium (aka red lead, Pb3O4) and Prussian

blue [MFeIII[FeII(CN)6]�xH2O, with M=K?, NH4
? , or Na?].

To elucidate the reasons for the darkening of the originally bright chrome yellow

(CY) paint in works by Van Gogh (see Fig. 2), a combination of l-XRF, S, and Cr

K-edge l-XANES together with scanning transmission electron microscopy

coupled to energy electron loss spectroscopy (STEM-EELS) was employed

[156, 200–207]. This alteration proved to be caused by the surface reduction of

Cr(?VI) to Cr(?III), but was very hard to document in a convincing manner using a

combination of electron microscopy, Raman, and FTIR spectromicroscopies only.

In samples taken from various paintings and in artificially aged CY paint of that

period, Cr(?III) species were found, usually at the boundary between the paint and

varnish layers and in sulfur-rich areas (see Fig. 2h). l-XANES profiling and

mapping (Fig. 2e–g) allowed the determination of the superficial brown coating that

is 2–3 lm in thickness and contains non-crystalline Cr(III) compounds such as

Cr2O3�2H2O, Cr2(SO4)3�H2O, and/or (CH3CO2)7Cr3(OH)2 [200]. The high sensi-

tivity towards darkening of this material could be traced back to the presence of

monoclinic and/or orthorhombic PbCr1-xSxO4 (0 B x B 0.8) co-precipitate phases

that are less stable than monoclinic (S-free) PbCrO4 [203–209]. A change from the
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monoclinic to the orthorhombic structure is observed in PbCr1-xSxO4 when x exceeds

0.4 [202, 208].

To gain a deeper understanding of the behavior of the different types of chrome

yellows, a series of oil paint models was prepared and characterized using a variety

of methods before and after photochemical aging. The materials were obtained by

employing commercial and in-house synthesized powders of PbCrO4 and PbCr1-

xSxO4 co-precipitates with different x values [202, 203]. Also, samples of 100-year-

old commercial paint were subjected to aging and the resulting differences

investigated at the micro- and nanoscale [200, 207]. In parallel, a large series of

around 20 original chrome yellow paint samples, taken from paintings by Vincent

van Gogh and some of his contemporaries were characterized [202]. By combining

the results obtained from paint models and original paint samples, a number of

conclusions could be reached:

(a) Among the aged model oil paints, only those composed of a sulfate-rich

orthorhombic PbCr1-xSxO4 co-precipitate showed a significant darkening after

photochemical aging. Cr K-edge l-XANES investigations the formation of

up to about 60% of Cr(?III) species in the outer layer of the most altered

sample [203]. On the contrary, negligible alteration effects were observed

when sulfate species (such as PbSO4and BaSO4) were absent from the

crystalline structure or were merely mechanically mixed with the original

chrome yellow pigment. Only when the sulfate ions are inside the lead

chromate crystal structure itself, the darkening phenomenon was apparent.

This finding is attributed to a difference in solubility of the chromate

compounds that becomes higher when their crystalline structure changes from

monoclinic to orthorhombic [203]. By means of XRD, RS, and FTIR, it is

possible to make clear the distinction between the different above-mentioned

forms of chrome yellows [202, 208].

(b) an evaluation of the influence of the wavelength (range) of UV–visible light

on the photochemical reduction of the lead chromate-based pigments was also

performed. Light-sensitive sulfur-rich/orthorhombic PbCr1-xSxO4 (x * 0.75)

co-precipitate was exposed to ranges of UV (240 B k B 400 nm), UVA-VIS

(k C 300 nm), blue (335 B k B 525 nm), and red (k C 570 nm) light [203].

These experiments demonstrated that it is possible to slow down the

darkening of this material by minimizing its exposure to wavelengths shorter

than about 525 nm.

(c) The above-mentioned forms of chrome yellow (both stable and less stable) were

identified on about 20 embedded paint micro-samples originating from paintings

byVanGogh and someof his contemporaries. It was also possible to demonstrate

that the identification of these different forms of chrome yellow is possible by

carrying out non-invasive in situ analyses, i.e., by employing portableRaman and

FTIR instrumentation. For example, inVanGogh’spaintingsPortrait ofGauguin

(Van Gogh Museum, Amsterdam, the Netherlands) and Falling Leaves (Les

Alyscamps, Kröller-Müller Museum, Otterlo, The Netherlands) the presence of

the more light-sensitive PbCr1-xSxO4 type of chrome yellow could be identified

[202, 208].
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By means of EELS, nanoscale maps of Cr(?VI), Cr(?III), and S(?VI)-

containing species before and after light exposure of a historical light-sensitive

chrome yellow paint were obtained [207]. This allowed a relatively simple

degradation model to be proposed. Considering that this paint originally consists of

nanograins of PbCrO4, PbCr1-xSxO4 , and PbSO4 fixed in a porous network of cross-

linked oil-based binder in which micro droplets of aqueous solution can be present,

this model assumes that the degradation starts via an initial dissolution of CrO4
2-

ions into the aqueous phase. In their turn, these ions can react with the organic

binder (oil) at those locations where the binder network and the water phase are in

contact, thus oxidizing the binder material; this results in a reduction of the

chromate ions to Cr(?III) compounds. The redox reaction is followed by

precipitation of Cr2O3 as nanometer-thin outer layers on the surface of all particles

that are present. Because of the leaching of chromate ions from the particles, several

core–shell structures can be formed in situ on/in the particles.

An integrated approach based on a combination of diffuse reflectance UV–VIS,

SR l-XRF)/l-XANES, and electron paramagnetic resonance (EPR) spectroscopies

was used to study the photo-redox process in chrome yellows under the influence of

monochromatic light of different wavelengths and several white light sources [205].

EPR spectroscopy was used as a complementary tool to SR-based X-ray methods

due to its sensitivity for revealing species containing one or more unpaired electrons

and for distinguishing different coordination geometries of paramagnetic centers,

such as Cr(?V)-species. Semi-quantitative indications about the darkening of the

paint surface were obtained by UV–VIS spectroscopy. The Cr speciation data

highlighted that the reduction process was favored not only by (blue) wavelengths in

the 400–460 nm range (i.e., where the pigment shows its maximum absorption), but

also by (green) light in the 490–530 nm range. The first evidence of the presence of

Cr(?V)-intermediates in the Cr(?VI) ? Cr(?III) reduction reaction was also

gathered; this allowed the risks of inducing photo-degradation of the 490–530 nm

wavelength range to be explained.

In order to distinguish between the transformations induced by specific relatively

humidity (RH)/temperature conditions (i.e.,[50% RH and a fixed temperature of

40 �C) and exposure to light, monoclinic PbCrO4 , and orthorhombic PbCr0.2S0.8O4

were subjected to separate or combined thermal and photo-chemical ageing

protocols [206]. Diffuse reflectance UV–VIS and FTIR spectroscopies were used to

obtain information associated with chromatic changes and the formation of organo-

metal degradation products at the paint surface in combination with the above-

mentioned Cr-speciation techniques. Under the thermal aging conditions employed,

Pb(?II)-carboxylates and reduced Cr-compounds (in abundance of up to about 35%

at the surface) were identified in the lead chromate-based paints. The tendency of

chromates to become reduced increased with increasing moisture levels and was

favored for the orthorhombic PbCr0.2S0.8O4 compound. In the case of thermally

aged paint models, a higher relative abundance of Cr(?V)-species were observed

than in the case of the equivalent photo-degraded material where mainly Cr(?III)

species were encountered. In paint models first subjected to a thermal treatment and

then exposed to light, compounds ascribable to the oxidation of the organic binder
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were detected for all chrome yellow types investigated; however, the initial thermal

treatment increased the tendency toward photo-reduction of the PbCr0.2S0.8O4

pigment only. For this light-sensitive compound, the variation in thickness of the

photo-altered layer (containing ca 70% of reduced forms of Cr) as a function of

moisture levels could be attributed to a surface passivation phenomenon taking

place prior to photochemical aging.

Three micro-samples from two varnished paintings by Van Gogh and a waxed

low relief by Gauguin (all originally uncoated) were examined with the aim of

better understanding whether or not the application of the top coating influenced the

morphological and/or physicochemical properties of the chrome yellow paint

underneath [204, 209]. In all samples studied, regardless of the nature of the

coatings (resins or wax), l-XRF and Cr-K edge l-XANES measurements showed

that Cr(?III) alteration products were present in the form of grains inside the

coating (generally enriched in S-species); the Cr(?III) compounds were also

homogeneously spread at the paint surface. Inside the coating and within the grains,

the alteration compounds were present in abundance up to 70 and 100%,

respectively, and were identified as Cr(?III)-sulfates and -oxides. The distribution

of Cr(?III) species may be explained by mechanical friction caused by brush-

application of the coating that picked up and redistributed superficially formed

grains of secondary Cr-compounds, likely already present in the reduced state as

result of the photodegradation process. On the basis of the study of varnished

chrome yellow paint models, no evidence could be found of an actively Cr-reducing

role of the varnish or of superficial S-species.

Firm evidence for the chemical alteration of chrome yellow pigments in Van

Gogh’s Sunflowers (Van Gogh Museum, Amsterdam; see Fig. 2) was recently

presented [156]. Noninvasive in situ vibrational spectroscopic analysis at several

spots on the painting was combined with SR-based l-XRD, l-Raman, and l-FTIR
investigations of two paint micro samples to reveal the presence of lightfast PbCrO4

and light-sensitive PbCr1-xSxO4 (with x approximately equal to 0.5). Cr(?III)-

compounds, products of this degradation process, were found at the interface

between the paint and the varnish (see Fig. 2h). Selected locations of the painting

with the highest risk of color modification by chemical deterioration of chrome

yellow were identified; see also Sect. 4 below.

The production records for lead chromate pigments present in the nineteenth

century archive database of Windsor & NewtonTM (W&N) for the manufacture of

their artists’ materials, were recently systematically studied [210]. W&N produced

essentially three pigment types: (a) lemon/pale chrome yellow, based on solid

solutions of lead chromate and lead sulphate [Pb(Cr,S)O4], (b) middle or pure

monoclinic lead chromate (PbCrO4), and (c) deep lead chromate that contains the

latter admixed with basic lead chromate (Pb2CrO5), accounting for 53, 22, and 21%

of the production, respectively. Production recipes for primrose yellow (4%)

resulted in mixed crystals with a high percentage of lead sulphate. Each pigment

type is characterized by only one or two main synthetic pathways; process variations

reveal a systematic and thorough search for a high-quality durable product. A

comparison of the chemical composition of pigment reconstructions with early

W&N oil paint tubes showed that their records entitled ‘‘pale’’ and ‘‘lemon’’
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correlated with the pigment tubes labelled chrome yellow while the records

‘‘middle’’ and ‘‘deep’’ corresponded with the tubes labeled ‘‘chrome deep’’.

Some of the properties of the chrome yellow varieties containing variable

amounts of S have been examined by employing density functional theory (DFT)

calculations in order to better understand their photo-degradation behavior [211].

The results show that the mixed PbCr1-xSxO4 and the native PbCrO4 share a similar

electronic structure, although an energy up-shift of the conduction band is computed

by both increasing the amount of sulfate and passing from the monoclinic to the

orthorhombic phase. The calculations suggest that, when the degradation would be

considered to be purely an electron-exchange phenomenon, the Cr(?VI) photo-

reduction would more difficult for compounds with high sulfur concentration and an

orthorhombic phase. In reality, however, the opposite it true. Thus, it is likely that

the degradation is more strongly influenced by other factors, such as a different

solubility and/or (nano-)morphology of the PbCr1-xSxO4 materials. Another

theoretical study attempts to answer the question whether or not the degradation

of PbCr1-xSxO4 is purely a surface phenomenon; also, the question whether the bulk

properties of the sulfur-rich pigment material trigger the process is still open [212].

First-principles calculations were employed to investigate the role of sulfur in

defining bulk properties such as structure, stability, and optical properties of the

materials. The calculations support the hypothesis that an initial local segregation of

lead sulfate could take place. This material would then absorb UV light, thus

providing the necessary energy for subsequent reduction of chromate ions into the

greenish chromic oxide. To date, no experimental evidence to support this was

found.

The darkening of zinc yellow (K2O�4ZnCrO4�3H2O), as observed in A Sunday at

La Grande Jatte (G. Seurat, 1884, Art Institute of Chicago, Chicago, IL, USA) was

studied by a combination of EELS and Cr-K edge XANES on artificially age model

paint samples and on original micro paint samples [213, 214]. To observe changes,

more corrosive circumstances that needed for chrome yellows were needed,

involving a combination of SO2 gas, 50/90% humidity and light. Next to Cr(?III)

species also dichromate ions [containing Cr(?VI)] were found as degradation

products.

Cadmium yellow (CdS/Cd1-xZnxS) is another class of yellow pigments frequently

employed in the early twentieth century by painters such as Henri Matisse, James

Ensor, Edvard Munch, and Vincent van Gogh. Cd-based pigments share a common

hexagonal wurtzite structure in which cadmium and sulfur can be partially

substituted to generate ternary phases with a wide range of colors from pale yellow

to deep red. Among them, in CdS1-xSex solid solutions, the substitution of sulfur by

selenium decreases the valence-to conduction energy gap, hereby modifying the

color toward orange and red tonalities. UV–VIS-NIR and Raman micro-spectro-

scopies have been used for investigating the composition of ternary Cd1-xZnxS and

CdS1-xSex solid solutions employed as artists’ pigments [215, 216]. The goal was

the determination of the solid solution stoichiometry of a series of Cd-containing

paints, by exploiting the linear dependence of some absorption, emission, and

scattering properties with the pigment composition. The high sensitivity of Raman

spectroscopy to local compositional and structural heterogeneity permitted to
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formulate a hypothesis about the possible presence of quaternary solid solutions

based on the substitution of cadmium by zinc (CdS1-xZnxS1-ySey) in commercial

pigments and by barium (CdS1-xBaxS1-ySey) in historical paints. By employing a

combination of S K-edge l-XANES and l-XRD, it was established that the

oxidation of the pigment cadmium yellow (a-CdS) to cadmium sulphate (CdSO4-

H2O) (white/transparent) was the chemical transformation responsible for the loss of

the bright yellow color in a painting by J. Ensor [217]. In a follow-up paper [218],

the same authors discovered that another chemical pathway has given rise to the

formation of an orange-grey superficial crust in a painting by Van Gogh called

Flowers in a Blue Vase (1887, KMM), containing the grey/white mineral anglesite

(PbSO4) and cadmium oxalate. The chemical and physical alterations of cadmium

yellow (CdS) paints in Henri Matisse’s Le bonheur de vivre (aka The Joy of Life,

1905–1906, The Barnes Foundation, Philadelphia, PA, USA), shown in Fig. 3a,

have been recognized since 2006, when a survey by portable X-ray fluorescence

identified this pigment in all altered regions of the monumental painting. This

alteration is visible as fading, discoloration, chalking, flaking, and spalling of

several regions of light to medium yellow paint. Similar secondary Cd-compounds

(see Fig. 3h), such as CdCO3, CdSO4�nH2O (Fig. 3c–f), and CdC2O4 (Cd-oxalate)

as found in the Ensor and Van Gogh paintings have been identified [219–221]. By

using a combination of l-XRF (Fig. 2g), 2D full-field XANES imaging (Fig. 2h), l-
XRPD (Fig. 3i), and FTIR imaging of the altered paint layers, the question was

addressed what the roles of cadmium carbonates and cadmium sulfates are found in

the altered paint layers [222]. These compounds have often been assumed to be

photo-oxidation products, but could also be residual starting reagents from an

indirect wet process synthesis of CdS. In thin sections of altered cadmium yellow

paints from Le bonheur de vivre the distribution of various cadmium compounds

confirms that cadmium carbonates and sulphates are photo-degradation products.

On the other hand, in Flower Piece (1906, H. Matisse, The Barnes Foundation), the

cadmium carbonates appear to be remnants of the CdS manufacturing process,

where CdCO3 is the starting reagent. By employing TOF–SIMS species-specific

mapping of degraded paint samples, three categories of inorganic and organic

components could also be co-localized throughout i: (1) species relating to the

preparation and photo-induced oxidation of CdS yellow pigments, (2) varying

amounts of long-chain fatty acids present in both the paint and primary ground

layer, and (3) specific amino acid fragments, possibly relating to the painting’s

complex restoration history [223].

As of the 1840s, cadmium zinc sulfides were extensively employed by nineteenth

and twentieth century artists. The direct band gap of CdS is 2.42 eV, but can be

modulated by the progressive substitution of Cd with Zn, resulting in pale yellow

cadmium zinc sulfide pigments. Rosi et al. developed an analytical methodology for

the non-destructive identification of different forms of yellow Cd1–xZnxS solid

solutions based on electronic and vibrational spectroscopies such as XRF, l-RS,
reflection mode UV–VIS-NIR, VIS–NIR emission spectroscopy, and XRD. Six

commercial CdS-based pigments and four historical pigments from the early

twentieth century were examined. The reflection behavior in the VIS range and the

emission profiles in the VIS and NIR ranges reflected the pigment composition
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while l-RS allows to monitor the short range disorder in the CdS lattice caused by

Zn substitution. Information on the stoichiometry of the solid solutions and on their

local structure could be obtained via XRD and by employing different Raman on/off

resonance excitation conditions [215].

Minium or red lead (Pb3O4) is another frequently employed pigment by Van

Gogh and contemporary artists. This orange–red pigment has been used since

Antiquity. It contains both Pb2? and Pb4?-ions and has sometimes been observed to

lose its red color. These transformations are either described as darkening of the

pigment caused by the formation of either plattnerite (b-PbO2) or galena (PbS) or as

whitening by which red lead is converted into anglesite (PbSO4) or (hydro)cerussite

(2PbCO3�Pb(OH)2; PbCO3). By examining a degraded paint sample from Van

Gogh’s Wheat Stacks under a Cloudy Sky (1889, KMM) by means of conventional

2D and tomographic XRPD, it was possible to elucidate the degradation mechanism

of minium and identify a missing link compound [163]. The degradation process

was understood to be induced by absorption of 550 nm (or shorter) wavelengths,

promoting electrons from the valence to the conduction band of minium. These

electrons may reduce Pb(?IV) to Pb(?II). The in situ formed Pb2? (perhaps in the

form of PbO) then captures CO2 (either atmospheric or the result of oxidation of the

paint binding medium) to form various lead carbonates. Next to the frequently

encountered cerussite and hydrocerussite, a very rare lead mineral, plumbonacrite

(3PbCO3�Pb(OH)2�PbO), was revealed to be present. The location of this compound

was revealed via XRPD-tomography (Fig. 4b) of a hemispherical paint protrusion,

at the centre of which a partially degraded grain of minium was present (see Fig. 4g,

h). Evidence for the presence of a series of consecutive equilibria, gradually

transforming plumbonacrite into cerussite via hydrocerussite was found. In a

follow-up paper, the influence of several parameters on the tendency towards

degradation of minium such as (a) a surplus of PbO inside the red lead material

itself, (b) the pH, and (c) the concentration of available HCO3
- or CO3

2--ions was

investigated [224]. For demonstrating the photoactivity of the pigment, an

electrochemical setup with a minium-modified graphite electrode (C l Pb3O4) was

used. It could be confirmed that minium behaves as a p-type semiconductor,

photoactive during illumination, and inactive in the dark. Raman measurements

confirm the formation of degradation products. The photo-activity of the semicon-

ductor pigment is partly defined by the presence of PbO impurities; these introduce

new states in the original band gap. It was experimentally evidenced that the

presence of PbO particles in minium leads to an upward shift of the valence band,

reducing the band gap. Thus, upon photoexcitation, the electron/hole separation is

more easily initialized. The PbO/Pb3O4 composite electrodes demonstrate a higher

reductive photocurrent compared to the photocurrent registered at pure PbO or

Pb3O4-modified electrodes. In the presence of bicarbonate ions, a significantly

higher photoreduction current is recorded because the PbO that is formed in situ

reacts further to become hydrocerussite. It could be shown that the presence of

bicarbonates in the environment stimulates the photodecomposition process of

minium and plays an important role in the degradation process.

The fading of modern pigments based on Prussian blue blues [MFeIII[FeII(-

CN)6]�xH2O, with M=K?, NH4
? or Na?], another class of pigments frequently
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employed by Van Gogh [2] and other artists [69, 225], in the presence of various

white pigments has also been investigated [138, 226–230]. Painted samples were

studied by UV–VIS, Fe K-edge X-ray absorption, 57Fe transmission Mössbauer

spectroscopy, and attenuated total reflectance (ATR) infrared spectroscopy. XAS

revealed an effective decrease in the iron coordination number in the aged samples,

which, combined with Mössbauer data, suggest a reduction of the surface iron ions

in the Prussian blue upon exposure to light.

4 State-of-the-Art X-ray-Based Chemical Imaging of Painted Works
of Art

4.1 Macroscopic X-ray Fluorescence Imaging (MA-XRF)

In a number of recent papers, the results obtained via MA-XRF were compared to

those obtained by other methods providing elemental distribution information on the

square meter scale. Next to XRR, also neutron activation autoradiography (NAAR)

provides information of this kind [231]. Given the differences between XRR, MA-

XRF, and NAAR in the fundamental physical phenomena exploited, a theoretical

comparison of their capabilities is not straightforward and critical comparisons of

their use on the same painting were not available until recently. While NAAR

images tend to be more difficult to interpret because they usually contain

contributions from more than one element/pigment, MA-XRF maps provide more

direct and intuitive information on the distribution of pigments. The different

mechanism by which the images are created also effects the sharpness of the

resulting image. In NAAR, for example both the copper and mercury radionuclides

produce high-energy radiation. In the case the photographic film not in direct

contact with the paint, the path the electrons must bridge between paint and film can

cause can cause blurring of the NAAR images. By contrast, MA-XRF images that

are obtained by scanning can be much sharper in such cases. However, the

absorption of characteristic XRF radiation emitted by elements in underlying paint

layers by overlying strata may significantly influence the maps.

During the investigation of Rembrandt’s painting Susanna and the Elders

(Gemäldegalerie, Berlin, Germany), XRR, NAAR, and MA-XRF data were

juxtaposed [232]. In the XRR images, which are dominated by the Pb distribution,

many pentimenti (i.e., intentional changes to the composition, made by the original

artist) are visible, but given the complex genesis of the painting, their identification

in the radiograph was not straightforward. The painting features a considerable

number of overpainted features and a wide range of pigments with different

elemental tracers, including earth pigments (Mn/Fe), azurite (Cu), lead white (Pb),

vermilion (Hg), and smalt (Co, As) are present. MA-XRF suffers from few spectral

overlaps and the scanning of the painting was performed in a few tens of hours and

in situ, i.e. in the museum itself. NAAR required the stay of the painting at a nuclear

research facility for several weeks while inter-element interferences are more

difficult to resolve. Moreover, only a limited number of elements contribute to the

acquired autoradiographs, most notably Mn, Cu, As, Co, Hg, and P while highly
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relevant elements such as (K), Ca, Fe, and Pb do not show up in the NAAR images.

However, NAAR provides a higher lateral resolution and is less hindered by

absorption in covering layers, which makes it the only method capable of

visualizing P in lower paint layers. Comparison of the MA-XRF Pb and Hg

distribution of Susanna and the Elders suggest, for example, that the first Elder’s

hand was repositioned several times.

Another painting by Rembrandt that was studied by both MA-XRF and NAAR is

An Old Man in Military Costume (1630–31) in the J. Paul Getty Museum (Los

Angeles, CA, USA) [151]. The objective of the study was to virtually reconstruct

the hidden portrait below the one that is now visible. The challenge of

reconstructing the overpainted figure in An Old Man in Military Costume was

significantly advanced by the judicious combined use of imaging methods. XRR

provided information on part of the face and the area of the eyes since it largely

reflects the distribution of lead white. NAAR provided a strong image of the face

and cloak of the underlying figure, along with an indication of the chemical

composition. The single-element distribution maps produced by MA-XRF provided

additional details into the shape of the underlying image and the composition of the

pigments used. The underlying figure’s face proved to be richer in mercury than the

face of the figure on the surface. Likewise, the cloak of the underlying figure was

found to be richer in copper than the surface figure although the nature of the

copper-containing pigment could not be determined from these data. The use of iron

earth pigments, specifically, Si-rich umbers, came forth from complementary

information provided by the NAAR and MA-XRF maps; more specifically, the MA-

XRF Fe distribution revealed the shape of the first portrait’s gorget or collar. These

data were used to create a false color digital reconstruction, yielding the most

detailed representation of the underlying painting to date. This new reconstruction,

and associated information on the pigments employed in both the upper and lower

images serves to invigorate the art-historical discussion on the exact nature of the

concealed figure and its significance in Rembrandt’s oeuvre.

NAAR and XRF imaging were also used in the investigation of The Reading

Hermit (1630), allegedly painted by Rembrandt [233].

Gradually, the elemental mapping capabilities of MA-XRF are being employed

for the investigation of works of art other than oil paintings. Its applicability for

investigating stained-glass windows inside a conservation studio was assessed by

analyzing a well-studied late-medieval panel from the City Museum of Bruges

(Belgium), showing Saint George and Saint Michael (see Fig. 7) [234]. Although

accurate quantification of components is not feasible with this analytical imaging

technique, plotting the detected intensities of K versus Ca in a scatter plot allowed

distinguishing glass fragments of different compositional types within the same

panel (Fig. 7c1–c4). In particular, clusters in the Ca/K correlation plot revealed the

presence of two subtypes of potash glass and three subtypes of high lime-low alkali

(HLLA) glass. MA-XRF results proved to be consistent with previous semi-

quantitative SEM-EDX analyses on two glass micro-samples and theories on glass

production in the Low Countries formulated in literature. A bi-plot of the intensities

of the more energetic Rb-K versus Sr-K emission lines yielded a similar glass type

differentiation and presented a suitable alternative in case the Ca/K signal ratio is
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affected by superimposed weathering crusts. The MA-XRF maps permitted the

identification of the chromophores responsible for the green, blue and red glass

colors. In addition, by contrasting MA-XRF Maps from the interior with exterior

side of the window, it was possible to discriminate between glass panes made in

colored pot metal glass (i.e., glass that is colored throughout the pane) and those

made in multi-layered flashed glass (i.e., colorless glass covered with one or more

thin, intensely colored glass coatings). The benefit of obtaining compositional

information from the entire surface, as opposed to point analysis, was illustrated by

the discovery of what appears to be a green cobalt glass feature (see Fig. 7d) that

was previously missed on this well-studied stained-glass window, both by

connoisseurs and spectroscopic sample analysis. Generally, the major benefit is

the ability to acquire compositional data from the entire surface in a non-invasive

way. In addition, the ensuing chemical data can be presented in a visual way, hence

making their interpretation easier for non-XRF specialists. However, in contrast

with conventional SEM-EDX and l-XRF point analyses on samples, MA-XRF

experiments do not provide accurate quantitative composition information on the

Fig. 7 Stained glass window from the collection of the City Museum of Bruges showing Saint Michael,
dated ca. 1490, in front of the MA-XRF scanner; b schematic of build-up of a stained glass window and
measurement geometry on interior side. The table lists sampling depths for different XRF energies;
Elemental maps collected from the interior side: c1 K, c2 Ca, and c3 S; c4 Ca vs K-Ka intensity scatter
diagram with pixels clusters indicated; c5 Locations of color-coded pixel clusters. Elemental maps
collected from the interior side: d1 Cu and d2 Co; from the exterior side: d3 Ag, d4 Cu, and d5 Co.
Adapted from [234]
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different glass components. Although essentially qualitative in nature, the resulting

insights are particularly useful for conservators who are typically interested in an

efficient discrimination of the historical phases in one specific window rather than in

the exact chemical composition of the different glass types present. The mobile

aspect of the instrument allows performing the experiments directly inside a

conservation studio and the ensuing elemental distribution maps can also serve as

functional working drawings during the actual treatment. However, the lack of

absolute concentration data of the various glass constituents does prevent inter-

comparison of MA-XRF data obtained from different stained-glass windows. In this

framework, combining the MA-XRF maps with SEM-EDX analyses on a limited

number of samples is expected to be particularly relevant. Moreover, by creating

MA-XRF maps, sampling locations for SEM-EDX investigations can be selected in

a highly substantiated way. Thus, the number of micro-samples required for

obtaining a comprehensive compositional overview of the glass types present in a

glass window can be minimized and the resulting sample data can be extrapolated to

the rest of the glass surface in a more confident manner.

The benefits and limitations of employing MA-XRF for the study of manuscript

illuminations were recently discussed [235]. As a representative example of this

type of objects, a fifteenth century Italian manuscript fragment from the collection

of the Fitzwilliam Museum in Cambridge (UK) was investigated. MA-XRF

scanning of this fragment was undertaken to gain insight into the materials and

techniques of Renaissance illuminators and to help answer specific questions

regarding its authorship and place of execution, currently considered to be either

Bologna or Rome. The non-invasive analysis permitted to reconstruct the palette

employed by the anonymous illuminator and highlighted the likely use of two

unusual pigments: an arsenic sulphide glass and a manganese (hydr)oxide.

Identification of the latter would have been difficult without an elemental Mn

map, which showed no overlap with the Fe distribution, excluding the presence of

umber pigments, widely used and, therefore, less distinctive of a specific artist or

school. The use of manganese oxides as black pigments as hitherto been identified

almost exclusively in easel paintings by a number of sixteenth century artists

working in northern and central Italy, such as Perugino, with whom the unknown

artist of the manuscript fragment shows stylistic affinities. Although MA-XRF could

not provide a definite answer to the question of geographic origin, this kind of

analysis did offer strong support to securely place the fragment within a specific

artistic milieu. In order to realize a more precise and more reliable pigment

identification on these type of artefacts, MA-XRF scanning is best combined with a

series of RS or XRD point measurements.

MA-XRF was used together with optical coherence tomography (OCT) for the

inspection of a late sixteenth century illuminated parchment manuscript (a gradual),

originating from the Convent of the Benedictine Sisters in Lviv (Ukraine) (Fig. 8)

[236]. It was employed both for mapping the elemental distribution over large parts

of the folios (which included illuminated initials; see Fig. 8a–d), for quantitative

analysis of the composition of the smalt pigment, and for documenting changes in

the composition of the iron gall ink on different pages. OCT, by providing cross-

sectional images of painted details, helped to interpret the XRF results. Of the two
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non-invasive techniques, MA-XRF appeared to be the more useful. As opposed to

the local approach employed with PXRF, the ability of MA-XRF to scan large areas

allows for a more general characterization of the object, not restricted to small

regions of examination or to the collection of samples from them. OCT also yields

images of relatively large structures; Fig. 8e shows virtual OCT cross sections of

different locations on the manuscript. However, OCT suffers, due to the high

scattering properties of historic parchment, from the drawback that the information

retrieved is relatively limited.

To illustrate the interplay between spectroscopic methods for non-invasive

imaging, for point measurements and for microscopic pigment identification/

imaging, their combined use for a full characterization of the fifteenth century work

of art, Christ with Singing and Music-Making Angels, by Hans Memling was

described [21]. This involved the recording of MA-XRF and MA-rFTIR maps (see

Fig. 1), providing information on Memling’s painting and colour rendering

technique. For example, vermilion red was used in the cloak embroidery and in

the bright red parts of the wings of some of the angels, while at a lower

concentration level, it was also present in the flesh tones of the faces. In the more

purplish tones, madder lake was the major colorant, sometimes mixed with azurite.

The latter pigment was also employed in all blueish areas. For the hair of the angels,

clay-containing earth pigments (Fe, e.g. from goethite) were employed, with lead tin

yellow for the highlights. The worn gilded background features high Au and

reflected infrared signals but also Ca and Fe signals, both of which originate from an

underlying adhesive bole layer. In Fig. 1c, a composite of the relevant MA-XRF

Fig. 8 a Optical photograph and elemental maps of b Fe, Hg, c Pb, and d Co a capital ‘‘B’’ from a
sixteenth century gradual, originating from a Benedictine Convent (Lviv, Ukraine) e OCT profiles of
several details of blue-lettering (red rectangles). Adapted from [236]
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elemental maps is shown. In the examined areas, almost no indications of pentimenti

were encountered.

4.2 Studies Combining Large-Scale Chemical Imaging and Microscopic
Paint Sample Analysis

Next to the use of MA-XRF and related methods for subsurface visualization of

overpainted representations, this chemical form of imaging of paintings is also

increasing being used as part of pigment degradation studies. Below a number of

investigations are described where macroscopic chemical imaging is combined with

microscopic analyses of minute paint samples.

4.2.1 Identification and Localization of Different Smalt Types in ‘‘Saul and David’’,

Rembrandt

The painting Saul and David shown in Fig. 9, is thought to date from c. 1652 and

previously was attributed to Rembrandt van Rijn and/or his studio. It is a complex

work of art, recently subjected to an intensive conservation treatment and associated

investigation [153]. It was anticipated that its analysis would shed light on

authenticity questions and Rembrandt’s role in the creation of the painting. The

painting was thought to have been started in a colorful style characterized by great

detailing and smooth handling of the paint. In contrast, the adjustments made to the

painting during the second stage are painted very loosely; some scholars are in

doubt whether this second stage was executed by Rembrandt—some of his

assistants may have completed the work. It would seem that the painter was

experimenting with the use of smalt in this second phase, since it was found over

much of the painting, not only in the blue areas of the turban, which belong to the

first phase. The extensive use of smalt, especially in mixtures with bone black,

lakes, and earth pigments is considered typical of Rembrandt’s late painting

technique. Its pigment combination was not only useful to create coloristic effects,

but also for its drying properties and to give bulk and texture to the paint. As part of

the investigation into the authenticity of the curtain area, a number of paint micro-

samples were examined with light microscopy (LM) and SEM-EDX. Given that the

earth, smalt, and lake pigments used in the painting could not be imaged with

traditional imaging techniques, the entire painting was also examined with state-of-

the-art non-invasive imaging techniques. Special attention was devoted to the

presence of cobalt-containing materials, specifically the blue pigment smalt,

considered characteristic for the Rembrandt’s late artistic production [152]. The

painting and a selected number of MA-XRF distribution maps, recorded prior to

removal of overpaint and darkened varnish layers, are shown in Fig. 9a, d,

respectively. From the Fe and Co distribution maps, it is immediately clear that the

upper right canvas piece (part c) painted in a monochrome dark tone does not show

the same origin as the canvas sections of Saul and David (parts a and b,
respectively). Both Co and Fe appear to be present throughout the c area at high

abundance; the joins between the various sub-parts, as well as the entire c-section
were uniformly covered with an Fe- and Co-containing paint in order to dissimulate
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the differences with sections a and b. The Co map of the a-section demonstrates

that smalt was extensively used in the areas of the turban, the curtain, Saul’s

garments and his chair. K is associated with smalt, but also with red lake (likely

from alum or KOH added during its production). The Fe-distribution in the a-
section is quite different from the other elements since it is dominated by the earth

pigment-containing areas, where the Fe concentration is much higher than in smalt

(where it is of the order of a few wt%). The Co map has a patchy appearance at the

left and bottom of the picture, areas corresponding to Saul’s cloak, which initially

appears to have extended over the chair. The lighter (higher intensity) areas in the

Co map correspond to the thicker/more intact smalt-rich paint. Paint cross-sections

(Fig. 9c) from the dark patchy areas in the scans of Saul’s show the presence of an

incomplete smalt-rich top paint layer applied on top of red lake glazes. The partial

removal of the smalt paint from Saul’s garment and chair is most likely due to a

misinterpretation during a past restoration, where a restorer tried to recover the

bright red color of Saul’s cloak, obscured by a discolored and darkened smalt layer.

In the Ni:Co correlation plot (Fig. 9e, f), the existence of smalt characterized by

various distinct Ni:Co ratios is clearly visible. Next to the ‘‘medium Ni’’ group of

pixels (labeled red in Fig. 9f), a smaller group of pixels (labelled green) is present

characterized by a Ni:Co ratio that is ca. 25% higher than in the ‘‘medium Ni’’

group. This ‘‘high Ni’’ group of pixels is situated in Saul’s turban and some small

parts of his clothing. The ‘‘medium Ni’’ group of smalt pixels corresponds to patchy

areas of paint of uneven thickness that are present in Saul’s garment in sections a
and b. The pixels belonging to the curtain area in the background between the

figures of Saul and David, generally showing both a low Co and Ni intensity, were

labelled blue. In magenta, a fourth group of pixels, characterized by a very low Ni to

Co XRF intensity ratio is also visible in Fig. 9g, corresponding to the paint used to

cover the canvas insert c [153]. Microscopic examination of paint samples from this

Fig. 9 Saul and David by Rembrandt, (c. 1652, 126 9 158 cm, Royal Museum Mauritshuis, Den Haag,
the Netherlands, inv. no. MH621, oil on canvas); b, c Optical micrographs of two paint cross sections
(locations indicated); d MA-XRF maps (1656 9 1311 pixels) of various elements present in the painting;
e Ni-K vs. Co-K XRF intensity scatter plot; f as E, color codes: green: ‘‘high Ni’’, red: ‘‘medium Ni’’,
magenta: ‘‘low Co/Ni’’, blue: ‘‘rest’’; g location map of color-coded pixels. Adapted from [152]
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section showed that Co is not present in the form of smalt pigment particles but in a

more finely divided state, dispersed through the layer. The Co material was likely

added to the nineteenth century overpaint as drying agent. In sections a and b
however, the Co and Ni are definitely present inside coarsely ground smalt particles.

The difference between the ‘‘medium Ni’’ and ‘‘high Ni’’ areas could also be found

back in the quantitative SEM-EDX data of paint samples from both areas (shown in

Fig. 9b, c). From analysis of a series individual smalt particles it was possible to

infer that (a) the leaching process significantly decreases the K2O content of the

glass, typically from a level of 10–16 to 2–5 wt% while it does not seem to have a

large effect on the observed NiO:CoO concentration ratio; (b) the two average

NiO:CoO ratios obtained in both areas of the painting are significantly different at

the 99% confidence level: the ‘‘turban area’’ particles on average show a mean

NiO:CoO concentration ratio of 0.35 ± 0.06 (1 s) that is significantly higher than

the average ratio of the particles in the ‘‘garment area’’ where it is 0.28 ± 0.07. This

observation is consistent with the MA-XRF scatter plots of Fig. 9e–g, were in the

turban area, a Ni:Co intensity ratio that is ca. 25% higher than that in the garment

area is observed. In this manner the combination of quantitative SEM-EDX analysis

and MA-XRF scanning revealed that three types of Co-containing materials are

present in the Saul and David painting.

4.2.2 Evidence for Pigment Degradation in ‘‘Sunflowers’’ by V. Van Gogh

The Sunflowers painting shown in Fig. 2 was painted by Vincent Van Gogh in Arles

in 1888–89 as part of a series of seven, all depicting a bouquet of sunflowers in an

earthenware pot. The extent to which spontaneously occurring color changes have

influenced today’s outlook of the paintings has been questioned, while previous

studies showed that CYs (PbCr1-xSxO4 with variable sulfate content x) are prone to

darkening due to (photo-)reduction. The formation of reduced Cr is more favored

for sulfate-rich, lemon-yellow, orthorhombic PbCr1-xSxO4 varieties of the pigment

(with x[ 0.4) than for the orange-yellow, monoclinic PbCrO4 that is the most

lightfast of these materials [200, 202, 203, 205, 206]. A combination of non-

invasive methods such as MA-XRF, FTIR, and RS were performed in situ on the

version of Sunflowers owned by the Van Gogh Museum (Fig. 2a). Microscopic

investigation of minute paint samples was undertaken (1) to assess the extent to

which the painting contains lightfast PbCrO4 (henceforth denoted as LF-CY) and

light sensitive S-rich PbCr1-xSxO4 (x[ 0.4) (LS-CY), and (2) to determine whether

or not these pigments have been subject to a reduction process [156]. The MA-XRF

maps of the painting (Fig. 2b, c) show that Pb and Cr are the main elemental

constituents of the sunflower petals, the orange corollas and the table area. In the

pale yellow background, Zn is the predominant element (Fig. 2b), suggesting the

presence of zinc white (ZnO), while Pb and Cr are present in a significantly lesser

quantities. In some of the ochre and orange tones of the sunflower petals, besides Pb

and Cr, Hg, and/or Cu and As were also found (Fig. 2c), due to the presence of

vermilion (HgS) and/or emerald green [3Cu(AsO2)2�Cu(CH3COO)2]. In areas of the

sunflower petals and the upper region of the vase with no or very little Pb and Cr, Fe

is the main constituent element instead, indicating the use of a yellow ochre (Fe-
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hydroxide based pigment). All the above-mentioned pigments are frequently

encountered in works by Van Gogh. In the green(ish) areas, besides Cu and As, Pb

and Cr are sometimes found together too, suggesting the use of mixtures or

overlapping brush strokes of emerald green and CYs. The Pb-La:Cr-Ka XRF

intensity ratio changes throughout the painting (Fig. 2b), suggesting a distribution

of different CY types. However, the presence of other Pb- and/or Cr-based

pigments, also frequently used by Van Gogh, such as red lead (Pb3O4), lead white

[PbCO3, Pb3(CO3)2(OH)2], or viridian green (Cr2O3�2H2O), and variations of the

paint thickness (giving rise to self-absorption of variable magnitude), could also

cause a change in the Pb-La:Cr-Ka intensity ratio. No meaningful S-distribution

maps could be recorded, mainly due to the spectral overlap between the S–K and

Pb-M XRF signals and the limited MA-XRF sensitivity for these signals. More

reliable insights into the distribution of the different types of CY were obtained by

performing vibrational spectroscopic and structural analyses at a select number of

points on the surface of the Sunflowers painting (see Fig. 2d for a summary of the

results). In the light yellow table area, non-invasive Raman and reflection mid-FTIR

analyses revealed the presence of LS-CY (x & 0.5). This finding was confirmed by

SR-based l-XRD and vibrational spectroscopic analysis of a sample from the region

(F458/4). In the Zn-rich pale yellow background, Raman spectroscopy (Fig. 2d)

again demonstrated the presence of LS-CY (x & 0.5). For the sunflower petals,

various CYs appear to have been used. While in the light yellow areas, a type of LS-

CY very similar to that detected in the table and background was identified by

Raman spectroscopy, on the other hand, in the ochre-yellow petals, the presence of

LF-CY (i.e., monoclinic PbCrO4) was observed. Occasionally, this is mixed with

LS-CY or red lead. Chrome orange and vermilion red are sometimes also present in

the darker/orange petals. SR-based l-XRD and l-Raman mapping experiments of

regions of interesting of one of the studied paint samples (F458/1) confirmed the

non-invasive analyses: LF-CY is the chief constituent of the orange-yellow shades,

while LS-CY (x & 0.5) is the main phase in the lighter yellow hues. Clear

indications for the gradual conversion of Cr(?VI) to Cr(?III) were found. Next to

Cr(?III)-rich particles, Cr(?III)-species are present as a 2–3 lm thick layer right at

the varnish/paint interface. Here, the relative abundance of Cr(?III) is around 35%,

decreasing to 0% when going deeper inside the yellow paint. This pattern is very

similar to that previously observed in photochemically aged LS-CY (x[ 0.4) paint

models [200, 203, 205, 206]. In summary, the non-invasive identification and

macro-scale level distribution of the light-sensitive chrome yellow in the Sunflowers

painting in combination with analysis of paint micro samples has permitted to

identify selected locations with the highest probability/risk of color change due to

Cr(?VI) reduction and to provide the first evidence on the conservation state of

chrome yellow in selected regions of the painting.

4.2.3 Combining MA-XRF and VNIR Hyperspectral Imaging for the Study of Le

Portrait, R. Magritte

Diffuse reflectance imaging spectroscopy can be used to separate and identify many

artist pigments by virtue of their unique electronic transitions and vibrational
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features in the visible to reflective near infrared (400–2500 nm) [27, 157, 237–240].

When combined with MA-XRF scanning results, a more complete identification and

mapping of artists’ materials is possible [27].

‘‘Le portrait’’ (The Portrait, 1935, The Museum of Modern Art (MoMA), New

York City, NY, USA), shown in Fig. 10, is a painting by Belgian surrealist artist

René Magritte (1898–1967). It is a classic example of Magritte’s imagery,

characterized by the realistic representation of ordinary objects made surreal by

context or their relationship to each other. In the corresponding XRR image, an

underlying composition is visible, showing the head and torso of a female nude. A

similarity between the figure in the XRR image and the upper left quarter of a

painting by Magritte entitled ‘‘La pose enchantée’’ (The Enchanted Pose), presumed

lost, can be recognized. Preliminary in situ analyses by means of PXRF suggested

the presence of a chromium based pigment in the sky and of an iron oxide based

pigment in the darker areas of the female face. To gain a more thorough and overall

depiction of the hidden layer, MA-XRF was used to identify and map the

distribution of key chemical elements representative of pigments commonly found

in artists’ paintings, thus revealing information on the color palette employed by

Magritte while painting ‘‘La pose enchantée’’. Secondly, visible and near infrared

(VNIR) hyperspectral imaging was performed to complement the information

obtained by XRR and MA-XRF, both with respect to the hidden figure and to

Magritte’s palette in both pictorial layers [157].

The results of these investigations are summarized in Fig. 10. The Pb distribution

map (Fig. 10b) bears a significant and expected resemblance to theX-radiography, but

is no longer encumbered by the stretcher and hardware and thus easier to interpret. The

brushstrokes around the bottle confirm that the bottle was painted right on the top of

original painting and that the background around itwas painted afterwards. The female

Pb 
Fe Pb 

Cr Zn 

(B) 

(C) 

(D) 

(E) 

(A) 

Fig. 10 a ‘‘Le portrait’’, René Magritte (The Portrait, 1935; oil on canvas, 73.3950.2 cm2; Metropolitan
Museum of Modern Art—(c) C. Herscovici/Artists Rights Society (ARS), New York, USA); b rotated
MA-XRF Pb-L map; c different detailed MA-XRF of the facial area with adjusted contrast; d first
transmission mode NIR eigenimage of 1000–1500 nm spectral region (after histogram equalization);
e composite image obtained by overlaying the image of d with Cr (light blue), Fe ? Hg (red) MA-XRF
maps. Adapted from [157]
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figure is visible in the Pb map, showing that this element is more abundant in the

highlights of her face and body. The Zn distribution map, looking like the negative of

the Pb map, suggests the presence of this element in the ground layer. The dark color

used in the bottle appears to stem mainly from carbon black, as Ca and P appear co-

localized;Magritte used this pigment also in other paintings. Next toK and Fe, also Cd

is detected in the black. It is not unusual for Magritte to modify the tonality of his

blacks by mixing with other colors, such as cadmium yellow, in his palette. The same

elements are also present in the dark green used to paint the shadow of the plate, the

haft of the knife and the top of the bottle. The relative proportions vary slightly as does

the green tonality. No other element related to the inorganic green pigment could be

identified, suggesting the green was produced by mixing bone black with cadmium

yellow, painted over the blue sky of the hidden painting. In subsequent measurements

diffuse reflectance spectroscopy (DRS) supports the use of a cadmium yellow in the

dark glass of the bottle, its shadow and in the knife handle given the observation of a

sharp transition edge at 470 nm, consistent with the presence of CdS [241]. The Cr

XRF signals, recorded in the shadowof the plate and knife and in the top half part of the

bottle, only, suggest that Magritte did not use a chromium oxide green pigment as part

of the top-level blue nor in the dark paint of the bottle and shadows. Rather, this

element is present in the sky of the underlying painting, its X-ray fluorescence likely to

be totally blocked by the lead white in the top ochre paint while the top blue paint and

especially the black and dark green paint are (partially) transparent for Cr XRF

radiation. No metallic elements (such as Co, Cu, Fe) were detected that could relate to

the blue color on the top half of the painting using the MA-XRF scanning. This rules

out many blue pigments such as cobalt, Prussian or cerulean blue; however,

ultramarine blue (Na8–10Al6Si6O24S2–4) cannot be ruled out (Na, Al, Si, and S,

characteristic elements of ultramarine, are all difficult or impossible to detect in typical

MA-XRF experimental conditions). PXRF measurements using a He flush revealed

weak peaks for Al and Si, supportive of the assignment of ultramarine. DRS

measurements of the blue background revealed a broad absorption centered at 597 nm

and a peak reflectance at 483 nm, also consistentwith the presence of ultramarine blue.

The green shifted reflectance maximum may in part be due to a contribution of the

chrome oxide below. The red color of the slice of ham and of the eyelid were rendered

with vermilion red; this pigment was also used in the underlying composition, in

highlights over the nose and lips of the nude (Fig. 10c, e). The MA-XRF Fe and Pb

maps as well as the diffuse reflectance measurements show that the rest of the

figure was painted with an iron oxide based red pigment and lead white for the

highlights. NIR hyperspectral imaging of the painting (400–2450 nm wavelength

range) in transmission mode was found to give more information about the pictorial

features of the prior painted composition than imaging in reflectance mode. Principle

component analysis (PCA) analysis, followed by histogram equalization was used to

maximize the clarity of the features from the earlier painting [242, 243]. The

appearance of the nude woman corresponds well to the photograph of the prior

painting. In the spectral region from 1450 to 1680 nm,MinimumNoise Fraction PCA

(MNF-PCA) yields a first eigenimage (Fig. 10d) that showsmore of the sketches of the

pictorial elements. Figure 10e clearly illustrates the complementary nature of MA-

XRF and VNIR imaging. While in the darker areas, the XRF signals from the lower
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figure can more easily reach the XRF detector that is positioned in a reflection

geometry, the opposite is true for the NIR signals that were recorded in transmission.

The lighter, more lead white-rich paint is more transparent for the NIR photons while

the dark, boneblack-rich areas efficiently absorb the NIR radiation In this particular

case, both imaging methods together are capable of revealing all details of the face,

showing the characteristic enlarged lips, nose, ears and eyes that are expected. In a

similar study on a Degas portrait, it was possible by employing XRF data alone, to

faithfully reconstruct the original colours of the overpainted face [244].

5 Conclusions

In this review, an overview was presented of recent developments regarding the

characterization of pigmented materials used by painters from the seventeenth to early

twentieth century based on various forms of X-ray-based spectroscopic and imaging

analysis. XRF covers a wide range of instrumentation that can be profitable employed for

this typeof investigations, ranging fromfairly compact andcost-effectiveportabledevices

to sophisticated synchrotron beam lines where elemental imaging with submicroscopic

lateral resolution is possible. Microscopic XRF is well suited to visualize the elemental

distribution of key elements, mostly metals, present in paint multilayers on the length

scale from1 to 100 lm inside paintmicro-samples taken frompaintings. In the context of

the characterization of the pigments that suffer from spontaneous degradation, the use of

methods limited to elemental analysis or imaging usually is not sufficient to elucidate the

chemical transformations that have taken place. However, at synchrotron facilities,

combinations of l-XRF with related methods such as l-XAS and l-XRD have proven

themselves to be very suitable for such studies. Their use is often associated with l-FTIR
and l-RS spectroscopy since these methods deliver complementary information on the

molecular natureof thematerials present, atmoreor less the same length scale as theX-ray

microprobe techniques. The combined use of these methods has allowed elucidating the

degradation pathways of some of the pigments frequently employed by fifteenth to

twentieth century painters such as P.P. Rubens, Rembrandt van Rijn, V. van Gogh, J.

Ensor, and H. Matisse. Some of these studies are now started to being combined with

mapping of the distribution of pigments on the square metre scale.
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