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ABBREVIATIONS 

The following abbreviations are used in this thesis 

EDS 

ESRF 

I/lo 

LFR 

LIA 

PLM 

SADP 

SEM 

TEM 

TIMS 

XRD 

XRF 

XRPD 

Energy Dispersive Spectrometry 

European Synchrotron Radiation Facility 

Relative Intensity 

Low Flux Reactor 

Lead Isotope Analysis 

Polarized Light Microscopy 

Selected Area Diffraction Patterns 

Scanning Electron Microscopy 

Transmission Electron Microscopy 

Thermal-Ionization Mass Spectrometry 

X-ray Diffraction 

X-ray Fluorescence Spectrometry 

X-ray Powder Diffraction 

Quotations of historical sources are given in English, translated by the author unless stated 

otherwise. Texts in their original language are to be found in the notes. 



INTRODUCTION 

Over the past decades a new branch of art historical research, known as technical art history 

has evolved. In technical art historical research the subject of study is the production process 

of works of art. Knowledge on the manufacturing of art is becoming increasingly important. 

Various factors have given rise to this new, interdisciplinary Held of research. First of all, 

proper conservation and restoration treatment of art is ever more dependent on knowledge of 

the materials and techniques used in the making of an artwork. Secondly, authenticity 

research relies more and more on the material and technical analysis of an art object. In 

addition, material characteristics of an artwork have proven to be a rich source of information 

about the piece of art itself, giving insight into aspects of the artistic concept, function, 

context and other, immaterial aspects of the object concerned. 

It should be noted that conventional art historical research has long been dominated by 

theoretical, literary, iconographical and stylistic examination of art. While traditionally little 

attention has been given to the technical examination of works of art, in recent years technical 

art historical research seems to have become gradually integrated in mainstream art historical 

research. Nowadays, catalogues raisonnées, monographs on artists, as well as exhibition 

catalogues usually contain a chapter on the technical characteristics of the works of art 

involved. 

Subjects of this study are the production history of Naples Yellow and the discolouration of 

smalt. Naples Yellow, or lead antimonate yellow, is the most important synthetic yellow 

pigment in the history of the visual arts. The usage of lead antimonate covers a period of more 

than 3500 years, the first application of the pigment dating back to the 18th Egyptian dynasty 

(ca. 1500 BC). The production history of the pigment, notably over the past few centuries, is 

rather diverse and not well understood. This research project focusses on the European history 

of the pigment from the 16th to 19th century. The aim of this study is to describe different 

manufacturing methods and, subsequently, different forms of lead antimonate used over time, 

thus opening the basic possibility to date lead antimonate paint samples of unknown origin. 

Unraveling the history of the manufacture of Naples Yellow requires a comparative research 

studying textual sources as well as scientific analysis of authentic pigment material. After 

interpretation of historical production literature reconstructions of the pigments are made 

according to the descriptions in these sources. In addition, paint samples were taken from 

historical paintings of known origin. Subsequently, painting and reconstruction samples are 

studied using various analytical techniques. Both paths of research, scholarly interpretation of 

sources and scientific analysis of art objects, as well as some peculiarities of such 

interdisciplinary research are discussed in chapter 1. 

During the Middle Ages the application of lead antimonate yellow seems to have been 
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limited to the Eastern Mediterranean. The use of the pigment is then suddenly taken over by 

Italian ceramic artists during the early 16th century. The circumstances under which lead 

antimonate suddenly popped up in Italian Renaissance are investigated in chapter 2. Two 

contemporary manuscripts are discussed in which the synthesis of lead antimonate yellow is 

described. Reconstructions according to these pigment recipes show that at least three, 

possibly four different types of lead antimonate can be produced. Furthermore, textual 

examination of the recipes provides evidence on the origin of the manufacturing know-how. 

Chapter 3 deals with the introduction of lead antimonate yellow in Northern European 

painter studio's after 1700. Until the early 18th century lead-tin-yellow remained the most 

common yellow pigment, but was completely replaced by lead antimonate yellow at the 

middle of the 18th century. This development is discussed from technical, economical and art 

historical points of view. In addition, a contemporary Northern European manual is examined 

and pigments are reconstructed according to the descriptions given by that manual. The 

results show interesting characteristics of 1 8th century lead antimonates that clearly differ 

from earlier Italian types. 

Various original samples of 19th century lead antimonate yellow have been preserved in 

several historical pigment collections. In chapter 4 pigment samples are subjected to 

extensive analysis, including synchrotron- as well as laboratory-based X-ray powder 

diffraction. Again, chemical characteristics of these samples are discussed in the context of 

19th century textual sources on lead antimonate yellow. 

While the earlier chapters deal with chronological characteristics of lead antimonate 

production, chapter 5 is aimed at locating the geographical origin of the pigment. Lead 

isotope analysis (LI A) is used to determine the exact isotopic ratio of naturally occurring lead 

in lead-bearing material. LI A was performed on a few 18th and early 19th century samples of 

lead antimonate yellow. Samples were taken from historical pigment collections as well as a 

painting of known date and origin. 

Chapter 6 discusses the digital colour reconstruction of a 17th century Dutch painting 

containing discoloured smalt. Smalt is one of the most common 17th century blue painting 

pigments. Being at the time a relatively cheap pigment, smalt was used as a substitute for 

other, more costly pigments roughly between the 15th and 17th centuries. As main 

disadvantage, however, smalt has shown to discolour over the years. Employing a variety of 

analytical techniques, this chapter presents the digital reconstruction of the approximate 

original appearance of a painting suffering from severe smalt discolouration. This chapter also 

discusses the pictorial and art historical implications of paint discolouration. 
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CHAPTER 1 

PRINCIPLES, METHODS AND PITFALLS 

SCIENCE AND ART 

The technical examination of works of art is mainly based on two paths of research, namely 

the examination of art technological sources and the scientific analysis of works of art. Art 

technological sources refer to historical records containing information on the production 

process of works of art. Examples range from manuscripts, in which an artist kept personal 

notes concerning the making of art, to original depictions of the artist's studio, showing tools, 

materials and organization of the production process of art. As is the case with all historical 

documents, the interpretation of such records is subject to the rules of historical criticism, as 

will be explained below. The second path in art technological research is based on the 

physical, chemical and sometimes biological analysis of the art object itself. Painting 

pigments, binding media and other painting materials can be subjected to scientific analyses, 

in which analytical methods from various scientific disciplines are applied. For the work to be 

discussed in this thesis X-ray powder diffraction was used as well as various other techniques. 

Although a combination of two distinctly different disciplines can be attractive, many 

difficulties may arise during interdisciplinary collaboration. In essence they come down to the 

problem of interpreting research results from one discipline within the context of another. 

Crucial for effective collaboration is that scientists, conservators and art historians should be 

willing to understand something of one another's background and way of thinking. The 

scientist must become familiar with the art object and its historical context and problems; art 

historians and conservators must learn how scientific data are obtained and what sort of 

equipment is used. It is important to realize that each analytical technique has a set of strong 

points as well as limitations. 

However straightforward and self-evident these conditions for interdisciplinary research 

may be, history has shown that such prerequisites have not always been fulfilled. In some 

cases, scientific methods of examination have been warmly welcomed by art historians or 

conservators and maybe even overestimated at first stage while being critized and/or forgotten 

later.' A good example of such a development is the introduction of dendrochronology in the 

study of wooden art objects in the 1960's. In the art historical community this technique was 

first welcomed as an objective method for dating early European panel paintings. Once it was 

found out that certain wooden carriers may have been stored -sometimes for a substantial 

number of years- before being used as a panel, art historical interest in dendrochronology 
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decreased somewhat. As a conclusion, art historians, conservators and scientists should leave 

no doubts about the potentialities of certain analytical techniques. Overrated expectations can 

easily lead to miscommunication and will certainly result in less valuable research results. 

The application of a new scientific technique in the examination of works of art sometimes 

makes the impression of exploring a new scientific "gadget' without much thought about its 

potential, systematic use in art history. Therefore, when introducing a new scientific method 

to conservation science it is imperative to develop a methodology that takes into account the 

practical and repeating problems of art historians and conservators. Again, history has shown 

that this rather self-evident condition has not always been rigorously observed. The 

application of autoradiography, for example, in the examination of paintings has been 

introduced enthusiastically in the 1970's at the Metropolitan Museum of Art in NY.2 Since 

then, however, the technique has not been applied systematically in the study of works of art 

anywhere in the United States. A renewed, though somewhat adapted, use of this technique 

has proven to be more of a match to certain art historical questions, as recent projects at the 

Gemaeldegallerie in Berlin"* and the study in chapter 6 show4. The advancement in analytical 

techniques throughout the sciences should be monitored constantly in order to assess their 

potentialities for conservation science. Close and regular collaboration seems to be a 

prerequisite for a fruitful application of scientific techniques in the study of art objects. 

Mutual understanding is the foundation for progress in this interdisciplinary work. 

Studying the history of Naples Yellow and the discolouration of smalt required a research 

effort that involved both textual source investigation and scientific analysis of pigment 

material. Both paths of research, scholarly interpretation of source material as well as the 

scientific examination of art objects will be introduced below. 

STUDY OF ART TECHNOLOGICAL SOURCES 

The problem of dealing with historical documents is known in history as historical criticism? 

Historical criticism intends to bring the researcher closer to events that have taken place in the 

past. The historian should be conscious of the fact that every record of the past is a subjective 

report of history. Historical interpretation is carried out in order to distinguish appearance and 

reality, facts and opinions. The historical value of source documents can range from sincere 

and honest information to unconscious misrepresentation or even outright falsification. Along 

this line the historian needs to assess the historical value of each source individually. 

At first sight, the interpretation of art technological sources seems to be a relatively simple 

and straightforward exercise. Sources like historical painting manuals or pigment production 

recipes seem to be a collection of fairly down-to-earth, matter-of-fact information. One would 

not expect the author of such practical textual sources to have any reason to knowingly 

mislead or deceive the reader. However, as will be shown below, even practical sources 
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concerning the production of art need to be evaluated critically before interpreting the 

information contained. 

Art technological sources can be divided into two types. The first category concerns textual 

sources, such as painting manuals, alchemist books, treatises, contracts, manuscripts and other 

printed or written sources, in which art technological information is contained. The second 

category of sources includes pictorial representations of the artist's studio from which 

information on the production process of art can be deduced. In this thesis, however, only 

textual art technological sources have been used. 

One of the first difficulties is to assess the scope of a source. A source must be dated and 

located and should be connected to the subject of study. The distribution and use of textual 

sources should be examined if possible. In any case, the question remains whether a certain 

textual source contains relevant contemporary information. Earlier studies have shown that 

the technical information in historical source literature is not always conform the current 

technological practice, but should rather be considered as a compilation of knowledge and 

methods used in the past.6 Reason for such anachronisms is the common practice of re-editing 

and compiling recipes and all sorts of technical information in so-called recipe books. This 

tradition started in the late Middle Ages and continued well into the 19th century. Only the 

introduction of the concept of intellectual property in modern times ended the copying of 

technical knowledge, including literature on the production of pigments. Therefore, there is 

never absolute certainty that the contents of technical production literature reflects 

contemporary historical practice. 

Interestingly, various paintings pigments have been found on paintings that have been very 

scarcely referenced in historical literature. A good example is the yellow pigment lead-tin-

yellow . This pigment was the most commonly used synthetic yellow pigment in northern 

European painting until the 1730's. After this date the pigment fell into oblivion only to be 

rediscovered in 1941. The currently known source literature, however, hardly mentions this 

widely used pigment. So far, no exact production recipes for this pigment have been found in 

technical production literature. Vice versa, the presence of some other pigments that do get 

mentioned often in the literature has hardly been established on historical paintings. For 

example, in many early Italian production recipes the manufacture oïpurporino, or Musivgold 

(SnS2), is discussed in detail. Given the frequency of reference to this pigment one would 

expect an intensive use of this material on paintings. So far, however, this seemingly popular 

pigment has been found on a few paintings only.8 

Behind the practical, literal text of technological sources one may sometimes find deeper, 

abstract connotations. This was discovered during the study of 17" century Spanish painting 

techniques. In various painting manuals certain pigments were mentioned that could not be 

found on actual contemporary paintings by Velazquez and others. Most of the pigments that 

were mentioned in writing, but not used in practice, had already been described by Pliny the 

Elder in his famous Historici Naturalis. According to the researchers these pigments were 
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listed deliberately in contemporary painting manuals in order to accentuate the classical roots 

of the art of painting, thereby underlining its distinguished and venerable origin. In cases like 

these it is of importance to find out if and why a source deviates from historical practice. 

In addition, it is important to find out for which audience a technical source was written. 

One has to be aware of the possibility that printed literature does not always frankly disclose 

trade and production secrets. Medieval guilds were well-organized trade associations that 

controlled the professional education. In general, protectionist guild regulations severely 

limited uncontrolled distribution of professional information, which was sometimes even 

threatened with capital punishment. An example of protectionism in art production will be 

encountered in this dissertation in the discussion of the 18lh century production history of 

Naples Yellow (see chapter 3). 

Unpublished manuscripts on the other hand, intended for personal use of the artists, are 

more likely to reveal the trick of the trade. The problem with such personal documents is that 

these sources may be fragmentary. The author may have left out information that was too 

obvious or superfluous to himself, though necessary for the understanding of the reader 

nowadays. Recently, Van Eikema Hommes has shown that a comparative study of various 

European sources, often containing fragmentary information, gives a complementary and 

much more coherent insight into historical knowledge on painting technology. 

Another problematic issue in the interpretation of sources is the use of complex historical 

terminology. In many cases the historical name for materials or pigments is unknown or 

differs from modem vocabulary. A well-known example is the difference between the Dutch 

words schelpwit and lootwit. Until recently it was unclear what was meant exactly by which 

terminology and whether there was any difference. Was schelpwit (schelp being the Dutch 

word for shell or curl) a term for a lower quality of lead white, mixed with ground shells ? Or 

was schelpwit the name for a high-quality type of lead white which was kept in shells ? 

Goedings et al. have shown convincingly that schelpwit indicated a high-quality type of lead 

white as the term schelp (or curl) should be understood as a reference to the shape in which 

basic lead carbonate was scraped of the curls of metallic lead during the production process. 

Material research of art objects combined with comparative examination of textual sources 

can sometimes offer insight into such historical-terminological obscurities, as Wallert showed 

with the examination of a Greek vase and classical descriptions of pigments used in these 

days.'~ 

In conclusion, descriptions in art technological sources can deviate from actual practice in 

history for a variety of reasons. It is of importance to evaluate critically information contained 

in such sources. Comparison with results of scientific analysis can only take place after 

cautious interpretation. 
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CHAPTER I 

SCIENTIFIC STUDY OF PIGMENTS 

As mentioned above, various scientific disciplines are engaged in the analysis of paintings 

and painted objects. For the research discussed in this dissertation various analytical 

techniques were employed, which will be introduced individually in the appropriate chapters. 

The work discussed in chapters 2, 3 and 4 relies mainly, though not exclusively, on the 

analysis using X-ray diffraction, an analytical technique to investigate crystalline material. An 

introduction to the field of crystallography and its analytical techniques will therefore be 

given below. 

Principles of Crystallography 

As most pigments are of crystalline nature, crystallography is an important field in the 

scientific study of pigments. Crystallography is concerned with the description and the 

investigation of crystals. Originally the term crystal referred to a solid body bounded by 

natural plane faces, e.g. ice crystals. The description of the geometry of crystals, for which the 

foundation was laid in 1669 by the Danish scientist Nicolaus Steno, used to be the only 

occupation of the crystal lographer. In the course of the 20th century, however, it became clear 

that the external termination of crystals by planar faces is only one aspect of a much more 

general behaviour of crystals. In modern crystallography the term crystal covers a much wider 

range of materials, including most pigments used in painting. Interestingly, crystals are not 

necessarily solid materials, as can be noticed in daily life when watching so-called liquid 

crystal display (LCD) computer screens. At the same time crystallinity is a gradual property 

of materials. Crystallinity can be low, as is the case in one-dimensionally periodic materials 

like strings of asbestos, or can be very high in highly symmetrical compounds like the 

painting pigment Naples Yellow. 

Crystals can be described as 

a periodic repetition of a basic figure 1 Three-dimensional lattice showing a unit cell 

unit cell in which one or more 

symmetry-related sets of 

atoms are positioned. In other 

words, the exact repetition of 

identical groups of atoms at 

precisely equal intervals can 

be described using a three-

dimensional grid system or 

translation lattice. It is 

important to note that the grid 

lines are drawn at equal 
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intervals corresponding to the repetition distances within the crystal. As a consequence, the 

surroundings of each grid-line intersection, or lattice point, are identical. In such a three-

dimensional lattice, the unit cell is a volume element and may be defined as the parallelepiped 

whose edges are successive grid lines (figure 1). 

The three-dimensional stacking side by side of unit cells eventually produces the macroscopic 

crystal. A single crystallite, barely visible to the human eye, may consist of a repetition of 

millions and millions of unit cells. Obviously, the translation lattice is a mathematical 

construction that functions as a useful and necessary coordinate system to which the actual 

structure can be referred to. The three grid-line directions, or coordinate axes are denoted as 

X, Y, and Z. The lengths of the unit cell edges along these axes are termed a, b and c, 

respectively. The angles between the axes are called a (between b and c), (3 (between a and c), 

and y (between a and b, resp.). Figure 2 shows the most basic division into 7 crystal systems. 

Three points of a translation lattice define a so-called lattice plane. All members of a set of 

parallel lattice planes are occupied in an identical fashion by lattice points. The distance d 

between each two successive lattice planes is constant. The orientation of the lattice planes in 

the lattice is characterized by means of the so-called Miller indices, three integers usually 

termed /?, k, and /, that define the points of interception along the a (a/h), b (b/k), and c (c/1) 

axis of the member of the set of parallel lattice planes closest to a chosen origin in the 

translation lattice. Miller 

figure 2 The seven Crystal Systems indices are used for various 

purposes, amongst others 

to designate a set of lattice 

planes, a particular mem

ber of the set or the face of 

a macroscopic crystal pa

rallel to the set. As will be 

discussed below, Miller 

indices are also of major 

importance for X-ray dif

fraction study of crystals, 

the most fundamental ana

lytical instrument in mo

dern crystallography. 

In addition to the 

periodic repetition of the unit cell a second factor contributes to the geometric regularity of 

crystals : the existence of symmetry in the unit cell and the crystal. Macroscopic symmetry 

operations in crystallography are based on two simple types of symmetry : rotation axes and 

rotation-inversion axes. Both elements may be combined to produce a more complex 

symmetry. Based on these crystallographic principles crystals can be divided in 7 crystal 

Crystal System 

Triclinic 
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Tetragonal 

Rhombohedral 

Hexagonal 

Cubic 
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systems and subdivided into 32 point groups. At the atomic level more types and 

combinations of symmetry operations (screw axes, glide planes) are possible that lead to 

three-dimensional periodic stacking, resulting in a total of 230 so-called space groups. 

X-rays 

As mentioned above, X-rays are of crucial importance in the study of crystals. X-rays have 

been discovered by Wilhelm Röntgen in 1895, but at that time the nature of this type of 

radiation was not clear yet. In fact, it was not until diffraction by crystals was observed 

experimentally that the wave character of X-rays was proved. X-rays are the part of the 

electromagnetic radiation that lies between the ultraviolet spectrum and gamma rays, with a 

wavelength (A) ranging from 0.1 A to 100 A (figure 3). 

figure 3 wavelength of electromagnetic radiation 

Visible 
Region 

X-rays 

1 1 1 1 1 1 
Radio Waves 

1 1 1 1 
10" 10' 10 : 10" 105 10' io ; 109 10'° 10" 1012 

wavelength (A) 

figure 4 X-ray spectra generated by a copper source 

The usual way to produce X-rays consists of accelerating electrons using high voltage and 

subsequently slowing them down rapidly by directing them against a metal target. In this 

process the electrons energy of motion is converted into quanta of radiation. The distribution 

of intensity of the radiation emitted depends 

on the accelerating voltage, as well as on the 

type of target material. In addition to a broad 

maximum of radiation (so-called white 

radiation) a number of nearly mono

chromatic, high intensity peaks occur (Fig. 4) 

These peaks are the characteristic lines for the 

elements of which the target is made. As will 

be explained below, for the diffraction 

techniques employed in this study the X-rays 

used should be as monochromatic as possible. 

Thus, a single peak of radiation is selected for 

experimental work, while the white radiation 

and other peaks are filtered out. 
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X-ray diffraction 

The diffraction of X-rays by crystals was discovered in 1912 by the German scientist Max 

von Laue. In the same year William Bragg noted the similarity of diffraction of crystals to 

ordinary reflection. Bragg deduced a simple equation treating diffraction as •reflection1 from 

planes in the translation lattice of a crystal. A beam of X-rays falling on a crystal will be 

scattered. This effect can be considered as reflection by all lattice planes simultaneously. 

Constructive interference occurs only 

figure 5 Schematic representation of Bragg's Law when all the scattered waves are in 

phase, i.e. when the path difference is 

an integral multiple (n) of the wave

length A, as exemplified in figure 5. 

This gives the condition that the 

incident and reflected beam must have 

the same angle 9 with respect to the 

crystal plane and can be expressed in 

the formula which came to be known 

as Bragg's Law: 

When exposing a crystal to a beam of 

monochromatic X-ray radiation, diffraction can be 

observed at a limited amount of angles 

corresponding with the specific d-spacings of the crystal and depending on the unit cell 

parameters. The relative intensities of these reflections depend on the arrangement of atoms 

within this cell. Therefore, the diffraction pattern consisting of diffraction angles and 

corresponding relative intensities of the reflections is characteristic of the crystal structure. 

Based on these principles, different types of X-ray diffraction can be performed on crystalline 

materials, amongst others single-crystal diffraction and polycrystalline (or powder) 

diffraction. 

Single-crystal diffraction 

Examination of sufficiently large individual crystals by diffraction of X-rays or electrons is 

known as single-crystal diffraction. In order to record diffracted beams from a single-crystal 

when using monochromatic radiation the orientation of the crystal with respect to the incident 

radiation has to be varied. The diffracted beams appear as a three-dimensional pattern of 

spots, with varying intensity and distances to each other. This pattern can be recorded on 

sensitive photographic film or with a (two-dimensional) digital detector. In this thesis single-
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crystal diffraction was hardly used, except for one case using single-crystal electron 

diffraction in a transmission electron microscope (chapter 4). Crystalline painting pigments 

are usually randomly distributed in the binding media and the size of powdered pigment 

crystallites, ground before being mixed with binding media, is usually too small to enable 

single-crystal X-ray diffraction. Therefore, polycrystalline or powder diffraction is a much 

more suitable technique to study painting pigments. 

X-ray powder diffraction 

Ideally, powdered crystalline material consists of an assembly of a large amount of randomly 

oriented crystallites. If a powder sample is exposed to a beam of X-rays, the beam runs 

through the powder sample, and meets a very large number of crystallites, each crystallite 

having a different orientation. A 

substantial number of these crystallites, 

however, has an orientation that fulfills 

Bragg's law as described above. 

Whenever a crystallite has a particular set 

of hkl planes that makes the appropriate 

glancing angle 6 a diffraction signal 

occurs, making an angle of 20 with the 

incident beam of X-rays. Fig. 6 shows a 

geometry of X-ray powder diffraction 

(XRPD). 

The locus of directions making an angle 

20 with a given direction is a cone of half-

opening angle 20. For each solution of the 

Bragg equation such a cone exists: 

figure 6 The geometry of powder diffraction 

photographic 
plate 

sample with randomly 
oriented crystallites 

= sin 
^A n ) 

v 2 (J hkl J 

When a sufficiently numerous amount of crystallites fulfills this condition, the cone-shaped 

diffraction signal produces a number of concentric rings at the detection end. Usually, the 

sample is rotated around one or more axes so that each crystallite adopts various orientations, 

thereby increasing the chance of contribution to the diffraction signal. From a measurement of 

the radius of the circle, the known sample-to-detector distance and the given wavelength of 

the X-rays one can easily calculate the cone angle and thereby determine 0. As has been 
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shown above, the angles 0 at which a crystal may reflect X-rays depend fundamentally on the 

interplanar spacings duu that themselves depend on the dimensional characteristics of the 

crystal's unit cell. The relative intensities of the various reflections depend on the 

arrangement of atoms within the unit cell. The combination of unit cell and the atom positions 

in it comprise the crystal structure itself. A powder diffractogram or diffraction pattern, 

consisting of a set of reflections at various 0 angles with certain relative intensities, may 

therefore be used as a fingerprint to characterize the crystalline material. 

The most widely used application of X-ray powder diffraction (XRPD) is for identification 

of crystalline material. Over the past 70 years a database of diffraction patterns has been 

developed, containing well over 100.000 crystalline phases. This database is known as the 

Powder Diffraction File (PDF) and is updated by the Joint Committee for Powder Diffraction 

Standards (JCPDS). When compared to this database, a diffractogram can be used to identify 

the crystalline phase. 

Based on the theory discussed above a number of different X-ray powder diffraction devices 

can be constructed, either using a sensitive photographic film or a digital X-ray detector to 

record a diffractogram. Below, those techniques that were employed in the present study will 

be discussed shortly. 

1. Debye-Scherrer camera 

One of the oldest but still very popular methods of XRPD is performed using the so-called 

Debye-Scherrer camera , a simple powder diffraction camera technique, which is widely 

used in conservation science labs around the world. Fig. 7 outlines the camera. In this type of 

camera, the recording film is a 

figure 7 Debye-Scherrer camera photographic strip, which is 

placed on a cylindrical drum 

centred around the sample. 

The main body of the camera 

holds a collimator that defines 

the incident beam of X-rays. 

At the opposite side a beam 

trap stops the incident beam. 

The powdered sample 

material is usually put into a 

glass capillary, which is then 

placed in the beam of X-rays, 

sample In the case of samples taken 

photographic film 

diffraction signal 
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from paintings, a tiny flake of paint is put on top of a glass spindle using vaseline as adhesive 

material. Since the diffraction signal travels through the sample holder, this setup is called 

transmission mode. 

An important drawback of the Debye-Scherrer method, however, is the fact that the 

diffraction lines are fairly broad. Separating several lines close to or on top of each other can 

be a difficult exercise. If multiple phases are present within one and the same sample, it is 

crucial to have a clear set of sharply defined reflections. Decreasing the aperture in the 

collimator, thus narrowing the beam of X-rays, is the only, rather limited method to obtain a 

higher resolution, i.e. more resolved diffraction lines on the film. 

2. Guinier camera 

For the purpose of high-resolution data acquisition, Andre Guinier developed another 

diffraction technique.'4 The Guinier camera is an example of a focussing X-ray diffraction 

technique. In this case the sample is placed along an arc of a circle, which is irradiated by 

transmission. The arc subtends equal angles at every point on the circle. The diffracted 

radiation will converge in both cases on the focussing circle of the camera, thus producing a 

very sharp line on the film. The focussing beam is usually produced by a bent crystal 

monochromator, leading to a much sharper diffraction signal on the film. The main 

disadvantage is that this technique only covers a limited 20 range. 

figure 8 geometry of a Guinier camera 

Photographic film 

/ 

\ Diffraction beam 

Incident beam 

Crystal 
monochromator 
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3. Diffractometcrs 

Both the Guinier and Debye-Scherrer cameras use films to record the intensity and position of 

diffracted X-rays. Instead of a film a digital quantum counter detector can be used. 

Instruments using such a digital detector to record the intensity and position (= Bragg angle) 

of the diffraction pattern are called powder diffractometers. Examples of such diffractometers, 

used extensively in the present thesis, are the Philips X'Pert Pro and the X'Pert 1. The X'Pert 

Pro system makes use of a special monochromator, which only puts through the CuKcti 

component of copper radiation, resulting in a highly monochromatic incident beam of 

radiation. In addition, diffraction experiments can be run in transmission or reflection mode. 

Also, the incident X-rays can be set to a parallel beam or a focused beam. The setup of the 

X'Pert allows for the analysis of small objects, which will be used in chapter 2. In this way, 

sample-free XRPD analysis becomes possible without causing harm to the object under study. 

4. Synchrotron radiation diffraction 

Various forms of electromagnetic radiation, including X-rays, are generated in so-called 

synchrotron radiation facilities, such as the European Synchrotron Radiation Facility (ESRF) 

in Grenoble, France. The ESRF is the world's first 3rd generation synchrotron facility, 

operating a storage ring of 6 GeV. 

Particles traveling through an accelerating field are known to emit electromagnetic 

radiation. When charged particles are moving at a speed approaching that of light, a spectrum 

of radiation is emitted that extends into the hard X-ray region. This radiation is emitted in a 

very narrow cone parallel to the instantaneous velocity. At the ESRF electrons are accelerated 

in a closed circuit so that the radiation is generated in cones tangent to the path followed by 

the electrons. At every bending magnet of the accelerator ring electrons are accelerated and 

consequently radiation is generated. 

X-rays produced here are in many ways superior, offering a brilliance (expressed as 

[photons"'s"'mm"2mrad~2 at 0.1% Bandwidth AXJX]) that is about 1018 higher than that of a 

standard X-ray tube. This radiation can be used for various experimental techniques, 

including high-resolution X-ray powder diffraction, which was performed on a number of 

Naples Yellow samples in the present study (see chapter 4). 
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CHAPTER 2 

EARLY PRODUCTION RECIPES OF LEAD-ANTIMONATE 

YELLOW IN ITALIAN ART 

J. Dik, E. Hermens, R. Peschar and H. Schenk, "Early Lead Antimonate in Western European 

Art", submitted to Archaeometry, September 2002 

ABSTRACT 

Lead antimonate yellow or Naples Yellow is one of the most common yellow pigments in 

Western European art. It was used mainly in the period from 1500 to 1850. During the 18th 

and 19th century a whole range of production recipes was published. However, the early 

production history of the pigment is not well understood. In this paper a study of two early 

production recipes is reported. Under the nomenclature of potters' yellow the recipes describe 

some production details of the pigment. These recipes were subjected to historical as well as 

technical examination. Reconstructions of historical lead antimonate yellow were made 

according to these sources. X-ray powder diffraction (XRPD) was used to examine the 

reaction products. Our findings show that various types of lead antimonate yellow can be 

formed, following the descriptions of the recipes. Some of these types, notably lead tin 

antimonate, have been found in earlier studies. No evidence was found for a locally limited 

use of this pigment, as has been suggested before. Documentary and analytical evidence 

indicates that the knowledge on lead antimonate yellows originates from Middle East 

ceramical and glass industries. It is argued that the know-how on the production of lead 

antimonate yellows has been transferred through the migration of glass artists from the 

Eastern Mediterranean to Venice during the 15" century. 
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INTRODUCTION 

The history of lead antimonate goes back at least 3500 years. Lead antimonate has been 

identified frequently as an opalizing agent in Egyptian yellow coloured glass.1 As early as the 

18th Egyptian dynasty (ca. 1500 BC) lead and antimony compounds were used to give glass 

objects a yellow colour. Lead antimonate was also known in the Mesopotamia!!, Babylonian 

and Assyrian cultures." Furthermore, Turner and Rooksby have identified lead tin antimonate 

in an 11th century glass mosaic tessera from a Byzantine church in Novgorod.' Another 

example of medieval usage of mixed lead stannate and antimonate has been found on an 

Islamic 14th century enamelled bottle from Syria.4 

The use of lead antimonate in Western European art dates back to the early 16th century. In 

1540 Biringuccio wrote about the use of antimony in making yellow glass enamels.5 In the 

late 1550's Picolpasso published a treatise on the potter's craft that contains a series of recipes 

for lead antimonate to obtain a yellow glaze on majolica.6 Picolpasso gave 15 recipes with 

varying ratios of lead, antimony, potassium tartrate and sea salt. The earliest finding of lead 

antimonate on Italian majolica dates back to 1510.7 

The circumstances under which lead antimonate emerged as a colouring agent in Italian 

Renaissance art are unclear. Was the pigment simply re-invented by Italian craftsmen? Or has 

lead antimonate been used continuously -but sporadically- from early antiquity to the 19th 

century? 

Two recipes shed some light on the early production history of Naples Yellow in Western 

European painting. We carried out a series of reconstruction experiments, in which lead 

antimonate yellow was synthesized according to the descriptions of one of these recipes. In 

addition to these experiments the text of the manuals was studied in its historical context. The 

combination of textual interpretation, reconstruction experiments and scientific analyses is 

intended to gain insight into early modern lead antimonate production. 

THE MARIANI MANUSCRIPT 

The first recipe to be discussed is taken from an early 17th century Italian treatise on 

miniature painting technique compiled by the miniaturist Valerio Mariani da Pesaro (1568-

1625?). Mariani was a professional miniaturist who worked the larger part of his productive 

years for the Duke of Urbino, Francesco Maria II dclla Rovere. Within the ducal palace in 

Pesaro the Duke founded a businesslike organisation of craftsmen' and artists' workshops. 

Mariani shared one of the studios with at least one other miniaturist and an assistant.8 This 

amalgamation of arts and crafts aimed at an efficient and high quality production. There was a 

supervisor who took care of daily business, providing the employees of the workshops with 

all the necessary materials, provisions and so on, and others, like the duke's architect, who 

guarded quality. The production of the workshops often resulted from co-operation between 
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the various disciplines present. It is likely that Mariani wrote the treatise as a studio's manual, 

an appropriate thing to do in this working environment with its in- and outflux of artists. 

Two manuscript copies of the treatise exist, both presumably 17th century copies of a so-far 

unknown original.9 The treatise focuses on the most popular genres at the time, landscapes, 

historical scenes and portraits. Basically the treatise can be divided in three parts. The first 

part contains recipes for the preparation of pigments and dyestuffs, the second part gives 

instructions on how to paint landscapes and the third part treats aspects of portrait painting 

and decorated borders. The part on landscape painting was taken from a manuscript written 

by the botanist Gherardo Cibo (1512-1600) who lived in Rocca Contrada, a small village in 

the Duchy of Urbino. Mariani included Cibo's instruction in his treatise after ample 

elaboration. 

The recipes for the preparation of dyestuffs and pigments show a continuation of traditional 

methods next to personal alternatives or inventions. One of the most detailed recipes discusses 

three methods for the preparation of so-called giallo de 'vasari, or potters' yellow. It is one of 

the earliest known recipes for lead-antimony yellow exclusively meant for painting purposes. 

The treatise also contains a recipe for giallolino, describing it as lead tin yellow. Mariani 

clearly distinguishes lead tin yellow, giallolino, from lead-antimony yellow, giallo de 'vasari. 

He states that lead tin yellow is necessary 'in this art' and therefore one should have the most 

beautiful and line quality. He explicitly recommends the giallolino imported from Flanders 

that is bought already ground and only needs to be tempered with some gum water before use. 

He compares the process of burning lead and tin with the burning of lead white that turns into 

red lead, minium, also mentioning the phenomenon of minium converting back into lead 

white after over-heating. However, the recipe is rather vague in comparison with the recipe 

for potters'yellow where relatively precise ingredients, amounts and methods for preparation 

are given. 

In this case Mariani's specific knowledge may have resulted from a direct contact with the 

practice of the majolica workshops in his region. The Duchy of Pesaro and Urbino was 

famous for its majolica industry. One of the main centres was based in Casteldurante, the 

village where in the late 1550's Picolpasso wrote his treatise on pottery making. In 16l 

century archives of the village around ninety pottery families are recorded. Mariani may 

have visited Casteldurante on many occasions as the Duke quite often resided in his palace in 

that village, taking part of his household and his artists with him. One document, dated the 

23rd of November 1606, mentions a payment for the manufacture of a wooden case to be used 

for sending a piece of parchment to Casteldurante. Apparently, the parchment was meant for 

the miniaturist who was working on the Vita del Duca Federigo, a codex with historical 

scenes from the life of Federico da Montefeltro, one of the most illustrious Dukes of Urbino. 

The miniaturist, who stayed at that time in Casteldurante, is likely to be Mariani. ~ Picolpasso 

describes many methods for the preparation of -alio or zallolino, often adding a location 
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where this particular recipe was used. Most locations refer to villages in the Duchy of Pesaro 

and Urbino, indicating that throughout the whole region many potters were active.13 

Mariani's chapter on potters' yellow is as follows: 

Potters' yellow 

Potters 'yellow is a very beautiful yellow made by the potters, 

which they make in two types, one which appears to be more 

subtle and works well for colouring drawings, and another 

which shows more body. The first they make like this: take 

Jive ounces of burnt lead in powder and sieved, 

and three ounces of antimony and two ounces of plain salt. 

All this is crushed and sieved as is said and after the powders 

are well-united they are spread on several 

not glazed terra cotta plates half a finger thick 

to make them calcine better and then you put it in their [the potters] furnaces 

to calcine one or two times in the same fire where 

they bake their pots. 

The second way is the following: one takes 3 ounces of burnt lead, 

2 ounces of antimony and one ounce of calcined 

wine residue. You place all this, arranged like the others mentioned above, 

on the furnace to calcine, but this mixture 

needs more fire then the first one. 

[c. 16r] 

You can also make this yellow of a fuller colour and 

more beautiful by taking 6 ounces of burnt lead and 4 

ounces of antimony and one ounce of Alexandrine Tutty 

and I ounce of salt, and this all mixed together you grind 

it finely and put it on plates like the others, 

but you heat it outside the furnace at the ventilation pipes, 

and if by chance it will not get hoi enough you will 

put it there again until it is done. But if it will come 

out too much cooked and if there is afire, and it is melted, 

then you will grind it finely again, putting 

the material back on new plates, you will put it 

on a lower fire and if necessary one will repeat it several times 

and this way it will turn out beautifully. 

-20-



CHAPTER 2 

Interestingly, Mariani mentions the production of three different types of lead antimonates. 

The recipes show ingredients similar to those used by Picolpasso: lead oxide and antimony 

combined with lees or salt. Mariani's third method includes Alexandrine tutty that, according 

to Picolpasso, is used by many: [...] to make zalulino of the highest beauty [...].15 

THE DARDUIN MANUSCRIPT 

The second recipe we want to discuss is a note from the so-called Darduin manuscript. From 

the late 13th century onwards the Venetian Island of Murano developed a strong tradition in 

the art of making coloured glass. Murano glasswork was in demand all over Europe. Archival 

research has shown that glass objects were even exported to the Near East.16 The art of glass 

making was usually a family business as is exemplified by the Darduin family, founded in the 

late 15th century by the German glassmaker Rigo de Arduin. The family maintained a 

successful glass business for over a century. The so-called Darduin recipe book is a collection 

of technical recipes on glass colouring composed by several family members. The book not 

only contains recipes on the colouring of glass, but also a few references to the production of 

painting pigments. 

Note on yellow enamel glass made by mister Giacinto Manfreo; January 20" 1653 

burnt lead £6; antimony £4; tuccia £2; calcina £4, everything very well ground to a 

fine powder. Of all these well united powders I made a fry in a furnace in two creppe 

di olla, giving them three firings 24 hours each, and in 3 days I had my powder in a 

beautiful color. Of this powder I took 13 pounds,7 pounds of common minium; quogli 

2 pounds and 3 ounces, and therefore all together 22 pounds and 3 ounces. 

I poured the mentioned powder in a pan on high fire. After two hours I found an 

animo of very beautiful yellow full of body and immediately I added 5 pounds of 

crestallo cotto better a bit more than less and I mixed it very well and I had a yellow 

glass enamel with body in a wonderful color and this method I did in 6 hours and not 
17 

more. 

Apparently, this particular recipe was meant for the production of lead antimonate glass rather 

than a lead antimonate painting pigment. Important to note is that both recipes call for the use 

of similar ingredients, such as lead, antimony and tutia. In addition, the Darduin recipe 

mentions several glass related materials such as quogli, calcina, and cestallo cotto. Coloured 

glass reconstruction experiments, also involving recipes from the Darduin manuscipt have 

already been carried out in an earlier study.18 It was therefore decided to focus our 

reconstruction experiments on the Mariani recipes, which are more directly related to the art 

of painting. 
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INTERPRETATION OF TEXTUAL SOURCES AND HISTORICAL TERMINOLOGY 

As earlier research of technical sources has shown, the historical terminology in source 

literature is not always clear.19 This also applies to the recipes of lead antimonate yellow 

studied. The authors of the manuscripts mention several ingredients for the production of the 

pigments that are readily translated, such as Piumbo abbrugiato (burnt lead, or lead oxide, 

PbO). Sal commune (ordinary salt, NaCI) and wine residue (potassium tartrate, 

KOCO(CHOH)2COOK).20 Other terms, however, nobably tuccia or tutia allessandrina, and 

antimonio remain unclear. Reaction temperature and reaction times are other unknown 

parameters. 

The meaning of antimonio 

In both manuscripts antimonio is mentioned as the second ingredient for the production of 

lead antimonate yellow. Wainwright et al. proposed three possible translations for 

antimonio} Firstly, antimonio could refer to the metallic form of antimony. Secondly, 

antimonio might be translated as antimony sulfide, or stibnite, which would correspond to the 

crude ore of antimony. In the third place, antimonio could be antimony oxide. These three 

possible translations of historical antimonio are also suggested by Gmelin's Handbuch der 

an organ ischen Chemie. 

An Italian archeometallurgical source mentions the use of antimonio in late 16th century 

Italy. According to the Pirotechnia by Biringuccio, antimonio was exported from Germany to 

Venice. Biringuccio also comments that antimonio was used in the production of pigments : 

// also serves to make yellow colors for painting earthenware vases and for tinting 

enamels, glasses, and other similar works just as one would wish they were 

intrinsically yellow by the virtue of the fire." 

However, in which chemical form antimony was used as an ingredient in the pigment 

production remains unclear. The most likely chemical compounds would again be antimony 

oxide, antimony sulphide or metallic antimony. 

The meaning of tutia 

In the second type of Mariani's potters' yellow as well as in the Darduin manuscript a fourth 

ingredient is involved : tuccia or tutia allesscmdrina. Recipe no. LV1 of the Darduin Ms. 

informs us that tuzia d'Alessandria could be acquired from chemists (dalli droghieri), as 

opposed to yellow or burnt lead, that was available only at the colour supplier (da quelli dalli 

colori).24 Tutia, or tutty in english, is usually translated as zinc oxide.25 However, we found 

-22-



CHAPTER 2 

evidence suggesting a possible second meaning of tutia. The term tutia is of Arabian origin 

and can be found in several Arabian historical sources. An interesting reference to tutia is 

made in the chemical section of the Mafatih or the Book of Keys to the Sciences. This 

encyclopedia was written at the end of the 10th century by the famous Arab scientist Al-

Khwarezmi.26 According to this treatise, tutia must have had different meanings. The 

following remarks are made: 

AI Tittija. Of these there is a green, a yellow and another type that is similar to the 

bark of trees; it has several types : the white kind, which is the Indian one, it is 

outstanding, and the yellow, which is the Chuzistanian27 kind, and the green kind, 

which is from Karman and another type is known as al muchawwa, and there are 

several other kinds. The Indian kind is being used. 

Another, more cryptic remark concerning tutia is made elsewhere in the treatise : 

AI Tittija is the smoke of copper and antimony. 

Thus, the term tutia could have had several meanings. Adjectives as Indian and Chuzistanian 

apparently indicate the geographic origin of different types of tutia. It is relevant to remark 

that the term tutia etymologically originates from Persian and Hindi languages.30 Neither in 

Chuzistania nor in India are major deposits of zinc ores to be found. However, India does 

have numerous tin mines with large deposits of tin oxide. Especially the city of Kalah, on the 

Malaccan peninsula, seems to have had a tradition in the production of tin as can be read in an 

Arab itinerary source.31 This source mentions furthermore: 

One finds yellow sulphur ores and copper ores and their fumes yield excellent types of 

tutiya. All kinds of tutiya are derived from the fume of copper, except for the Indian 

type, because this type -as mentioned earlier- is derived from the qalacii lead?2 

Qalacii lead refers to lead of the city of Kalah, and therefore suggests a tin-containing 

product, which is likely to be tin oxide.33 Also Wiedemann notes that the Indian tutty should 

be translated as tin oxide. 4 

The first known use of tutia in the Arabian ceramical industry dates back to 1301. In the 

Book on Gems and Parfums lead, antimony and tutia are mentioned together as a group of 

ingredients in the making of earthenware glazes.33 However, in this manuscript no details are 

given on the exact production of lead antimonate. This source might be related to the finding 

of combined lead stannate and antimonate, which have been identified on a 14th century 

Islamic glass, as was mentioned above. With regard to these findings tinoxide, again, would 

be a more logical translation for tutty than zinc oxide. 
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In the course of the Middle Ages tutia became an important merchandize. Alexandria seems 

to have been the market where large quantities of tutia where traded.36 This is why Western 

merchants added the adjective Alexandrian tutty, like in the Mariani manuscript. Alexandrian 

tutty was not a local Egyptian product, but has been imported from Persia, India and China/ 

During the 15th century and early 16th century the Republic of Venice was the leading 

economical power in the Mediterranean. Despite continuing military conflicts with the 

Islamic world, there was close economical contact between Venetian and Arabian merchants. 

The Venetians even maintained a trading outpost in Alexandria, from which all kinds of 

merchandize were imported to Italy. Alexandrian tutia might very well have been part of the 

imported merchant goods, especially since Venice seems to be the place where the Darduin 

manuscript was written in 1555. 

The use of tutia in the 16th century Venetian glass and ceramics industry might be explained 

by two large immigration waves of Eastern Mediterranean glass workers to Venice during the 

15lh century. As has been shown above, the first evidence of large-scale glass production on 

the Venetian island of Murano dates back to the late 13th century. The peak of Venetian glass 

art in the 16th century, however, was preceded by two other main production centers 

elsewhere. 

In the Islamic world, glass manufacturing started around the 8th century and reached its 

peak in Syria at the end of the Abbasid period (13th century) and in Egypt in the Mamluk 

epoch (14th century). Islamic glass workers understood the production of clear glass and 

enamelled and stained glasses. The Syrio-Egyptian tradition is particularly known for its 

coloured glass mosaics, fixed in wood or stucco. However, the importance of Islamic art 

rapidly decreased around 1400, when the great Mogul leader Tamarlane conquered Syria. 

Some of the Damascus glassworkers were transferred to Samarkand, Tamarlane's capital. 

With its excellent trade contacts in the Eastern Mediterranean, however, Venice must have 

been an attractive alternative for many other Syrian glass artists. 

The Eastern Roman empire of Byzantium was the second main producer of artistic glass. 

The Byzantine tradition of glass manufacturing goes back to classical Roman times. Although 

the art of glass making almost fell into oblivion after the collapse of the Western Roman 

Empire, Byzantine glass workers continued the production of glass. In the following centuries 

Byzantine glass work absorbed various influences, notably from Slavonian and Oriental art, 

resulting in a great diversity of Byzantine glass art. In the 15th century, the political, cultural 

and artistic influence of the Eastern Roman empire began to decline because of continuing 

military clashes with the Islamic world. Finally, in 1453 the Turks conquered Byzantium. As 

a result, Venice received a second wave of experienced glass workers. Soon after this 

immigration wave, Venice monopolized artistic glass manufacture and built itself a notable 

reputation, exporting large amounts of fine glass. Venetian glassworkers are known for their 

ingenious techniques, combining the technical knowledge of Islamic and Byzantine glass 

manufacturing. Thus, it seems very likely that foreign, mostly Arab artists introduced the 
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knowledge on the production of lead antimonate to the Venetian glass shops. In addition, 

these foreign workers seem to have adhered to middle-east production materials such as tutia. 

In conclusion, tutia seems to refer to a number of materials, zinc oxide and tin oxide being 

the most likely compounds. In spite of this, other important parameters in the recipes, like the 

exact chemical form of ingredients, reaction temperature and reaction time remain unclear. In 

order to clarify these and other questions, reconstruction experiments were carried out. In 

addition, several pieces of historical yellow glazed ceramics were subjected to scientific 

analyses. 

MATERIALS AND TECHNIQUES OF RECONSTRUCTION EXPERIMENTS AND 

DIFFRACTION STUDIES 

For the reconstruction experiments use was made of PbO [PDF 38-1477], Sb203 [PDF 5-

534], Sb [PDF 35-732], Sb2S3 [PDF 6-474], Sn02 [PDF 41-1445], NaCl [PDF 78-0751], ZnO 

[PDF 36-1451] and KOCO(CHOH)2COOK [PDF 1-205] of various suppliers. X-Ray Powder 

Diffraction (XRPD) was used to ascertain the identification of these materials. Several 

mixtures were made of the ingredients on the basis of the recipes and interpretations discussed 

above. The ingredients were mixed in a mortar and ground to a fine powder. The mixtures 

were put in high temperature crucibles (crucible type 131-01, Haldenwönger, Berlin, 

Germany). The powder mixtures were then heated in an oven (type LF1, Vectstar, 

Chesterfield, UK) at various temperatures. 

In order to clarify the exact meaning of antimonio and tutia, the first type of potters' yellow, 

described by Mariani, was reconstructed in various ways. Mariani's recipe suggests a mixture 

of burnt lead (PbO), an antimony component (either Sb, Sb2Os or Sb2S3) and sea salt (NaCl) 

in a weight ratio of 5:3:1. Therefore, three groups of reconstruction experiments were carried 

out with Sb, Sb203 and Sb2S3 as possible translations of antimonio. The mixtures were 

calcinated for 24h at various temperatures. Potters' yellow type II was made in a similar way, 

by heating a mixture of PbO, Sb203 and K-tartrate, in the weight ratio mentioned in the 

recipe. Also the third type of Naples Yellow was reconstructed in this way with zinc oxide 

and tin oxide as possible translation of tutia. 

Diffraction data of reconstruction samples were collected using a Phillips X'Pert Pro 

diffractometer (Philips, Eindhoven, the Netherlands). This instrument was also used for 

sample-free analysis of several art objects, as it allows XRPD to be carried out directly on the 

work of art that is placed on a modified sample stage. If not stated otherwise data collection 

took place with a stepsize of 0.01° and a holding time of 6s at 50mA and 40kV. Special 

software was used for peak analysis as well as multiple-phase identification, including Profit 

version 1.0b, X'Pert Plus version 1.0 (Philips, Eindhoven, the Netherlands) and PCPDFWIN 

version 2.1. As most samples proved to have a multiple-phase composition, the relative 

amount of phases was sometimes estimated visually. Some multiphase diffractograms proved 
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to consist of up to 8 phases. In such cases the presence of some compounds, notably trace 

amount phases, could not be established with absolute certainty. 

In one case a temperature-resolved X-ray diffraction experiment was carried out, using 

another diffractometer. a Philips X'Pert 1. The mixture of ingredients for the production of 

lead antimonate yellow was placed on a platinum sample holder that was slowly heated from 

room temperature to 1000°C. Starting at 500°C X-ray diffraction measurements were taken at 

intervals of 100°C. A final diffractogram was taken at the end of this series after the sample 

had cooled off to room temperature. 

X-ray fluorescence spectrometry (XRF) was carried out directly on objects at the 

Netherlands Institute for Cultural Heritage in Amsterdam. This technique allows for 

identification of most elements with atomic number Z > 13 (Al). Use was made of a Tracor 

Spectracc 6000 series spectrometer with a rhodium target. Excitation of the samples was at a 

tube voltage of 35 kV and a current of 0.25 mA for 300 seconds. 

RESULTS 

potters' yellow type I 

Not all experiments of the potters' yellow type I led to the formation of high concentrations of 

lead antimonate. In several cases the product contained phases that could not be matched with 

present PDF entries. Our observations are summarized in tables 1 and 2. 

table 1 Reconstructions of Mariani type I potters' yellow using different antimony components 

temp in °C 

ant imony 
component 

SD2S3 

Sb 

S b 2 0 3 

650 700 

black material 
no ID 

750 800 900 1000 1100 

brownish material, minor amounts of Pb2Sb2C>7 + other 
unidentified phase(s) 

brownish material containing minor amounts of Pb2Sb2C>7 + other unidentified phase(s) 

see table 2 Pb2Sb207 (>95%) 

table 2 qualitative phase composition of Mariani type I using Sb20-, as antimony compound fired at 
650°C 

PDF 

compound 

74-1354 

Pb2Sb207 

78-0751 

NaCI 

34-119640 

Pb3.,SbA*x 

22-0381 

Pb5Sb208 

84-1423 

PbSb2Oe 

78-2066 

Sb204 

23-0331 

Pb203 

76-1799 

Pb304 
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antimony .sulfide 

Some yellow lead antimonate formed at temperatures higher than 750°C, but the use of 

SD2S3 did not yield lead antimonate for more than roughly 25% in the reaction product. 

Temperatures lower than 750 C° resulted only in a brownish-black coloured material of an, as 

yet, unidentified crystalline structure. Sb:S3, therefore, is not likely to be the correct 

translation of antimonio. 

metallic antimony 

The use of metallic antimony gave a better result. Lead antimonate was formed at all 

temperatures between 650° C and 1100° C, though the yield was not high (<25%). During the 

reaction process the formation of gas could be observed. This gas formation might be related 

to the low melting point of metallic antimony at 550°C. After the reaction the inside of the 

crucibles was covered with a bright yellow layer, identified as lead antimonate. The lead 

antimonate that was formed this way proved to be a hard material that could not easily be 

removed from the crucible. Thus, also in view of the low yield of lead antimonate, metallic 

antimony is neither likely to be antimonio. 

antimony oxide 

The use of SD2O3 led to the purest form of Naples Yellow. Unlike using metallic antimony, 

the use of antimony oxide resulted in several shades of yellow (see Colour Illustration, figure 

2-1). This relation between reaction temperature and colour of the reaction product has also 

been described by Zerr and Ruebencamp.41 Mariani, however, makes no reference to such a 

temperature dependency of potters' yellow. Higher temperatures, up to 1100°C, led to a 

slightly more yellow colour of the reaction product, while at lower temperatures the product 

had a more reddish tone. Although not possible within the framework of the present study, it 

seems worthwhile to carry out reflectance spectroscopy in order to study the colour shift in 

more detail. 

The product that was formed at temperatures up to 1000°C had a highly porous structure 

and could easily be removed from the crucible. In 1797 de Massoul wrote that Naples Yellow 

resembles a sandy, porous stone; its grains are from a fine yellow. Mariani explicitly stated 

that ««varnished crucibles should be used. It seems probable that the use of varnished 

crucibles would have caused the reaction product to stick to the crucible. According to a late 

18th century recipe on Naples Yellow, the adhesion of the reaction product should be 

prevented in the following manner: in order to prevent attachment through heat, the plates 

are first covered with ash.4i Apparently the removal of the reaction product remained 

problematic over the years. At T > 1000°C all experiments resulted in a very hard, shiny 
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reaction product that could not be removed easily from the crucible. Thus, temperatures 

between 700°C and 1000°C seem to have been the correct conditions for historical lead 

antimonate production. 

In Appendix I the diffractogram (figure 1.1) and peak list (table 1.1) are shown of the sample 

synthesized at 1000°C according to recipe I. which is representative for successful lead 

antimonate production at higher temperatures. Formation of Pb2Sb2C>7 starts at temperatures 

around 650°C. At this temperature, however, also some of the initial ingredients are observed 

as well as a range of other reaction production (lead oxides, antimony oxides, lead 

antimonates. see tables 1 and 2). 

The diffraction maxima of Pb2Sb:07 in the lower temperature range are somewhat 

broadened, indicating a still small average pigment crystallite size. Interestingly, at 650°C all 

diffraction maxima of cubic Pb2Sb20? seem to have split up in two distinctly separate 

maxima. This suggests the presence of two phases of Pb2Sb2Ü7 with slightly different unit 

cells. The splitting up of the Pb2Sb2Ü7 peaks can not be explained by lowering the symmetry 

to the tetragonal or orlhorhombic system, as this would not affect the strongest of the 

diffraction maximum, the (222) reflection. 

Cubic lead antimonate belongs to the mineral group of pyrochlores, phases with the 

approximate stoichiometry AxByOz (x=2; y=2; z=7). Various lead-containing pyrochlores of 

this type are known, mostly cubic phases crystallized in space group 227. These highly 

symmetrical phases exhibit a wide range of unit-cell dimensions (10.20-10.63A). The size of 

the unit cell seems to depend on the ratio of the lead and the secondary metal, and sometimes 

even a tertiary metal, as well as on the differences in ion radii between both elements. Both 

lead and the secondary metal may occur in different electronic states, apparently allowing for 

a broad range of constituencies. Consequently, lead-containing pyrochlores occur with a wide 

range of unit-cell dimensions. In all our samples, including type II and type III potters' 

yellow, slightly different unit cell parameters were observed, ranging from 10.40A to 10.50A, 

suggesting different ratios of Pb and Sb. However, no obvious relation could be established 

between unit-cell size and the temperature at which the sample was heated. 

The temperature-resolved X-ray diffraction experiment confirmed the earlier conclusion 

that lead antimonate is formed at around 650°C. Interestingly, in this type of experiment 

diffractograms obtained at 1000°C and, after cooling, at room temperature were nearly 

identical. Thus, it can be concluded that lead antimonate yellow is formed during the heating 

stage and is not affected during the cooling period. 

In conclusion, antimonio seems to refer to Sb2C>3. This ingredient yielded cubic Pb2Sb2Ü7 in 

its purest form with a fairly porous structure. Due to its porosity the reaction product could be 

easily removed from the crucible. 
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Mariani makes the remark that 

type II requires a higher 

temperature of firing than type I. 

This comment seems to he in 

line with our experimental 

observations (table 3). Formation 

of a dominant lead antimonate 

phase starts at a substantially 

higher temperature (1000°C) 

compared to 650°C in the type I 

series. Up to 900°C lead antimonate is formed, but not in high concentrations. In addition to 

lead antimonate, the diffractogram suggests the presence of a phase similar to Na3SbÜ3 [PDF 

73-0904] and K2NaSb309 [PDF 83-1899]. The latter of the two phases, in which K has partly 

replaced Na, gave an even closer match with our diffractogram. This strongly indicates the 

presence of an isostructural phase with stoichiometry K3Sb30<) (no PDF entry). At 1000°C 

lead antimonate was formed at high yield. One or more crystalline by-products, with 

diffraction maxima matching those of NaSbClö [PDF 76-2019], were present in minor 

amounts. Since none of the ingredients contained any CI, the unidentified minor phase must 

have a different elemental composition. The diffractogram and peak list of the 1000 °C 

sample is listed in appendix I (figure 1.2, table 1.2). The presence of K3Sb3Oq, as observed in 

samples heated at lower temperatures, could not be detected. 

Similar to the type I series, the lead antimonate product had a highly porous structure, which 

again allowed for easy removal of the pigment from the crucible. Another characteristic 

similar to type I is the variation in tonal hue as a function of the reaction temperature. In 

general, however, type II had a slightly paler tone. 

Interestingly, Mariani makes a clear difference between the optical properties of type I and 

type II lead antimonates. According to his recipe type I is more subtle and works well for 

colouring, while type II shows more body. Mariani seems to suggest a difference in hiding 

power between both types. Type I, according to Mariani especially suitable for drawing, 

might have a lower hiding power than type II which has more body, most likely alluding to a 

higher degree of opacity. Therefore, a logical step would be to study possible differences in 

optical refractive properties between type I and type II. Given the similarity in 

crystallographic composition, cubic Pb^Sb^O? being the dominant phase in both cases, a 

significant difference in refractive properties does not seem to be very likely. On the other 

hand it can not be excluded that the by-product(s) formed in type II influence the optical 

appearance of the paint, as described by Mariani. In this respect it is noted that K3Sb309 has 

been found in rather large amounts (up to 25% at T<1000°C). 

potters' yellow type II 

table 3 Reconstructions of Mariani type II 'potters' yellow' 

temp in °C 

antimony 

component 

Sb203 

+ 

K(tartrate) 

650 - 900 

Pb2Sb207 (<75%) 

K3Sb309 

1000-1100 

Pb2Sb207 (>95%) 

NaSbCI6 type 
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potters' yellow type III 
table 4 Reconstructions of Mariani type III polten 'yellow 

The recipe for the third type 

of potters' yellow calls for 

burnt lead, antimony oxide 

and tutia that most likely 

should be translated as zinc 

oxide or tin oxide. Two 

series of reconstruction ex

periments were carried out 

with both Sn0 2 and ZnO. 

The reaction products of 

these experiments are listed 

in table 4. 

Both translations of tutia 

resulted in a bright yellow product, a lead antimonate phase being the dominant compound in 

both cases. Nonetheless, a number of characteristic by-products clearly distinguishes both 

types at temperatures higher than 700'C. The ZnO version of tutia led to the formation of 

various phases, including red-coloured Pb304 (Appendix I, figure 1.3 and table 1.3). A thin red 

top layer that had formed in the crucible after heating already suggested the presence of 

PbjO.*. This may also explain the slightly reddish hue of yellow in the ZnO version after 

grinding the product. It seems possible that Zn has been incorporated in the lead antimonate 

structure. Besides pure lead antimonate, also other isostructural compounds of the pyrochlore 

type are known, e.g. Pb2(HfSb)0(,5. Pb2(SnSb)065, Pb2(ZrSb)06> and Pb2(TiSb)065 

[PDF 78-1547 - 78-1550]. Also, a yellow-coloured lead and zinc-containing compound exists 

(Pbi.83Tai.7|Zno.2906.39) with approximately a pyrochlore stoichiometry and a cell parameter 

(10.60A) that is comparable to our samples.44 It is therefore likely that a similar pyrochlore-

type crystal with an approximate stoichiometry Pb2Sb2.xZnx06 .5 has been formed in our 

sample. In order to establish the exact elemental composition of our phase, transmission 

electron microscopy (TEM) would have to be employed. This technique allows for elemental 

and structural analysis of individual crystallites, as will be shown in chapter 4. However, this 

technique was not available during the research discussed in the present chapter. 

The second experimental series of potters' yellow type III, using Sn02 as possible 

translation for tutia, probably resulted in a similar lead tin antimonate pyrochlore-type 

structure Pb2Sb2-xSnx06.s. Similar to the Zn-series the lead antimonate structure contains small 

amounts of initial ingredients, in this case Sn02 (Appendix I, figure 1.4 and table 1.4). This 

suggests that Sn has partially been incorporated in the lead antimony phase, but to a larger 

extent than Zn in the Zn type III pigment, because the reconstruction of the latter yielded a 

temp in °C 

antimony 
component 

Sb203 
+ 

Sn02 

Sb203 

ZnO 

650 

Pb2Sb2-xSnx06.5 (<50%) 

PbSb206 

Sb6013 

Sn02 

NaCI 

Pb2Sb2.xZnxO65(<50%) 
ZnCI2 

ZnO 
Pb203 

700-1100 

Pb2Sb2-xSnx06.5 
(>90%) 
Sn02 

NaCI 

Pb2Sb2.xZnx06.5 
(>90%) 

PbiSb2Og 

ZnCI2 

ZnO 
Pb304 

Pb203 
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higher amount of (Zn) by-products. Again, the exact elemental composition could not be 

revealed from XRPD data and would require additional research. 

SCIENTIFIC ANALYSIS OF LEAD ANTIMONATE YELLOWS ON WORKS OF ART 

figure 2 XRF spectra of yellow drapery on miniature attributed 
to Vlariani 

In addition to the literary 

studies and reconstruction 

experiments described above, 

we carried out scientific 

analyses of yellow paint on 

historical objects. Several 

elemental measurements 

were performed on yellow 

paint of various miniature 

paintings by Mariani. These 

miniatures were not part of 

the copies of the Mariani 

Ms., but are separate works 

of art attributed to the 

artist.4" XRF analysis of the 

yellow drapery of the scene 

Martyrdom of Saint Marc showed peaks for Pb, Sn and Sb, suggesting the use of type III 

potters' yellow (figure 2). It also supports the interpretation of tutia as tin oxide, rather than 

zinc oxide. 

Lead antimonate was also identified in yellow paint on several pieces of European pottery of 

various origins from the collection of the Rijksmuseum (see Colour Illustration, figure 2-3a 

and 2-3b, table 5; Appendix I, figure 1.3, table I.5).46 Analysis was carried out non

destructive^ with XRPD using the Phillips X'Pert 1. 

table 5 Pieces of pottery analysed with XRPD for lead antimonate 

I W ^ ^ A M / J 

no. 

1 

2 

3 

DESCRIPTION OF POTTERY 

Northern Netherlands Majolica 

Majolica 

Majolica 

GEOGRAPHICAL ORIGIN 

province of Holland 

province of Holland 

Italy (Montelupo ?- Faënza ?) 

DATE 

ca. 1600-1625 

ca. 1680-1700 

ca. 1560 

The yellow layer on all pieces of majolica proved to be particularly rich in a lead antimonate 

phase, as shown in figure 1.5. Except for lead antimonate, the diffractogram showed the 
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presence of Sn02 (table 1.5), notably reflections at 26.61°29/3.35lA (I/l0=13), 

33.89°2e/2.644A (I/I0=17) and 51.79°28/1.765 A (I/I0=8). Initially, it was thought that tin-

containing type III lead antimonate had been discovered, as suggested by the presence of 

SnOi that was also observed in the reconstruction experiments. However, it was soon found 

out that Sn0 2 had been used as a white ground on the ceramics. Lead antimonate was applied 

on top of this layer, which explains the presence of Sn02 reflections in the measurement of 

yellow parts on our ceramics. 

DISCUSSION 

The reconstruction experiments of the yellow pigment can be related directly to scientific-

analyses of lead and antimony containing yellows on works of art. Potters' yellow has been 

identified on Italian majolica, as described by Wainwright et al. ' and as shown above. In 

these cases the type of lead antimonate used proved to be of high purity. No by-products 

could be identified, suggesting the use of a potters* yellow type I recipe. 

As mentioned above, lead antimonates were formed in different shades, showing a more 

brightly yellow at higher temperatures. Therefore, it seems worthwhile to investigate further 

possible relations between unit-cell dimension, the ratio of Pb and Sb, their electronic state as 

well the exact colour of the product formed. These more fundamental aspects, however, could 

not be studied within the framework of the present research. 

Potters' yellow type II has not been identified on historical samples so far. No evidence was 

found in earlier pigment studies that would suggest the use of this type of potters' yellow. It 

should be noted that the identification of minor by-products characteristic for type II requires 

high-resolution diffraction equipment, such as Guinier-type cameras or high-resolution 

diffractometers. Parafocussing X-ray film techniques, such as Debye-Scherrer cameras, still 

used in many museum laboratories, do not allow for identification of multiple minor phase 

compositions. Therefore, the possibility exists that lead antimonate type II may have gone 

unnoticed in past examinations. In future studies on lead antimonate yellow adequate 

analytical techniques will have to be employed. Especially TEM, allowing for single crystal 

electron diffraction as well as EDS analysis, is likely to be the most suitable technique. 

Potters' yellow type III can be related to the identification of lead tin antimonates on 

paintings from various origins. Berrie and Roy have observed the use of a lead tin antimonate 

phase on mid 17th century Roman paintings by Poussin, Gentileschi, Sassoferato and others. 

The authors suggested that the use of this pigment might have been restricted to the period 

around 1650 and to the area of Rome. However, given the origin of the manuscripts in which 

the production of this pigment has been described, this idea must be rejected. In addition, a 

number of other occurrences of a lead tin antimonate yellow have been reported. Dik and 

Wallert have found a tin containing phase of lead antimonate in an early 18th century painting 

by Jan van Huysum.49 Also, there is some evidence that this pigment may have been present 
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in earlier studies but was not recognized as such. First of all, lead tin antimonate seems to 

have been used on Titian's Girl with Fruit Bowl from Berlin, dated 1555.5 In this case the 

Berlin research team performed X-ray diffraction of a yellow sample from the paint, which 

gave a match with the PDF file for a cubic pyrochlore structure with an axis of around 

10.48A. In addition, X-ray fluorescence showed substantial presence of antimony, tin and 

lead on the sample location. On the basis of the elemental and structural analyses, the Berlin 

research team concluded that lead antimonate with an admixture of lead tin yellow had been 

used.51 With hindsight, it seems more logical that Titian had made use of lead tin antimonate, 

which must have been in use before 1580, according to the Mariani manuscript. 

Secondly, Groen and De Keijzer have examined the yellow paint of a picture by the Dutch 

painter Jan Huchtenberg, dated between 1718 and 1733. Similar to the Titian examination, tin 

and antimony were found when performing EDS analysis of a yellow layer in paint cross-

section. From the elemental constitution it was concluded that a physical mixture of lead tin 

yellow and lead antimonate yellow had been used.5" Again, a more intricate mixture of tin and 

antimony within the crystal structure may be a likely second possibility.3 

Given the outcome of the type III experiments, zinc may also have been a possible 

ingredient in lead antimonate production. To the knowledge of the authors a zinc-containing 

version of lead antimonate has not yet been found on authentic pigment samples. In the light 

of our study, however, such a finding may well be possible. 

CONCLUSION 

The present study suggests that Eastern Mediterranean artists have introduced lead 

antimonate, or potters' yellow, to Venetian glass making at the end of the 15th century. 

During that century Venice absorbed two immigration waves of glass and ceramic artists, 

notably after the fall of two main glass production centres, Damascus in the early 1410's and 

Constantinople (Byzantium) in 1452. Both recipes studied for this paper call for the use of 

tittia allessandrina, tin or zinc oxide, in the production of lead antimonate. Thus, long after 

the pigment had been introduced to the Italian arts, a main ingredient for its production was 

still brought from the Middle East. This shows how closely the manufacturing of lead 

antimonate yellows is linked to the Eastern Mediterranean. 

In addition, our reconstruction experiments have shown that various forms of lead tin 

yellow can be formed using the production recipes by Mariani. We have observed at least 

three, possibly four types of potters' yellow: a highly pure lead antimonate (type I), a lead 

antimonate with an, as yet, unidentified potassium antimonate salt (type II) and a lead 

antimonate which contains either tin or zinc (type III). Two of our reconstructed types of lead 

antimonate, namely pure lead antimonate type I and the tin containing type III, can be 

associated with earlier analyses of lead antimonate of historical objects. Our findings seem to 

contradict an earlier study, which suggested a limited occurrence of lead tin antimonate 
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yellow, restricted to mid-17 1 century paintings only. Although Type II and the Zn-version of 

type III do not seem to have been found on artworks yet, their presence in historical paint may 

be established in future studies. 

Given the analytical difficulties in identifying the various forms of lead antimonates it is 

advised to use adequate analytical instrumentation in future studies on lead antimonate. 

Detailed elemental as well structural information is required to identify the various forms. 

This presents a major complexity in the analysis of small and highly heterogeneous samples 

from original artworks. 
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APPENDIX I 

figure 1.1 diffractogram of Mariani potters 'yellow, type I. 1000°C, Sb :05 

—I 

table 1.1 peak list of Mariani potters 'yellow type I, 1000°C, Sb;03 

Marl 
Sb203 

1000°C 

l/lo d value 

21 5.95 
8 
11 
999 
14 
334 
5 
4 
10 
18 
432 

3.13 
3.11 
2.981 
2.810 
2.5834 
2.3711 
2.2153 
2.1104 
1.9892 
1.8279 

Pb2Sb207 

PDF 74-1354 

l/lo d value 

52 
25 

999 

352 

6.004 
3.1357 

3.0022 

2.6000 
49 2.3859 

2 
20 

2.1228 
2.0014 

362 1.8384 

8 
2 
2 
3 
375 
91 
6 
5 
4 
47 
3 

1.7473 
1.6357 

1.6247 
1.5773 
1.5591 
1.4924 
1.4480 
1.3460 
1.2977 
1.2931 
1.2192 

14 
1 

3 
323 
80 
6 
5 

41 

1.7579 
1.6443 

1.5859 
1.5678 
1.5011 
1.4562 
1.3539 

1.3000 
1.2008 
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tlÜure 1.2 diffractogram of Mariani pollers 'yellow type li. 1000°C 

K^q^J^tL'J kmJuïtjMdèuJttittod A W w W V^U^WtlWMhAMiA m,.».!^*.^ 

tabic 1.2 

Mar II 

1000°C 

l/lo 

21 

12 
31 
81 

10 

38 
21 
18 
16 

36 
78 

999 

60 
70 
73 

d value 

6.49 

5.99 

5.80 
5.54 

5.081 

4.208 

4.1117 

3.9165 

3.4731 
3.4107 

3.1042 

3.0030 
2.8044 

2.7950 

2.7697 

peak list of Mariani pollers' yellow type II, 1000°C. PDF 76-2019 peaks with I/I0 < 10 are not 
listed, unless when matching with an observed reflection 

l/lo d value 

52 6.004 

25 
999 

3.1357 

3.0022 

Pb2Sb207 NaSbCI6 

PDF 74-1354 I PDF 76-2019 

l/lo d value 

9 

999 
148 

156 

6.939 

5.4903 

5.3585 

4.5205 

194 3.4552 

31 

183 

169 

3.1184 

2.8028 

2.7624 

66 
22 
305 
21 
19 
19 
25 
8 
22 
22 
452 
7 
15 
16 
36 
10 
19 
22 
41 
372 
16 
118 

2.7630 

2.6524 

2.6008 

2.5408 
2.3887 

2.2422 

2.1957 

2.1684 

2.1241 
2.0182 

1.8393 

1.7885 

1.7780 

1.7745 

1.7350 
1.7144 

1.6246 

1.6181 

1.5726 

1.5685 

1.5610 

1.5014 

352 2.6000 

49 2.3859 

2.1228 

20 2.0014 

362 1.8384 

14 

323 

1.7579 

1.5859 

1.5678 

80 1.5011 

18 

29 

148 

2.6792 

2.5224 

2.2321 
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15 
11 

1.4777 
1.4021 

6 11.4562 
5 H.3539 

49 1.3009 41 1.3000 

figure 1.3 dilTractogram of Mariani pollers 'yellow type III, !000°C, ZnO 

'**»"» ' ' " ' M W M A A W W ' •~~J' *JU>uJwJ^v JUJA^U/ " W A / W ^ - A - i t 

table 1.3 peak list of Mariani pollers' yellow type III. I000°C. ZnO. In order lo compare all phases at 
the same scale the reflection, intensities of PDF 34-1149. PDF 36-1451 and PDF 36-725 have 
been multiplied by 10. PDF peaks with I/I0 < 10 are not listed, unless when matching with an 
observed reflection 

Mar III 

1000°C 

Pb 2Sb 20 7 

PDF 74-1354 

Pb4Sb209 ZnO 

PDF 34-1149 I PDF 36-1451 

ZnCI2 

PDF 74-0517 

Pb 3 0 4 

PDF 76-1799 

l/lo d value l/lo d value l/lo d value l/lo d value l/lo d value l/lo d value 

12 
11 
12 
11 

7 

6.95 
6.29 
6.18 
5.74 

5.173 
55 
24 
22 
36 
12 

4.419 
4.0192 
3.7143 
3.6675 
3.6248 

52 6.0044 

805 5.335 

136 6.2225 

12 4.400 
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42 
56 
23 

16 
999 

78 

18 

3.4811 

3.3635 

3.2927 

3.1548 

3.0146 

2.8327 

2.7537 

349 2.6109 

13 
10 

13 
331 
11 
13 
12 
8 
10 
14 
280 

2.5185 
2.4736 

17 2.4443 

27 2.3952 

25 2.3157 

2.2120 
9 
33 
18 
8 

2.1311 
2.0550 

2.0108 
1.9606 

7 1.9502 
23_[ l .9096 

1.8604 
1.8466 
1.7936 
1.7282 
1.6950 
1.6478 
1.6058 
1.6007 
1.5748 
1.5509 

51 
9 
11 
9 
9 
7 
35 
6 

1.5068 

1.4747 

1.4208 

1.4122 

1.3654 

1.3363 

1.3060 

1.2405 

850 
25 3.1357 
999 3.0022 999 

352 2.6000 

49 2.3859 

2 
20 

2.1228 
2.0014 

362 1.8384 

14 1.7579 

1.5859 
323 1.5678 

80 

6 
5 

1.5011 

1.4562 

1.3539 

41 
5 

1.3000 

1.2705 

3.2700 

2.9820 
570 

550 2.7610 
2.8143 

440 2.6033 

999 

832 

3.4957 

3.0403 

140 2.5200 

300 

400 

1.8890 

1.6070 

100 1.5720 

550 1.359 

999 

230 

290 

230 

2.4759 

1.9110 

1.4771 

1.3781 

386 2.5641 

289 2.3490 

523 
324 

1.8678 

386 2.5641 
147 1.6351 

133 1.5804 

100 1.5002 

999 

138 

3.3747 

3.1112 

346 2.9015 
457'2.7828 
246 2.6297 

166 

202 

1.9114 

1.8270 

221 1.7530 

120 1.5856 
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figure 1.4 diffïactogram of Manam potters 'yellow type III. 1000°C. SnO: 

table 1.4 peak list of Mariani potters' yellow type III. 1000°C, Sn02. In order to compare all phases at 
the same scale, the reflection intensities of PDF 41-1445 have been multiplied by 10. PDF 
peaks with 1/I0 < 10 are not listed, unless when matching with an observed reflection 

Mar III 
Sn02 

1000°C 

l/lo 

10 
70 
8 
1 
999 
3 
30 
380 
15 
10 
6 
10 
13 
570 

d value 

5.97 
3.36 
3.21 
3.12 
2.991 
2.687 
2.6402 
2.5906 
2.3777 
2.3373 
2.3208 
2.1160 
1.9950 
1.8321 

Pb2Sb207 

PDF 74-1354 

l/lo | d value 

52 6.004 

25 
999 

3.1357 
3.0022 

352 
49 

2.6000 
2.3859 

2 2.1228 
20 i 2.0014 
362 1.8384 

Sn02 

PDF 41-1445 

l/lo d value 

999 

750 

3.347 

2.6427 

210 

40 

10 

2.3690 

2.3094 

2.1189 

30 
19 
8 
4 

1.7633 
1.7510 
1.6739 

14 

1.6385 
9 1.5805 
570 1.5627 
150 
11 

9 

1.4961 
1.4519 

1.7579 570 
140 

3 1.5859 
323 1.5678 
80 
6 

1.3489 
80 1.2957 
3 1.2217 

5 
41 

1.5011 

1.7641 
1.6750 

60 1.5934 

110 
1.4562 

120 
140 

1.3539 
1.3000 

1.4984 

1.4392 
1.4155 

140 
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figure 1.5 diffractogram of yellow paint on pottery fragment no.3 (Montelupo ?). measured with Philips 
X'Pert Plus at 50mA. 40kV with a stepsize of 0.02° and a holding time of 10s 

^ ^ 

table 1.5 peak list of yellow paint on pottery fragment no.3. In order to compare all phases at the same 
scale the reflection intensities of PDF 41-1445 have been multiplied by 10. PDF peaks with 
I/I0 < 10 are not listed, unless when matching with an observed reflection 

CER#3 
Montelupo 

1 1 

Pb2Sb207 

I PDF 74-1354 

1 

Sn02 

PDF 41-1445 

l/lo d 

130 3.3471 
999 3.0204 
170 2.6429 
280 2.6189 
30 2.3666 
350 
80 

1.8500 
1.7638 

20 1.6749 

[ l/lo | D 

999 3.0022 

352 2.6000 
49 2.3859 
362 
14 

70 1.5936 
280 1.5762 323 

1.8384 
1.7579 

1.5678 

| Mo | d 

999! 3.347 

7501 2.6427 

210 2.3690 

570 1.7641 
140 1.6750 
60 1.5934 60 1.1702 

80 
50 
10 
30 
40 
20 
20 
80 

1.5107 80 1.5011 
1.4975 
1.4299 
1.4149 
1.3081 
1.2145 

41 | 1.3000 

1.2114 
1.1997 101 1.1929 

110 1.4984 
120 1.4392 

1.1627 

140 
60 
90 

1.4155 
1.3220 
1.2147 
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Giallo de Vasari 
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tile e riesce bene a color ire i disegni, et un'altro 
che riesce con piu corpo. Il primo fanno cost: pigliano 
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cinque oncie di piombo abrugiato in polvere el sedac-
ciato, e oncie 3 d'antimonio e dot oncie di sal commune. 
II tutto sipesta e sedaccia come s'è detto e si distendo-
no bene unite le polvere asieme sopra diversi 
piatti di terra non vetriata grosso un mezzo dito 
acciö si calcina meglio e si mette poi alia fornace loro 
a calcinare una o due volte al medesimo fuoce che si cu-
ociono li loro vasi. 

II secondo modo è tale: si pigliano 3 oncie di piombo abru
giato, oncie 2 di antimonio e oncia una difeccia di 
vino ca/cinato. II tutto, dispos to come I 'altro di sopra, 
si pone a/la fornace e calcinare, ma mistu-
ra vuol piii foco delta prima. 

[c.l6r] 

Si fa ancora tal gialto piii carico di colore e piii bel
lo con prendere sei oncie di piombo abrugiato e quattro 
oncie di antimonio e oncie una di tutia allessandrina 
e oncie una di sale, meschiato il tutto insieme si 
pestano sotti/mente e si pone sopra piatti come g/i al-
tri, ma si cuoce fuori delta fornace alii sftatato-
ri, e se per caso non venisse cotta a bestanza si ri-
mette di nuovo finch sia cotto. Ma se per caso ri-
uscisse troppo cotto e che venisse fuoco, e colato si 
rimacina di nuovo et pesta sottilmente, rimettendo 
la materia sopra nuovi piatti, si ripone a 
fuoco piu lento et occorendo si faro piii d'una 
volta e cosi verra in tutta belta. 
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in doi creppe di olla dandoli tre fuoghi di ore 24 1'uno et in tre giorni habbi la mia polvere in 
bellissimo color, ne pigliai di questa £13; 

Minio comun £7; quog/i £2 onze 3, fit in tutto £22 onze 3. 

Butted la ditto polvere in paelato a tutto fuogo et dot hore doppo trovai un 'anima di zallo 
motto belta et piena di corpo et subito li buttai crestallo cotto £5. phi tosto qualche cosa di 
piu et missiai benissimo et hebbi un smalto zallo in corpo in bellissimo color, et questa fattura 
la feci in hore sei et non piu. 
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CHAPTER 3 

NORTHERN EUROPEAN 1 8TH CENTURY LEAD 

ANTIMONATE YELLOW 

ABSTRACT 

Lead antimonate yellow or Naples Yellow was the most common synthetic yellow pigment in 

18th century European painting. Recent studies have shown that Italian artists made use of the 

pigment at much earlier dates. North European painters, however, hardly applied Naples 

Yellow before 1700. Instead, the traditional pigment lead tin yellow remained highly popular 

until about 1730, when it was replaced gradually by Naples Yellow. When the pigment was 

first imported from Italy, the origin of Naples Yellow remained a mystery to North European 

artists and craftsmen. Only during the second half of the 18th century Germans, Frenchmen 

and Dutchmen seemed to have learned to produce lead antimonate themselves. 

In this paper the history of use and production of 18th century Northern European Naples 

Yellow is examined. Naples Yellow was reconstructed according to the first North European 

historical production recipes. Samples were taken from a number of paintings. Scientific 

analyses were carried out using X-ray powder diffraction (XRPD). The results show that early 

Northern European Naples Yellow differs in chemical composition from earlier Italian types. 

These findings should therefore be of interest for authentication studies. In addition, an 

attempt is made to explain why Naples Yellow replaced lead tin yellow. 
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INTRODUCTION 

Lead antimonatc -or Naples Yellow- is a yellow pigment that is synthesized by calcinating a 

mixture of lead and antimony salts. During the Middle Ages lead antimonate usage seems to 

have been limited to the Islamic and Slavonian world. Through contacts with Venetian 

merchants the know-how on the production of lead antimonate was passed on to the Western 

culture during the 15th century. The first reference to Naples Yellow as a painting pigment 

dates back to ca. 1600, when the author of the Mariani manuscript gave a detailed description 

of the production of gial/o di vasari (potter's yellow) or lead antimonate yellow." Mariani 

described three sorts of potter's yellow, including a tin or zinc containing lead antimonate 

phase, which have been discussed in the previous chapter. 

It is generally assumed that lead antimonate was introduced in North European painting in 

the first quarter of the 18th century.3 Lead tin yellow, the traditional yellow pigment, was 

slowly replaced by lead antimonate and by the 1740's lead tin yellow had fallen in complete 

disuse.4 The first Northern documentary reference to Naples Yellow can be found in the 

correspondence of the Dutch painter Hendrick van Limborch. In a letter dated 18 June 1708, 

the Rotterdam painter Van Limborch mentions Naples Yellow, stressing its intense opaque 

property.^ 

Apparently, Northern artists were not aware of the synthetic origin of lead antimonate. A 

number of Italian, handwritten recipes of much earlier date are in existence, as discussed in 

chapter 2, but these sources, strictly intended for personal use, were not widely known and 

certainly not to a Northern European audience. According to a widespread 18n century 

rumour Naples Yellow was a volcanic mineral that was found around the Vesuvius in the Bay 

of Naples. Hence the name Naples Yellow was coined. The terminological aspect and the 

mystification of its origin will be discussed below. The production process of Naples Yellow 

was not published until 1758 by the Italian Passeri.'1 It should be stressed, however, that 

Passeri published the production recipe under the old Italian name of giallolino, which may 

explain why his publication remained largely unnoticed in northern Europe and was not 

referenced to in any of the 18Ih or 19th century literature on Naples Yellow. A much more 

authoritative article by Fougeroux de Bondaroy, member of the French Académie Royale des 

Sciences, appeared only a few years later7. Fougeroux has ever since been acknowledged of 

revealing the real origin of Naples Yellow to a wider. Northern European public. De 

Bondaroy carried out several experiments and mentioned a production recipe for Naples 

Yellow. In 1797 de Massoul stated that Naples Yellow was produced by one single supplier 

from Naples : 

Till the present time, the supply was drawn from Naples: formerly one person 

furnished the whole.' 
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Like De Bondaroy, De Massoul published a production recipe. Both recipes call for similar 

ingredients, but both differ substantially from Italian production methods, including those 

described in earlier manuscripts as well the contemporary recipe given by Passeri. 

Thus, literature suggests that Naples Yellow was imported from across the Alps during the 

first decades of the 18th century and that North European production of the pigment did not 

start before the middle of the eighteenth century. Therefore, the question rises whether 18' 

century lead antimonate yellows of Northern European origin vary chemically from earlier, 

notably Italian types. We therefore carried out an examination of 18th century North 

European Naples Yellows, involving reconstructions of historical recipes and analysis of paint 

samples. Our aim was to establish what types of Naples Yellow could have resulted from a 

new North European production method. 

THE TERMINOLOGY OF NAPLES YELLOW 

The term Naples Yellow, or Luteolum Neapolitanum, first appeared in a treatise by Andrea 

Pozzo in Rome, published between 1693-1700.9 Ever since the term remained in use to 

describe the colour of lead antimonate yellow. Soon after 1700 the first references to Naples 

Yellow can be found in North European literary sources. The Dutch painter Hendrick van 

Limborch mentioned Naples Yellow in a letter dated 18 June 1708.'° The author of the 

Eikelenberg manuscript, written between 1700 and 1720, also commented on the new 

pigment. Eikelenberg touched on the origin of Naples Yellow and wrote: 

Naples Ye/low is, as I have been told, the ash of Etna and more yellow than 

Schietgeel." 

This widespread rumour of the volcanic origin is probably based on a 16n century description 

of giallolino by Cennini, who suggested that the pigment originated from stones found around 

volcanic craters.12 The same rumour was continuously repeated in 18th century literature on 

Naples Yellow. In 1757 Peretny mentioned that Naples Yellow is a mineral or some sort of 

earth product from the area of Naples.13 In his treatise of 1765, four years before De 

Bondaroy's publication, De Montamy gave a detailed description of the pigment, its origin 

and its pigment properties. Also, De Montamy stated that Naples Yellow is a volcanic product 

referring to contemporary geological studies of Mount Etna : 

Everybody agrees that Naples Yellow is a type of yellow rock that is extracted from 

the area around Naples. 

-49-



C"M AIM I.K 3 

Even well into the 19n century some authors still adhered to the notion that Naples Yellow 

was a natural product, although doubts were expressed about its true origin, as Robert Dossie 

mentioned in 1841 : 

It has been supposed to be a native earth, and is said to be found in the 

neighbourhood of Naples; but this is dubious, as the different parcels of it vary so 

much from each in specific qualities to allow the supposition of their being native 

earths. 

FOUGEROUX DE BONDAROY 

The French Académie Royal des Sciences was founded in 1666 under the ministry of M. 

Colbert, who had been appointed by Louis XIV. ' Under Colbert's leadership, France was to 

strengthen its own economy, mainly by raising the level of self-support of French industries 

and limiting the amount of imports. This policy of autarky that later became known as 

Colbertism, notably concerned the arts and crafts and was strongly supported by the ancien 

régime until the French Revolution. ' The foundation of the French manufactures, such as the 

porcelain factories of Sevres, for example, was aimed at giving a boost to French economical 

and cultural development at the cost of foreign products. Amongst others, the role of the 

Académie Royal des Sciences was to provide applied scientific support to these developments. 

At the end of the 17' century the Académie envisaged a large publication on the technical 

description, entitled Description des Arts et Métiers, which was not issued until 1761 under 

the auspices of De Bondaroy's uncle, Henry-Louis Duhamel de Monceau. 

As has been shown elsewhere, Naples Yellow played a major role in the 18" century as the 

dominant synthetic yellow pigment in painting and the colouring of glass and ceramics. As 

mentioned above, French artists and craftsmen were dependant on the import of this pigment 

from Italy, which may have been considered a restraint for raising autarky of French art 

production. In view of these political considerations, a strong interest of the Académie in 

Naples Yellow and its real origin is not surprising. 

A production recipe for Naples Yellow was finally revealed by Fougeroux de Bondaroy 

(1732-1789), a member of Académie. De Bondaroy studied botanies and sciences and was 

admitted as a member in 1758. His main areas of interests were mineralogy and the 

technology of arts and crafts. Like many aristocratic young men, De Bondaroy made a 

lengthy journey to Italy, visiting all major Italian cities in the summers of 1763 and 1764. De 

Bondaroy kept a diary of five volumes in total, four of which have been conserved, spread 

over three different libraries in Italy and France. The fifth volume is considered lost. The 

initial plan of publishing his diary was never carried out, although many of his later 

publications seem to have been based on experiences during his travel. The handwritten 
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journal and other documents, including various drawings by De Bondaroy were studied 

recently, giving a rather precise account of his main interests and the itinerary of his travel. 

De Bondaroy had a large interest in the technology of arts and crafts, such as the textile and 

glass industries and the production of artificial gemstones and pigments. He visited the main 

production sites of these crafts such as the jewel workshops of Genes and the glass production 

island of Murano in Venice. De Bondaroy noted that all craftsmen working in these industries 

were highly secretive about their handicraft: 

just like in France, everyone makes a mystery of his own working method.' 

In addition, De Bondaroy paid a visit to the area of Naples, where he carried out 

mineralogical research of volcanic compounds of the Vesuvius. De Bondaroy must have read 

Passeri's work on Naples Yellow during his stay in Italy, though he doesn't mention this 

source in his own work. Passeri's recipe for Naples Yellow, which he calls giallolino, is 

almost identical to some of the recipes mentioned by Picolpasso and Mariani in their 16l 

century manuscripts : 

Giallolino, or the colour of gold, is made of a pound of antimony, half a pound of 

lead, an ounce q/allume di feci a and another ounce of common salt." 

In short, his travel to Italy, sponsored by the French Académie, gave De Bondaroy insight 

into the real origin of the pigment known as Naples Yellow. Two years after his return to 

France, De Bondaroy published the production recipe for Naples Yellow, after the pigment 

had been declared a mineral for more than five decades. 

RECIPES 

Based on his experiences in Italy and several experiments carried out by himself, de 

Bondaroy published the following recipe for Naples Yellow: 

I put together 12 ounces of ceruse, 1 ounce of alum, I ounce of sal ammoniac and 3 

ounces of diaphoretic antimony. I mixed this as well as possible and put it in aflat 

plate, unvarnished and covered; I exposed it to a moderate fire for seven or eight 

hours (e). The plate that I had used, I retrieved it from the fire, I obtained a piece of 

stone, more or less bound, which became soft when crushed up, greasy to touch and of 

the same colour as Naples Yellow, and it had all its properties. I also made it with 

blanc de plomb, diaphoretic antimony, sal ammoniac and alum, and I 've had a 

beautiful yellow and heavier. 

- 5 1 -



CHAPTER 3 

(e) A less violent fire, but continued longer, gives a better result; the fire of the 

reverberator)'" of the potters, the plate being placed in the upper part of the oven is 

preferable to all others. 2'' 

A similar recipe was published in 1797 by De Massoul, which seems to be a copy of the 

recipe by De Bondaroy with a minor adjustment concerning the reaction time : 

It has been found that Naples Yellow is produced by art, and is a metallic calx. It is 

now brought to equal perfection with that of Naples, by incorporating with Spanish 

White, calcined Alum, Salt Ammoniac and Diaphoretic Antimony, all pure. Having 

well pounded this mixture put in aflat earthen pan, which must not be varnished; 

cover it, and let it remain upon moderate fire, during seven or eight hours. It would 

succeed better, were it placed for twelve hours, at the top of an oven, upon a 

reverberated potter's fire.'4 

INTERPRETATION OF SOURCES 

As earlier research of technical sources has shown, the historical terminology in source 

literature is not always clear."" This is also the case in the recipes on lead antimonate yellows 

studied. De Bondaroy's sel ammoniac and De Massoul's Salt Ammoniac most likely 

correspond to sal ammoniac, the mineral name for ammonium chloride. However, the 

meaning of other ingredients, including Spanish white. Diaphoretic Antimony and calcined 

Alum is not precisely clear. Both authors made detailed remarks on the reaction time required, 

but only vague indications are given concerning the reaction temperature. 

Blanc de Plomb, Céruse, Spanish White 

At first sight, all three terms (Blanc de Plomb, Céruse, Spanish White) seem to be synonyms 

for lead white, or basic lead carbonate [2Pb(C03)Pb(OH)2]. Spanish white is a rarely used 

synonym for lead white.26 However, De Bondaroy makes a clear distinction between blanc de 

plomb and céruse. We suspect that different qualities are indicated with these terms, as is the 

case with the Dutch terms for lead white schulpwit and loodwit. Schulpwit was used for a pure 

form of lead white, while loodwit indicated a mixture of lead white and chalk [CaCOs].27 In 

his recipe De Bondaroy provides a further clue on the difference between ceruse and blanc de 

plomb, as he states that the use of blanc de plomb results in a yellow that is heavier, or in 

French plus pesant. While the term heavy (in English) can be used metaphorically, thus 

referring to the shade of yellow, pesant also may relate directly to the weight of the sample. 

This difference in weight may have been caused by the use of two types of lead components: 
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one type consisting of pure lead white and another type of lead white adulterated with chalk 

and thus having a lower specific weight. 

It should be mentioned that the use of lead white was a major change in the production 

technique of Naples Yellow. Earlier Italian sources steadily call for the use of piombo 

abrugiato, or burnt lead, meaning lead monoxide, as has been shown in chapter 2. 

Diaphoretic Antimony, antimoine diaphorétique 

The term diaphoretic is derived from the greek word 8ia<popr|Tixoc. Diaphoretic is a term 

from medicine, which means to revoke sweating. In 18th century medicine various chemicals 

were said to have such a purgative sweating effect on the human body." A more chemical 

description of diaphoretic antimony has been given in the 1694 treatise Histoire generale des 

drogues by Pierre Pomet. In chapter VII Pomet wrote: 

The Diaphoretic of Antimony, or chalk of antimony, is the antimony from Poitou and 

nitric acid incorporated together and by the means of fire and warm water one makes 

a powder of it, which -when almost dry- is formed into little trunks and then dried 

properly and one keeps it like this.' 

The area of Poitou, around the city of Poitiers in France, indeed proves to be rich in antimony 

minerals. Antimony is found to the west of Poitiers close to Saint Priest, Limoges, and at 

Estagnat and Villechaise, to the south of Confolens. Thus, in view of the descriptions given 

by Pomet, the most likely translation of Antimoine diaphorétique seems to be antimony 

trioxide (Sb203) that is formed by oxidizing metallic antimony with the help of nitric acid. 

Alum 

Alum, or a/un in French, refers to aluminium potassium sulfate dodecahydrate 

[KAKSO-th'ISITO], as is also suggested in contemporary French dictionaries. The recipe is 

the first to call for the use of this material in the production of Naples Yellow. Alum was a 

well-known material in pigment technology since the Antiquity. It was used as a substrate for 

organic colourants, such as madder and other red lakes. The use of alum in the production of 

lead antimonate, however, should be considered a novelty, but may have a simple explanation 

(see discussion). 
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MATERIALS AND TECHNIQUES 

For the reconstruction experiments use was made of lead white, 2Pb(CO?)Pb(OH)2 

[PDF 13-131], antiomony trioxide. Sb^O? [PDF 5-534], alum or aluminium potassium sulfate 

dodecahydrate, KA1(S0-4)2'12H;0 [PDF 7-17]. sal ammoniac or ammonium chloride, NH4C1 

[PDF 2-887]. X-Ray powder diffraction (XRPD) was used to ascertain the identification of 

these materials. A mixture of the ingredients was made according to the weight percentage 

mentioned in the recipe: 12 parts lead white, 1 part alum, I part sal ammoniac and 3 parts 

antimony trioxide. The ingredients were mixed in a mortar and ground to a fine powder. The 

mixtures were then put in high temperature crucibles (crucible type 131-01, Haldenwanger, 

Berlin, Germany) and heated at various temperatures during a period of 8h in a preheated 

oven (type LF1, Vecstar, United Kingdom). After cooling the reaction products were ground 

again and measured using XRPD. Diffraction data were collected using a Phillips X'Pert Pro 

diffractometer (Philips, Eindhoven, the Netherlands). 

Samples of Naples Yellow were taken from various historical paintings, mostly from the 

yellow paint of gold jewels or embroidery of 18th century portrait paintings. Most portraits 

were signed and dated and in some cases the exact geographical origin was known. In all 

instances samples were taken only after receiving a written consent of the owner of the 

pictures. The structure and composition of these paint samples was determined by XRPD. Use 

was made of an Enraf-Nonius FR 552 Guinier Johansson camera (Enraf-Nonius, Delft, The 

Netherlands) equipped with a Johansson monochromator using CuKai radiation 

(A=l.54060 A). The samples were prepared by pressing the powder to a thin layer onto mylar 

foil. In order to improve particle statistics the sample holder was rotated in the specimen 

plane. For indexing of the pattern the accurate positions of as many lines as possible were 

collected by reading out the Guinier photographs with an optical instrument. Special software 

was used for peak analysis as well as multiple phase identification, including Profit version 

1.0b, X'Pert Plus version 1.0 (Philips, Eindhoven, the Netherlands) and PCPDFWIN version 

2.1.31 

table 1 phase composition of reconstructions of De 
Bondaroy reeipe 

temp in 

°C 

Reaction 
Products 

650-700-750-800 

Pb2Sb207 (<75%) 

K2Pb(S04)2 

Pb304 

Sb6013 

900-1000-1100 

Pb2Sb207 (>75%) 

K2Pb(S04)2 

+ minor other phases 

RESULTS 

The reaction products of the recon

struction experiments are sum

marized in table l. The formation of 

lead and antimony oxides was 

observed at lower temperatures 

(T<900°C). Presence of well-crystal

lized cubic Pb2Sb207 [PDF 74-1354] 

started at 900°C. At lower tempera-
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tures Pb2Sb20? showed broader peaks. All other materials present gave well-defined 

diffraction maxima at all temperatures. Interestingly, at all reaction temperatures investigated 

minor amounts of K2Pb(S04)2 [PDF 29-1015] proved to be present in the product. 

Most paint samples examined turned out to consist of a Naples Yellow phase as well as 

varying amounts of lead white. The admixture of lead white to yellow paint was a common 

practice of artists and its presence in the paint samples is not surprising. The Naples Yellow 

part of certain samples (table 2) showed a multiphase composition similar to the De Bondaroy 

reconstruction sample synthesized at T > 900°C. In these samples Pb:Sb20? and fOPbJSO^ 

were identified as main and minor phase respectively. The diffractograms and peak lists of the 

De Bondaroy 900°C sample as well as sample D86 that is representative for this group of 

paint samples are shown in Appendix I, figures 1.1 and 1.2 and tables 1.1 and 1.2. 

A second group of paint samples proved to consist of pure cubic Pb2Sb20?. In these samples 

no by-products could be detected (table 3). The presence of lead tin yellow type II, Pb^SnO.* 

[PDF 75-1849], mixed with varying, minor amounts of S11O2 [PDF 41-1445] was established 

for a third group of painting samples (table 4). The use of lead oxide chloride, or a-PbyC^Cf 

[PDF 6-393], also known as Turner's Yellow, was identified in two cases (table 5). 

table 2 Pb2Sb207 with small amounts of K2Pb(S04)2 identified in 18 century yellow paint 

artist 

Hubert Robert 

Painting 

Artist in his studio 

D« I ^ ^^4 n«i«««.4« Still life with fruit Roland Delaporte . . , and bread 

Frangois Boucher 

Circle of 
August Querfurt 
Follower of 
Francesco 
Fontebasso 

Spanish School 

Pietro Bardellino 

Chinoiserie 

Hunting scene 

Death of 
Sophonisba 

Saint Francis 
Xavier 

date 

after 
1770 
after 
1760 
1740-
1770 
1750-
1760 

2nd half 
18 , hc. 

geographical 
origin 

collection 

Paris (?), Museum 
France Boymans-v.B 

Paris, France 

Paris, France 

Museum 
Boymans-v.B 

Inv. 
nr. 

2586 

1121 

Museum „ - . _ 
,-. 0 2.0(6 
Boymans-v.B 

Germany , P r i ; a t ? 
collection 

Italy 

2n a half e 

18'hc. S p a i n 

Moses and Aaron 18th c. Italy 

Private 
collection 

Private 
Collection 
Private 
Collection 

n.a. 

n.a. 

n.a. 

n.a. 

Sample 
ID. 

D85 

D86 

D87 

D95 

D96 

D72 

D73 

table 3 Pb2Sb207 without by-products identified in 18" century yellow paint 

Artist 

Nicolas Lancret 

Willeboirts 
Bosschaert 

Painting 

The tease 

Madonna with 
Child 

date 

1730-
1740 

Circle of Giovanni „ . . „ . . . . . . . . early 
, - , , < - . . . Still life with fruits , 0 , h ' 
Paob Spadino 18 c. 

geographical 
origin 

France 

Flanders 

Italy 

collection 

Huis Doorn 

Rijksmuseum 

Inv. 
nr. 

HuD 
1718 

n.a. 

Private 
Collection n a ' 

Sample 
ID. 

D90 

AW 98/3 

D97 
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_ .. . Scene in a early Italy ? 
JanToorenvhet b g c k y a r d ^ H o | | a n d ? 

Follower of King Louis XIV as -\jih c France 
Charles Lebrun Roman Emperor i ' I 

Private 
Collection 
Private 
Collection 

n.a. D57 

n.a. D58 

table 4 Pb2Snü4 with small amounts of Snt>2 identified in 16th to early 18th century yellow paint 

Artist 

A. Houbraken 

Follower of Frans 
Pourbus 

Jan Mijtens 

Follower of Jan 
Breughel 1 

P. Moreelse 

painting 

Eternity seated by 
a Fire 
Portrait of a 
Noblewoman 

Portrait of a family 

The sense of 
smell 

Portrait of a Man 

date 

early 
18 , hc. 

16 I hc. 

17 , hc. 

17 , hc. 

early 
17 , hc. 

geographical 
origin 

Holland 

Netherlandish 

Holland 

Holland 

Netherlandis 
h 

collection 

Private 
Collection 
Private 
Collection 
Private 
Collection 
Private 
Collection 
Private 
Collection 

Inv. 
nr. 

n.a. 

n.a. 

n.a. 

n.a. 

n.a. 

Sample 
ID. 

D7 

D6 

D12 

D9 

D8 

table 5 u-Pb706CI2 identified in IS* to early I9lh century yellow paint 

Artist 

Follower of Jacob 
Ferdinand Voet 

Tobias Stranover 

painting 

Portrait of 
Wilhelm Justern 
von Stein zu 
Rechtenstein 

Still-life with Fruits 

date 

ca. 
1690 

1686-
1724 

geographical 
origin 

Southern 
Germany 

Hungarian 
School 

collection 

Private 
Collection 

Private 
Collection 

Inv. 
nr. 

n.a. 

n.a. 

Sample 
ID. 

D23 

D35 

DISCUSSION 

The examination of 18 century yellow paints showed the presence of four groups of 

synthetic yellow pigments. First of all, the occurrence of lead tin yellow is in line with 

common observations on this pigment. The pigment was found on paintings of the early 18n 

century and of older date. 

Secondly, a number of early 18th century samples was found to contain fairly pure amounts 

of lead antimonate yellow, suggesting a production method that followed earlier Italian 

methods as discussed before in Chapter 2. Though based on a limited number of paint 

samples, it seems as if this pure form of lead antimonate yellow is present only on paintings 

of the early 18lh century and younger date. It would be interesting to establish a possible 

terminal date of use of this particular type of Naples Yellow on the basis of a more 

representative amount of 18th century pigment samples. No elemental analysis was performed 

on our samples, so that the presence of tertiary metals such as Sn or Zn, as described in 

Chapter 2, can not be excluded completely. The complete absence of any by-products, 

however, seems to be a strong indication for a lead antimonate without other tertiary metals. 
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The third group of lead antimonate pigments seems to be associated with the production 

method as reconstructed above. K^PtySO^ was identified as minor phase component 

associated with Pb:Sb207 as main phase. It should be mentioned that a few minor peaks at 

different positions in both the paint samples and reconstruction diffractograms remained 

unattributed for. In addition, paint samples seem to consist of approximately twice the amount 

of KoPMSO-ib compared to the reconstruction sample, suggesting the use of a larger amount 

of alum than mentioned in the original production method. Thus, the phase composition of the 

reconstruction sample and the painting samples are very similar, but not identical. 

The production process by De Bondaroy differs strongly from earlier, Italian production 

recipes for the pigment. Notably the introduction of alum, or KA1(S04)2'I2H:0 as ingredient 

must be considered a major novelty in the manufacturing of lead antimonate, or Naples 

Yellow. The formation of minor, but detectable amounts of K.2Pb(SO.})2, a colorless and 

probably unwanted by-product, may be explained by the addition of KAI(S04)2'12H20 as 

initial ingredient. After hydrolysis at high temperatures Pb seems to have replaced Al in the 

sulphate compound. Small amounts of Al may still be present in the K^PtySO-ih phase, since 

a separate Al-containing phase could not be detected. It would be interesting to examine 

individual phases further for the Al-contents. Interestingly, K^PtySO-ih was also found in 

various Naples Yellow paint samples of French, German, Italian and Spanish 18th century 

origin. As yet, this phase composition has not been found on 17th century or earlier types of 

Naples Yellow. It should be noted that alum is not mentioned in any of the known 16" and 

17n century Italian production recipes, including the Mariani, Picolpasso and Darduin 

manuscripts. Therefore, the use of alum seems to be an 18' century novelty in the production 

process that may explain the presence of K2Pb(S04)2 in 18"' century samples of lead 

antimonate yellow. However, pending further research of earlier samples of Naples Yellow a 

terminus post quern for the occurrence of lead antimonate mixed with minor amounts of 

K.2Pb(S04)2 can not be established. At present it cannot be excluded that De Bondaroy was 

not the first to use alum in the production of Naples Yellow. The widespread finding of 

KoPbfSO-ih in Italian, French and German mid-18th century lead antimonates suggests that the 

pigment was produced using alum as ingredient already before De Bondaroy published his 

recipe in 1769. As mentioned, De Bondaroy's publication does not refer to earlier or 

contemporary publications on the synthesis of Naples Yellow. One would have expected a 

reference to the 1758 publication by Passcri, to which De Bondaroy must have had access 

during his trip to Italy in 1762. Possibly, De Bondaroy reproduced the knowledge on the 

production of Naples Yellow, including the use of alum, from an earlier, unknown source. 

Besides lead and antimony, a number of tertiary compounds have been mentioned in Naples 

Yellow recipes, in particularfeccia di vino calcinate, allume difeccia, andfeccia. All these 

terms seem to refer to the same compound, potassium hydrogen tartrate. One could assume 

that De Bondaroy, or an unknown previous author, erroneously translated the term allume di 

feccia as regular alum or aluminium potassium sulfate dodecahydrate. Thus, the use of this 
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tertiary material, suggested by De Bondaroy and later on taken over by many others, " could 

be explained by a simple translation mistake with far-reaching consequences. 

Lead oxide chloride or rx-PbyOöCL was found on two paintings of early 17lh and mid 19th 

century respectively. The origin, production and occurrence of this yellow pigment are not 

well understood. The pigment has been synthesized for many centuries though on a marginal 

scale.'1"1 a-PbyC^Cli is prepared by heating a mixture of lead oxide with sodium chloride or sal 

ammoniac. Possibly, the latter ingredient inspired De Bondaroy for using it in the production 

of Naples Yellow. The pigment seems to be lightfast and has a fairly good hiding power. 

a-Pb70(,Cl2 has been known under various aliases such patent yellow, mineral yellow. 

Turner's yellow and Montpellier yellow. Historical specimens of this compound, kept in 

mineral collections, have long been regarded as mineralogical samples under the term 

"lorretoite". Like the 18' century Northern European assumption of Naples Yellow being a 

volcanic mineral, the anthropogenic origin of "lorretoite'' remained hidden until revealed by 

White in 1979. Further insight into the history of this pigment would require a separate 

research project similar to the present study on lead antimonate yellow. 

THE DISCONTINUATION OF LEAD TIN YELLOW AFTER CA. 1750 

When Naples Yellow appeared in painting studios, first in Italy, later in North European 

painting workshops, the traditional yellow pigment was lead tin yellow. This pigment has 

been synthesized since Roman antiquity and remained in use during the Middle Ages. One of 

the production centres of this pigment must have been Flanders, since the Mariani Ms. and 

other Italian sources refer to it as Giallo di Fiandri. 

For some unknown reason, the production and use of lead tin yellow came to a halt 

somewhere around the middle of the 18th century. An explanation for the gradual but 

complete disuse of this pigment has not been given so far. From a technical point of view, 

the discontinuation of lead tin yellow is a complete mystery. Lead tin yellow has excellent 

pigment properties. Lead tin yellow is a perfectly stable, lightfast compound. It has positive 

drying effects on oil and gives good hiding powder with oily binding media. The pigment can 

be ground to a very fine powder and still retain its brilliant yellow colour. In addition, lead tin 

yellow can be manufactured in a variety of yellow hues, depending on temperature, similar to 

the production of lead antimonate. In general, lead tin yellow and lead antimonate yellow 

have very similar material characteristics. It must therefore be questioned whether 18th 

century painters were able at all to distinguish between both pigments. Thus, the positive 

handling characteristics, the excellent optical properties and -above all- its similarity to lead 

antimonate give no obvious reason for the substitution of lead tin yellow around the 1750's. 

However, from an economical point of view the discontinuation of lead tin yellow is less 

surprising. While the production of tin remained fairly stable around the middle of the 18' 

century, fragmentary data on price development for tin seem to show a peak around 1760 
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(figure 1). Similar data do not exist for antimony, but the price for antimony is expected to 

be lower than for tin.38 

figure 1 Development of global tin production and price development of tin in German Marks/tonne during 

the 18'h century 
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Apart from economical reasons, also other factors could have contributed to the change from 

lead stannate to lead antimonate. One important element is the complete lack of written 

sources describing the production of lead tin yellow. Although the pigment has been 

mentioned in various sources -under vague and possibly different nomenclature-, the exact 

production recipe does not seem to have been published. Not a single manuscript, let alone a 

more widely available publication, on how to produce lead tin yellow has been preserved. 

Indeed, the availability of written sources on how to produce Naples Yellow may have been a 

decisive factor in the final disuse of the lead tin yellow. 

The transition of lead tin yellow to lead antimonate yellow took place around the middle of 

the 18" century. During this period, the age of Enlightenment, the natural sciences were 

beginning to take shape and painting materials, among other fields, became the subject of 

various scientific studies. A pigment like Naples Yellow with its mysterious origin must have 

been an appealing topic to these early scientists, such as De Bondaroy. Since this renewed 

interest for Naples Yellow seems to coincide with the discontinuation of lead tin yellow 

around the middle of the century, a causal relation between both developments may exist. 

One other factor may have played a role. Could it be possible that lead tin yellow was 

substituted, simply because Naples Yellow appealed much more to the imagination of 

painters and craftsmen than lead tin yellow ? At first thought, the choice of pigments for a 

painting or art object seems to be a practical, down-to-earth selection of colouring materials, 

made by the artist without any immaterialistic considerations. Recent pigment studies, 

however, have shown that the selection of pigments may have had deliberate art theoretical 

connotations in certain cases, as has been demonstrated by McKim-Smith. The origin of a 

pigment, its source, and other connotations may have been decisive factors in the choice of 

pigments, as shown by the following example. 
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Hieronymus Bosch, painter of the famous triptych Garden of Earthly Delights, depicted the 

Expulsion from Paradise on the inner left wing.40 The scene takes place under the shadow of a 

giant dragon tree, or Draco Draconis L. This dragon tree is the natural source for an organic 

red colourant, known as dragonblood that was mostly used during the Middle Ages. The resin 

of the dragon tree is coloured to a deep red by a fungal organism on the bark of the tree. 

According to a widespread rumour, however, the dragonblood tree grew from the blood of 

dragons. This mysterious origin of the colourant must have a made a deep impression on 

Middle Age contemporaries. The pigment has a very poor lightfastness and at the same time 

must have been extremely expensive, since it had to be imported from the Canary Islands, 

natural home of the dragon tree. Yet, the pigment enjoyed great popularity among Middle 

Age painters and craftsmen. The use of dragonblood can only be explained by its mysterious, 

fantastic reputation, which must have had an enormous appeal to painters. 

This type of considerations may also help to explain why lead tin yellow was replaced by 

Naples Yellow. When Naples Yellow entered Northern European painter's workshops Italy 

was still considered to be the artistic epicentre of painting. Italian Renaissance masters were 

regarded as unrivalled artists, whose works were copied and imitated. Among these role 

model artists were Raphael, Michelangelo, Corregio and Titian. Sir Joshua Reynolds (1723-

1792). first president of Britain's Royal Academy of Art, exemplified this view in his famous 

Discourses. Many young Northern European artists spent one or more years in Italy before 

establishing a painter's workshop in their native country, as the mid-18' century Dutch 

painters' biographer Johan van Gool mentioned.4" In this context it should be noted that early 

18th century Northern European use of lead antimonate yellow seems to occur with artists that 

had some sort of relation with Italy, as pointed out by Groen and De Keijzer. More in 

general, the formal education of young academics was concluded by making a Grand Tour 

through Italy. It can therefore be argued that Naples Yellow, a painting material supposedly 

used in Italian painting, exercised a similarly strong appeal to Northern European painters. 

How could an artist imitate -let alone surpass- Italian painting without the appropriate 

painting materials? Such considerations would certainly have made an appealing marketing 

slogan for the pigment dealer offering Naples Yellow for sale. 

In conclusion, three factors -separately or in combination- may explain why lead antimonate 

yellow replaced lead tin yellow. First of all, antimony may have been a cheaper alternative for 

the production of the pigment. Secondly, the lack of written information on lead tin yellow 

and a simultaneous scientific interest for Naples Yellow seem to have contributed to the 

oblivion of lead tin yellow. In third place, as pigment of supposed Italian origin, Naples 

Yellow must have been an appealing pigment to artists during a period in which Italian 

artworks were still regarded as the summit of the art of painting. 
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CONCLUSION 

This study has shown that 18lh century recipes for the production of Naples Yellow differ 

from earlier Italian descriptions of the pigment. The French scientist Fougeroux de Bondaroy 

published the first Northern European production recipe in 1769. His method of synthesis 

includes alum as ingredient, which is a significant process innovation. The use of alum causes 

the formation of minor amounts of K2Pb(S04)2 as by-product of the dominant yellow phase 

Pb2Sb207. This characteristic phase composition was found in paint samples of various 18lh 

century paintings. In addition, pigment reconstructions made following the details given by 

De Bondaroy proved to consist of K2Pb(S04)2 and Pb2Sb207 as minor and major phases 

respectively. Although no clear terminal date for the occurrence of this type of Naples Yellow 

could established, the terminus post quern seems to be in the mid or early 18th century. This 

finding should be of interest for authenticity studies. 

Naples Yellow replaced lead tin yellow during the first decades of the 18th century as 

dominant yellow pigment. After 1750 the pigment lead tin yellow is discontinued completely. 

From a technical point of view the replacement of lead tin yellow cannot be explained, as 

pigment properties of both materials are almost identical. However, economical and art 

theoretical factors can be invoked to explain the replacement of lead tin yellow. In addition, 

the lack of written sources on the production of lead tin yellow may have played a role. 
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A P P E N D I X 

figure 1.1 Diffractogram of De Bondaroy reconstruction at 900°C. measured with Philips 
X'Pert Plus at 50mA, 40kV with a stepsize of 0.01 ° and a holding time of 6s 

-LA. -LILLU 

table 1.1 peak list of De Bondaroy Naples Yellow, 900°C. In order to compare all phases at the same 
scale the reflection, intensities of PDF 29-1015 have been multiplied by 10. PDF peaks with 
[/In < 10 arc not listed, unless when matching with an observed reflection 

De Bondaroy 

900°C 

l/lo d value 

25 
17 
16 
26 
11 
11 
101 
999 
37 
30 
308 

6.92 
6.06 
4.64 
4.328 
3.167 
3.1602 
3.1309 
3.0259 
2.8138 
2.7506 
2.6215 

Pb2Sb207 K2Pb(S04)2 

PDF 74-1354 PDF 29-1015 l 

52 6.004 

25 
999 3.0022 

352 2.6000 

l/lo d value 

350 6.948 

250 
450 
180 

999 

4.641 
4.333 
3.515 

3.138 

700 2.749 

13 

50 
24 

3 
5 
3 
5 
13 
5 
10 
237 
5 
19 
149 

30 

2.5540 

2.4744 
2.4053 

2.1584 
2.1394 
2.0657 
2.0229 
2.0160 
2.0063 
1.9109 
1.8545 
1.7729 
1.6244 
1.5815 
1.5687 

49 

2 

20 

362 

2.3859 

2.1228 

2.0014 

1.8384 

350 
130 

250 
300 

2.557 
2.526 

2.166 
2.156 

350 

250 

14 1.7579 200 
3 1.5859 200 

323] 1.5678 110 

2.068 

1.910 

1.772 
1.651 
1.586 
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36 
22 
8 

1.5142 
1.5113 
1.4762 

80 

8 1.3779 
7 1.3583 

1.5011 

1.4562 

1.3539 140 

22 
7 
26 

1.3112 
1.3009 
1.2023 

41 1.3000 

101 1.1929 

1.361 

figure 1.2 peak list of sample D68. measured with Guinier camera diffraction at 20mA, 40kV for 2h 

Www>vA^ 

(able 1.2 

SAMPLE 
D86 

Mo d value 

61 
34 
54 
164 
92 
170 
391 
240 

6.95 
6.07 
4.64 
4.465 
4.335 
4.2530 
3.6001 
3.4970 

peak list of sample D86. In order to compare all phases at the same scale the reflection, 
intensities of PDF 29-1015 and PDF 13-131 have been multiplied by 10. PDF peaks with 
I/I(, < 10 are not listed, unless when matching with an observed reflection 

Pb2Sb207 

PDF 74-1354 

2 PbC03 • 
Pb(OH)2 

PDF 29-1015 , PDF 13-131 

K2Pb(S04)2 

l/lo d value l/lo d value l/lo d value 

52 6.004 
350 6.948 

250 

450 

180 

4.641 

4.333 

3.515 

600 4.470 

600 4.2500 

900 3.6100 
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199 
372 
199 
999 
34 
131 
35 
80 
605 
41 

35 
60 
129 

59 
31 

38 
154^ 
29 
34 

70 
54 
46 
78 
36 

76 
46 
47 
76 
26 

82 
399 
31 

25 
26 
103 

71 
29 
347 
52 

35 
109 
40 

36 
25 
28 

66 

38 
27 

3.3483 
3.2829 
3.1384 
3.0223 
2.8724 
2.7469 
2.7153 
2.6512 

2.6249 
2.5932 
2.5559 

2.5253 
2.4893 

2.4031 
2.3133 
2.2845 

2.2318 
2.1642 

2.1565 
2.1229 

2.1111 
2.1026 

2.0837 
2.0647 
2.0492 

2.0103 

1.9820 
1.9337 
1.9050 
1.8868 
1.8504 

1.8199 
1.7965 

1.7701 

1.7002 
1.6502 

1.6156 
1.5794 

1.5320 

1.5299 
1.5121 
1.4872 
1.3759 
1.3591 

1.3302 
1.3069 

1.2531 
1.2380 

25 

999 

352 

3.1357 999 

3.0022 

2.6000 

49 2.3859 

2.1228 

20 2.0014 

362 
14 

1.8384 
1.7579 

1.5859 

3.138 

700 2.749 

350 
130 

2.557 
2.526 

too 

250 
300 

350 

250 

2.318 

2.166 
2.156 

2.068 

1.910 

100 
200 

200 

1.792 

1.772 

323 1.5678 110 1.586 200 

80 1.5011 

5 1.3539 140 

41 1.3000 

130 

1.361 

1.234 

900 3.290 

200 2.715 

999 2.623 

300 

500 

300 

200 

300 

200 

300 

400 
200 
300 
200 

300 

300 

200 

300 

300 
300 

2.491 

2.231 

2.120 

2.099 

2.046 

1.884 
1.856 

1.696 

1.649 
1.613 
1.584 

1.530 

1.513 

1.485 

1.309 

1.292 
1.251 
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" A special type of oven, in which the the walls are shaped to reflect the heat and gas stream 
from the heating elements to the centre of the chamber. Therefore, the position in the chamber 
is highly temperature-dependant. A position in the upper part of the oven, as De Bondaroy 
mentions, will therefore yield a much lower temperature. 

23 Fougeroux de Bondaroy 1769, p.303-314, p.312 : 
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scl ammoniac & l'alun, &j'ai eu un beau jaune & plus pesant. 

(e) Un feu peu violant, mais long-temps continue, réussit mieux; Ie feu de réverbère des 
Potters de terre. la terrine étant p/acée a la part ie supérieure du fourneau, est preferable a 
tout autre 

C. de Massoul, A Treatise on the Art of Painting, London. 1797. p. 138 

"' see earlier recipe terminology in chapter 2 

'b Furetière mentions Blanc d'Espagne as a synonym for blanc de plomb, see note below 

T. Goedings and K. Groen, "Dutch pigment terminology I : A seventeenth century 
explanation of the word 'schulpwit'", in : Bulletin of the Hamilton Kerr Institute, No.2, 1994, 
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A. Furetière, Dictionaire Universe/, The Hague/Rotterdam, 1690, and Hatzfeld and A. 
Darmesteter, Dictonaire General de la Lange Francaise, Paris, 1832, p.737 
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(...), Parijs, 1694, vol. III.p.59 

A. Lacroix, Mineralogie de la France et de ses colonies : description physique et chimique 
des mineraux, etude des conditions geologiques de leurs gisements, Paris, 1893-1910, vol. 2, 

p.453-454 

31 © JCPDS-ICDD, June 2000 

'" such as De Massoul, see his recipe 
3 H. Kühn, "Farbmaterialien : Pigmente und Bindemittel". in : H. Kühn et al., Reclaim 

I'landbuch der künstlerischen Techniken, Band 1, Stuttgart, 1988, p.28 

34 R. D. Harley, Artists' Pigments c. 1600-1835, London, 1970 

J. S. White, "Lorettoite discredited and chubutite reviewed", in : American Mineralogist, 
vol.64, 1979, p. 1303-1305 

H. Kühn, "Lead-Tin Yellow", in : A. Roy (ed.). Artists' Pigments : A Handbook of their 
History and Characteristics, vol. 2, Washington, D.C., 1993, p.83-112 
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19 CENTURY NAPLES YELLOW RE-EXAMINED 

J. Dik, F. Tichelaar, K. Goubitz, R. Peschar and Henk Schenk, 19th Century Naples Yellow 

Re-Examined, in : Zeitschriftfiler Kunsttechnologie undKonservierung, 16, 2001, in press 

ABSTRACT 

The pigment Naples Yellow, or lead antimonate yellow, is ubiquitous in European paintings 

from past and present. Naples Yellow was used mainly in the period from 1500 to 1850. The 

composition of this synthetic pigment, nominally consisting of lead antimony oxide 

[Pb2Sb207], varies significantly due to differences in production methods. This opens the 

possibility to determine the origin of paintings when the variation of composition over time 

and place is known. Authentic 19th century Naples Yellow has been preserved in several 

historical pigment collections, such as the Hafkenscheklt collection at the Teylers Museum 

(Haarlem, Holland) and the Turner pigment collection at the Tate Gallery (London, UK). For 

this paper lead antimonate samples of these and other collections have been studied using a 

variety of analytical techniques, including Scanning Electron Microscopy and Energy 

Dispersive Spectroscopy (SEM/EDS), Transmission Electron Microscopy (TEM), and 

laboratory and synchrotron X-ray powder diffraction (XRPD). Structure and composition of 

the collection of samples are compared to pigments taken from historical paintings of known 

date and origin. The results show interesting chemical characteristics of Naples Yellow from 

different periods. In addition, a new phase of lead antimonate (Pb2SbOx 4.5<x<6.5) has been 

discovered using TEM. 
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DEUTSCHES RÉSUMÉ 

Neapclgelb ist ein weit verbreites Pigment in der Europaischen Tafelmalerei aus 

Vergangenheit und Gegenwart. Neapelgelb fand hauptsachlich Verwendung in der Zeit 

zwischen 1500 und 1850. Die Zusammensetzung dieses synthetischen Pigments, durchgehend 

als Bleiantimonat des Pyrochlor-Typs beschrieben, variert stark auf Grund unterschiedlicher 

Herstellungsverfahren. Dieser Sachverhalt eröffnet die grundsatzliche Möglichkeit den 

Ursprung eines Bildes zu bestimmen, wenn die Zusammensetzung von Neapelgelb in Zeit 

und Raum defmiert werden kann. Authentisches Neapelgelb des 19. Jahrhunderts ist in 

verschiedcnen historischen Pigmentsammlungen bewahrt geblieben, wie etwa in der 

Hafkenscheidt-Sammlung des Teylers Museum (Haarlem. Niederlande) und der Turner-

Sammlung der Tate Gallery (London, Gro(3britanien). In unserer Studie wurden verschiedene 

Neapelgelbproben aus unterschiedlichen Sammlungen erforscht, vvobei eine Reihe von 

analytischen Teehniken zum Einsatz kam, u.a. Rasterelektronenmikroskopie mit Energie-

dispersiver Spektroskopie (EDS/SEM), Transmissionselektronenmikroskopie (TEM) und 

Labor- and Synchrotronerzeugte Roentgenfeinstrukturanalyse (XRPD). Struktur und 

chemische Zusammensetzung der Sammlungsproben wurden mit Farbproben historischer 

Tafelgemalde bekannter Herkunft verglichen. Die Resultate zeigen interessante chemische 

Karakteristiken von Neapelgelben verschiedenen Ursprungs. Mittels TEM konnte eine bislang 

unbekannte Bleiantimonatfase (Pb2SbOx4.5<x<6.5) beschrieben werden. 

INTRODUCTION 

Naples Yellow is one of the most common painting pigments in the history of Western art. In 

the past five hundred years, the pigment has been prepared using various production methods, 

as shows from historical literature on the production of Naples Yellow. The pigment is 

usually produced by calcinating a finely ground mixture of lead and antimony compounds. 

Amongst others, metallic lead [Pb], lead monoxide [PbO] and lead white [2PbC03Pb(OH)2] 

have been used as the lead-containing component. Antimony was usually added in the form of 

metallic antimony [Sb], antimony oxide [Sb20.?], potassium antimonate [KSbO;,] or tartar 

emetic [ K f S b O J G ^ C V ' / ^ O ] . 2 Furthermore, materials such as sea salt [NaCl] or 

ammonium chloride [NH4C1] were added to this mixture before calcination. The exact ratio 

between the ingredients was subject to change, while reaction time and temperature are other, 

usually unknown, reaction parameters. 

Various recipes published in the 18lh and 19lh century can therefore be expected to yield 

lead antimonates with differences in composition and/or structure. The reaction products of 

some recipes, as Wainwright3 pointed out, will contain a heterogeneous mixture of lead and 

antimony salts such as oxides, chlorides and oxychlorides rather than pure lead antimonate. 
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Therefore, an examination has been carried out of authentic lead antimonate specimens, that 

have been preserved in 19' century pigment collections. The structure and composition of 

both the lead antimonate compounds and trace materials present have been studied. In 

addition, samples of yellow paint, presumed to be Naples Yellow, were taken from several 

historical paintings of known date and origin. These samples were examined using XRPD and 

the results were compared with earlier analyses. The aim was to establish the chemical 

characteristics of 19th century lead antimonates of various origins. 

19"1 CENTURY SOURCES ON NAPLES YELLOW 

Chemical research in the 19lh century has been dominated by the synthesis of innovative 

painting pigments. The number of chemical essays, treatises and other publications on lead 

antimonate is extensive. As mentioned above, the pigment was not only used as painting 

pigment, but also as colourant in the ceramical industry. Appendix A contains a bibliography 

of 19 century production literature, including production recipes from the ceramical 

industry, that have not been referenced in modern scientific literature so far. Extensive 

bibliographic research may bring to light additional historical literature containing lead 

antimonate production recipes. 

As already stated, several ingre

dients have been used in the 

production of Naples Yellow (sum

marized in table 1). Naples Yellow 

was produced by calcinating lead 

and antimony compounds, some

times mixed with a tertiary ma

terial. When studying the produc

tion recipes one immediately no

tices great differences in the pro

duction methods. A great variety of 

tertiary materials was used, inclu

ding aluminium and zinc, while 

bismuth seems to have been used as 

a replacement for antimony. 

However, so far the presence of 

these metals has not been reported 

in the scientific literature on Naples 

yellow. 

In general not many references are found about the reaction time of the calcination. If any 

comments are made, the reaction time usually varies between 7-24 hours. Even vaguer 

table I Ingredients in the production of 19"' century 

lead antimonate yellow as described in production 

recipes 

lead 
compound 

antimony 
compound 

tertiary 
compound 

metallic Pb, lead oxide [PbO], minium 
[Pb304], lead white 
[2 PbC03Pb(OH)2], lead nitrate 
[Pb(N03)2] 
metallic Sb, antimony oxide [Sb203], 
potassium antimony oxide [KSb03], 
tartar emetic [K(SbO)C4H406V2H20], 
bismuth [Bi] 
zinc oxide [ZnO], silicium oxide [Si02], 
sodium chloride [NaCI], ammoniac salt 
[NH4CI], saltpetre [KNO3], crystallized 
boracic acid [H3B03], alkali of cream of 
tartar [K2C4H406V2H20], aluminium 
oxide [Al203], potassium aluminum 
sulfate [K2S04AI2(S04)3-24H20], 
sodium carbonate [Na2C03] 
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descriptions can be found concerning the reaction temperature. Since thermometers were not 

available, the authors usually give vague descriptions about the 'colour of the heat'. However, 

qualifications such as dull red heat or light orange heat depend on the type of oven used and 

are therefore difficult to interpret. 

19th century chemists were aware of the fact that Naples Yellow could be produced in a 

variety of shades. Temperature as well as the ratio of the ingredients have been mentioned as 

important factors for the colour of Naples Yellow. De Massoul mentions that in making 

Naples Yellow, by augmenting the quantity of Diaphoretic Antimony and Salt Ammoniac, the 

colour comes nearer to a golden Yellow4 In this paper the exact colour of Naples yellow is 

not discussed further due to the large variety of factors involved. 

MODERN NAPLES YELLOW 

Nowadays most pigments sold under the name Naples Yellow are mixtures of cadmium 

yellow or nickel titanate yellow. Because of its toxicity European legislation has practically 

eliminated industrial production of lead antimonate as painting pigment. Until recently 

Johnson Matthey (Stoke on Trent, UK, formerly Blythe Colours) could supply original lead 

antimonate yellow. Two pigments, denoted as Naples Yellow Light and Naples Yellow 

Reddish, that had been produced for over 60 years, were still available and have been 

analysed. 

HISTORICAL PIGMENT COLLECTIONS 

/. Hafkenscheidt Collection 

The Teylers Museum (Haarlem, the Netherlands) owns a collection o\' historical painting 

pigments, the so-called Hafkenscheid collection5 The pigment collection includes a large 

number of materials such as metal ores, pigments, dyestuffs, glues and other organic 

materials. The collection was set up by the Amsterdam business man Michiel Hafkenscheidt 

(1772-1846) who owned a wholesale trade in Painting Materials, Turpentine and Gums. 

Several pigment samples have been preserved in labelled paper bags. The inscriptions on the 

paper bags sometimes identify the date and origin of the pigment contained. The oldest 

samples date from the late 18,h century and are denoted as : very old, already manufactured in 

the last century.6 The Hafkenscheidt collection contains two types of Naples Yellow. The first 

sort is dated 1804 and bears the inscription: Extra beautiful old dark or orange Naples Yellow 

1804 (see Colour Illustration, figure 4-1. sample D36).7 The second type of Naples Yellow is 

marked: Rome 1826 (see Colour Illustration, figure 4-2, sample D37). 

-72-



CHAPTER 4 

2. The Darmstadt Pigment Collection 

In the 1970's Richter et al. discovered a 19' century collection of painting pigments in an 

old pharmacy near the German city of Darmstadt. The collection includes 90 small bottles 

containing various painting materials like powdered pigments, water colours, resins and glues. 

On one glass bottle the contents is described as follows: Neapelgelb : Neapolitanisches Gelb : 

Verbindung des Spiefi=glanzes, Bleies : G.alaan (Naples Yellow : Yellow from Naples : 

Combination of antimony, lead : alum). Although the bottom line of the label could not be 

deciphered completely, the term a/aim could be transcribed (see Colour Illustration, figure 

4-3). The last syllable, possibly loth, might be the ancient German word for lead. The label, 

therefore seems to mention the ingredients of this particular type of Naples Yellow: antimony, 

lead and alum. Our sample of this material will be referred to as Hist50. 

3. Bock/in Pigment Collection 

The pigments used by the Swiss painter Arnold Böcklin have been preserved since his death 

in 1885. The Böcklin pigment collection covers more than 70 samples. Most pigments 

identified have also been found on the paintings from Böcklin in the Schack-Gemalde Galerie 

in Munich. Therefore, the present collection offers a representative overview of the 

pigments used by Böcklin. The collection contains three different types of Naples Yellow : 

Neapelgelb [Böcklin 15], Neapelgelb, dunkel (dark) [Böcklin 12] and Neapelgelb, hellst 

(lightest) [Böcklin 13]. 

4. Turner Pigment Collection 

The British painter J. M. W. Turner was active from c. 1792 - c. 1850. The pigments found in 

his studio after his death have been preserved in the Turner Bequest" and include 61 distinct 

painting materials. Furthermore, a palette has been preserved, containing several types of 

'watercolour'. This palette -known as the Chelsea palette- has also been kept in the Turner 

Bequest. 

5. Painting samples 

In close collaboration with auction house Christie's Amsterdam samples of yellow paint 

assumed to be Naples Yellow were taken from various historical paintings, mostly from the 

yellow paint of gold jewels or embroidery of 18" century portrait paintings. Most portraits 

were signed and dated and in some cases the exact geographical origin was known. In all 

instances samples were taken only after receiving a written consent of the owner of the 

pictures. 
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METHODS AND TECHNIQUES 

Samples of the pigment collections described above were analysed using the following 

techniques. Laboratory X-ray powder diffraction data (XRPD) were collected using an Enraf-

Nonius FR 552 Guinier Johansson camera (Enraf-Nonius, Delft, The Netherlands) equipped 

with a Johansson monochromator (Roberts and Parrish, 1962) using CuKo./ radiation 

(/v=l .54056A). The samples were prepared by pressing the powder to a thin layer onto mylar 

foil. In order to improve particle statistics the sample holder was rotated in the specimen 

plane. The accurate positions of as many lines as possible were collected by reading out the 

Guinier photographs with an optical instrument. 

Seven samples were measured using synchrotron X-ray radiation at the European 

Synchrotron Radiation Facility (ESRF, Grenoble, France). Sample Naples Yellow Light was 

measured with X=0.445348A, Böcklin 13 and D37 were measured with k=0.499745A at 

Beamline BM1612. Sample Turner was measured with ?i=0.516600A at Beamline ID11 '. 

Samples Hist50, Böeklin 12 and Böcklin 15 were measured with X=0.50100A at Beamline 

BM01B of the Swiss-Norwegian CRG at the ESRF14. 

Lead and antimony were expected to be present in all samples. Because of the absorption 

edges of lead (0.781 A, 0.815A, 0.950A and 3.226A) and antimony (0.407A, 2.639A and 

2.830A) it was decided to set the wavelength close to 0.5A in order to avoid absorption. The 

Turner sample could be mounted as a single piece on the single-crystal diffractometer of 

ID11. All other samples were powdered and filled into a 0.3mm glass capillary. During 

exposure the capillary was rotated. Continuous scans were made from 1.51° to 40.0" in 29. 

After data collection the scans were binned with step size 0.005° 20 and scaled. Peak 

positions in both synchrotron and CuA'r// diffractograms were analysed using special software 

(Profit version 1.0c, Philips, Eindhoven, the Netherlands). 

To quantify the composition of some of the samples, a multi-phase Rietveld refinement was 

carried out with the program suite MR1A as follows.15 Structural parameters of the phases 

assumed to be present were taken from the ICSD16 and refined. The isotropic atomic 

displacement parameters (UjS0) of identical atom types were coupled. A split-type pseudo-

Voigt peak profile function was used.' The preferred orientation was refined using the 

symmetrized harmonics expansion method.' Secondary extinction was taken into account 

following the method of Becker and Coppens.1' Unless the experimental conditions are 

different from those of the reference phases on the ICSD, the multi-phase Rietveld refinement 

is dominated by the scalefactors of the phases involved. For a mixture the scalefactor Sa for 

any given phase a is related to the overall scalefactor K. according to Sa= KC„/Va"u(1 where C„ 

is the volume fraction of phase a. An alternative formulation is Su= KWa/p„Va2p „ where p « 

is the mass absorption coefficient, W„ the weight fraction. pa the density and Vu the volume of 

the unit cell of phase a. Thus for a two phase mixture Wu=SuPuV~u/(S(xpuV~a+SpppV~p).~ 
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Scanning Electron Microscope (SEM) recordings were made using a JEOL JSM 6400 

scanning electron microscope equipped with a LINK EXL energy dispersive spectrometer 

(LINK, High Wycombe, UK). 

For Transmission Electron Microscopy (TEM) specimens were prepared by pressing (-3 

ton/cm") the pigment powder to a compact -100 urn thick plaque. XRPD was carried out on a 

sample after being pressed, but before TEM. The diffractograms before and after pressing did 

not show significant differences. The plaque was glued to a Cu supporting grid with an 

opening of 1.5mm. Subsequently, the plaque was ion milled using a Gatan ion mill, model 

691. A Philips CM30T and a CM30UT-FEG TEM were used to collect data at a source 

voltage of 300kV. The specimen was inspected in bright field mode (BF), and grains were 

selected randomly for further investigations. Two types of measurements were carried out on 

separate crystalline grains: electron diffraction was used to measure d-spacings and angles 

between reflections, and the elemental composition was determined with a LINK Energy 

Dispersive Spectroscopy (EDS) system attached to the column of the microscope. 

Electron diffraction data of crystals larger than -500 nm was obtained from Selected Area 

Diffraction Patterns (SADP). For smaller crystals Convergent Beam Electron Diffraction 

(CBED) patterns were obtained using a probe of 12-100 nm. In both methods, lattice spacings 

and intcrplanar angles can be determined with an accuracy of 1-2% and 0.5° respectively. 

Apart from the elements in the crystal under investigation, EDS spectra showed C and Cu 

signals of varying magnitude. These signals were caused by contaminations in the microscope 

and stray electrons hitting the nearby Cu support grid, respectively. In the CM30UT-FEG 

TEM also very small Fe, Zn, Co and Ni signals could be detected, as a result of stray 

electrons hitting microscope parts. All these artefact signals were ignored in the analysis. The 

accuracy of the EDS analysis varied, depending on various parameters like specimen 

thickness. The oxygen content was not determined quantitatively in most cases due to the 

large difference in atomic mass between oxygen and the others elements like lead and 

antimony, and due to possible other sources of the oxygen (contamination). It should be noted 

that these limitations of qualitative elemental analysis using TEM/EDS do not apply to 

SEM/EDS that was performed on several samples that were not studied with TEM. In the 

SEM/EDS analyses small signals of C were observed, probably from the carbon coating of 

the sample holder after specimen preparation, that were ignored in the later analyses. No 

quantitative elemental analysis was performed with SEM/EDS. 

RESULTS 

Modem Naples Yellow 

In the sample Naples Yellow Light cubic lead antimonate [PbiSb^O? - PDF 42-1355J turned 

out to be the dominant phase (figure 1, table B.l ).21 A number of other crystalline substances 
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figure 1 Diffraction pattern of sample Xap/es Yellow Light, measured with synchrotron radiation at KSRF 

(BM 16. A=0 .445348A) 

r- ! J j J j _ j L j i j = ^ i 

proved to be present in trace amounts, such as orthorhombic lead antimonate [PDF 39-834], 

quartz [PDF 46-1045] and titanium oxide or rutile [PDF 76-1939]. Other crystalline phases, 

notably ZrSi04 [PDF 12-0251] and CaMg3(C03)4 [PDF 84-820] might be present in minute 

percentages, but a positive identification could not be established. A number of diffraction 

maxima remained unattributed for. The largest unattributed peak at d=3.14A has a relative 

height of about 13% and suggests the presence of orthorhombic Pb2Sb20? [PDF 39-834]. 

However, a refinement involving cubic and orthorhombic Pb:Sb;>07 did not converge to any 

reasonable result, so it was decided to discard orthorhombic Pb:Sb207 as a possible phase 

present. At least one other, as yet unidentified, minor phase is present. 

Naples Yellow Reddish was examined with a Guinier camera (table B.2). The diffractogram 

obtained is similar but not identical to the pattern of the specimen Naples Yellow Light. As 

expected cubic Pb^Sb^O? is the dominant phase. Maxima at 3.12A, 3.05A, 2.69A and 1.88A 

again suggested the presence of orthorhombic Pb2Sb2C>7. Several peaks can not be associated 

with these two Pb:Sb207 phases or any other known PDF file, in particular those with d-

spacings of 4.12A (7), 2.80 A (5), 2.73A (10), 1.99A (11), implying the presence of at least 

one other unknown phase. 

Although the manufacturer claimed that their Naples Yellow consists of pure lead 

antimonate, the diffraction experiments show that both types of Naples Yellow do not consist 

of cubic Pb2Sb2C>7 only. This analysis shows that even 20th century industrially produced 

Naples Yellow cannot be considered a pure cubic Pb2Sb207 phase. Other phases can be 
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present as well, be it as intentional adulteration or as unintentional by-products of the 

production process. 

/. Hqfkenscheidt Collection 

DS6 

The Hafkenscheidt pigments, samples D36 and D37, were investigated using XRPD, TEM 

and EDS. In the powder diffractogram of sample D36 two phases were readily identified as 

cubic Pb2Sb207 and potassium lead sulphate [K2Pb(S04)2 - PDF 29-1015] (table B.3). A 

small amount of a third crystalline substance, isostructural to Rb2Cd2(S04):, [PDF 21-1022], is 

also likely to be present. Several diffraction maxima correspond with a unit cell of slightly 

larger dimensions than that of Rb2Cd2(S04)3. It seems likely that replacement of Rb and Cd 

by other elements such as K and Pb and/or Sb may lead to an isostructural compound of the 

type A2B2(SÜ4)3 known to occur according to the JCPDS database. The only larger diffraction 

maximum with I/Io > 5 that could not be attributed to these compounds neither to other 

JCPDF entries lies at 6.76A (10). 

With TEM/EDS a number of individual crystallites in sample D36 was analysed, see 

table 2. Three groups of crystallites can be recognised. Group 1 clearly corresponds to cubic 

Pb2Sb207 which was identified earlier with XRPD. Electron diffraction data as well as 

quantitative elemental analysis confirms the identification of cubic Pb2Sb20? within the 

experimental error, i.e. 2% for lattice spacings and 5-10% for EDS atom ratios. 

table 2 Electron diffraction and TEM data of D36. The diffraction data (2 lattice spacings with relative 
angle) is compared to matching PDF files: deviations in lattice spacings are indicated in 
column Aa0%. The EDS results for oxygen (not quantified) and some artifact signals like Cu 
(from sample holder) and C (due to contamination) are not included. 

Group 

3 
3 
3 
2 
2 
2 
2 
2 
1 

crystal 
type 

single 
single 
single 
single 
single 
single 
single 
single 
single 
poly 
poly 
poly 
poly 
poly 

single 

SADP 
(A angle) 

6.05x1.84 90" 
6.25x6.28 71° 
6.03x6.00 71° 
3.78x6.15 90 
6.06x6.05 71° 

4.04x2.62 90 
3.70x6.01 90 

4.29:3.08:2.70 

3.09;2.7 
3.22;2.83;2.34 
2.13x2.61 66" 

reflections file 
PDF 42-1355 
[Pb2Sb207] 

{111}x{440}90 
{111}x{111}7T 
{111}x{111}71 
{220}x{111}90° 
{111}x{111}71 

? 
{220}x{111}90° 

(?) {222} {400} 

{422}x{400} 66 

reflections file 
PDF 29-1015 
[K2Pb(S04)2] 

021x015x110 

015x110 
015x110x018 

Aa 
0% 

0.3 
3.7 
0 

2.2 
0.6 

-0.1 

-1.3 

-1.3 
2.5 
0.4 

relative atom ratio 

Sb 

54 
49 
51 
48 
48 
47 
35 
35 
30 
17 
6 
0 
0 

no 

Pb 

43 
39 
40 
40 
34 
42 
31 
32 
35 
23 
24 
20 
20 

data 

S 

0 
9 
5 
9 
13 
6 
20 
22 
23 
34 
45 

K 

3 
3 
4 
3 
5 
5 
13 
12 
13 
26 
25 

45 35 
51 29 

•i 
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The same can be said about group 2 that matches with K:Pb(S04)2. Group 3, however, could 

not be related directly to XRPD data. Some electron diffraction maxima seemed to coincide 

with diffraction peaks of a type ATEMSO-IXI crystal. The elemental composition of group 3 

crystallites, however, does not comply with an acceptable stochiometry for a structure of the 

type A i B ^ S C ^ . The different groups are summarized in table 3. which also contains crystal 

size indications. 

The two-phase Rietveld refinement of D36. involving structural parameters of cubic 

Pb2Sb207
22 and K2Pb(S04)223 converged to Rp=10.19%, Rwp=14.11%. The composition was 

determined as 80% cubic Pb2Sb:07 and 20% K2Pb(S04)2. However, these percentages should 

not be interpreted 

table 3 Three different groups of crystals as identified in sample D36 absolutely because 

the different pat

terns after refine

ment still contained 

some weak lines 

that could not be 

attributed to any 

known phase in 

either ICSD or 

JCPDS. 

Three different groups of crystals as identified in sample D36 
using electron diffraction and TEM/EDS 

group 

1 
2 
3 

crystal 
size (urn) 

1-2 
-0.02 

1-2 

corresponding 
PDF file 

42-1355 
29-1015 

? 

relative atom ratio 

Sb Pb S K 
i 

50 (±10) 40 (±10) 7 (±5) 3 (±2) 
5 (±5) 21 (±6) 45 (±10) 29 (±8) 

34 (±8) 32 (±8) 21 (±8) 13 (±8) 

D37 

Identification of sample D37 proved to be more difficult. The diffractogram of this sample 

shows a peaklist with around 90 diffraction maxima in the d-value range 6.38A - 1.24A, 

strongly suggesting the presence of more than one phase (figure 2, table B.4). Due to the 

overlap of several phases no convincing PDF matches could be established. A measurement 

with synchrotron radiation did not yield a smaller peak width of the diffraction maxima 

compared to a Guinier measurement. The peak width, therefore, seems to be dominated by the 

contribution of the sample. This becomes clear when comparing the diffraction profiles of 

D37 with a nicely crystalline sample like Naples Yellow Light (figure I). Synchrotron 

radiation, however, allowed for a data collection up to atomic resolution. Around 150 peaks 

were measured in the d-value range 6.38A - 0.698A. 

In order to determine the composition of D37, 55 individual grains have been examined 

with electron diffraction and/or F.DS in a similar way as for D36. In addition, the volume of 

each crystallite was estimated from the projected image in bright field mode (see Colour 

Illustrations, figure 4-4). It turned out that not all crystallites studied could be attributed 

readily to one of the phases known to occur in Naples Yellow pigments. In these cases, an 
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elaborate electron diffraction analysis was done to identify the unit cell. This analysis was 

done as follows: 5 or 6 diffraction patterns for different electron beam directions were 

figure 2 Diffraction pattern of D37, measured with synchrotron radiation at ESRF (BMI6. 
?.=0,49975A) 

VlJ V U ^ X ^ ^ A » ! *VS«'"mf»*' 

collected from which the reciprocal unit cell ( 1 % accuracy) could be reconstaicted. An 

estimate of the unit cell in real space was then determined. All measured lattice spacings, 

angles between reflections, and angles between beam directions were subsequently compared 

to the values deduced from the determined unit cell, in order to refine the unit cell 

dimensions. Together with the EDS results of these crystals, a possible phase was proposed 

which was confirmed by XRPD to be correct. With this combination of TEM and XRD, 5 

different phases were identified in D37, while 3 crystallites could not be identified. In table 1 

the crystallite data in D37 of which electron diffraction, EDS, as well as size data available 

are summarized. The volume percentage of the phases indicated was estimated from the size 

data. Care was taken to use 
, , , . , c table 4 Summary of electron diffraction and KDS results on D37. 

randomly chosen crystals tor 

TEM investigation. The 

volume fractions indicated 

refer to the volume fractions 

investigated by TEM, not 

necessarily to the true volume 

fractions of the phases in 

sample D37. 

PDF file 

34-912 
42-1355 
39-834 
36-1461 
33-1486 
FileX 
? 

formula 

PbSb206 

Pb2Sb207 
Pb2Sb207 

PbS04 

Pb,(S04)0 
table 5 
? 

# 
crystals 
11 
7 
1 
9 
1 
K+D 
3 

volume 
% 
7.5 
18.7 
1.5 
52.8 
8.9 
0.2 
10.5 

rel. atomic ratio 
Sb 
66 
50 
51 
2 
1 
32 
5 

Pb 
31 
44 
45 
50 
63 
62 
50 

S 
4 
7 
4 
48 
36 
7 
45 
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Two of the grains investigated with TEM turned out to be a new phase, not mentioned in the 

JCPDS file system, having the unit cell and composition as shown in table 2. The standard 

deviation of the relative atom ratios of Sb and Pb is quite small (AaO -2%) but the relative 

atom ratio of oxygen (70) is less precisely known. On the basis of valencies of Pb and Sb 

encountered so far in Pb-Sb-oxides, Pb (+2 and +4) and Sb (+5), the relative amount of 

oxygen is likely to be in the range of 4.5-6.5. Therefore, the new compound will be denoted 

as Pb2SbOx (4.5<x<6.5). 

table 5 Rhombohedral unit cell and composition of Pb;SbON 

(4.5<x<6.5) crystal in D37 (File X). not mentioned in 
the JCPDS file system: accuracy of Sb and Pb 
contents is ±2 at%; the oxygen contents is less 
accurately determined, see text. 

a=b=c (5.39 ± 0.04 
A) 

atom ratio 
EDS± 
2at% 

a=(3=Y(87.3±1°) 

Sb 

10 

Pb 

20 

0 

70 

On the basis of the volume of 

the unit cell (V = 156.l(l)A3). it 

is easily established that Z=l, 

assuming the structural formula to 

be Pb2SbOx (4.5<x<6.5) and the 

calculated density to be Dx~8.0 

gem" (the calculated densities of 

known Pb-Sb-oxides are 6.9-

8.95). Because the reflections 

(001) (d = 5.38 A) and (111) (d = 3.259 A) have been observed and the Pb are expected to be 

on a 2-fold special position, the only three possible space groups are R-3 (148). R32 (155) and 

R-3m (166). In either case Sb lies on Wyckoff position (la) or (lb) while the Pb is on 

Wyckoff position (2c). Fifteen (out of 45) possible peak positions in the interval 0.0-24.5°29 

calculated from the unit cell parameters gave an acceptable match with maxima in the powder 

diffraction pattern of D37 (table 3). 

table 6 Diffraction peak list on the basis of the Pb2SbOx(4.5<x<6.5) unit cell 

Pb2SbOx 

no PDF file 
d-values 

in A 

o o 
CO 
co 
CO 

CD 
CO 

CM 
CO 

CD 
O) 
CO 
CD 

CM 

CM 
o> 
CD 
CO 

m 
CO 

o o 
CD 

a> 
CO 
CO 
i n 

o 
o 
co 
i n 

1.
44

18
 

1.
34

41
 

1.
31

79
 

1.
24

67
 

1.
21

08
 

1.
19

87
 o 

CM 
CO 

Sample D37, therefore, has a highly characteristic composition of crystalline phases. So far, 

the use of this type of Naples Yellow has not been detected on historical paintings. It seems 

worthwhile, therefore, to conduct a more structural research on paintings that were made in 

Rome in the 1820's. 

2. Darmstadt Historical Pigment Collection 

SEM/EDS examination of sample Hist50 showed strong peaks for Pb. Sb and trace amounts 

peaks for K. Peaks for S could not be registrated, since all K-, L- and M-lines of S overlap 

with dominant signals from Pb. The elemental composition, therefore, closely resembles 

sample D36 from the Hafkenscheidt Collection. X-ray diffraction data of this sample were 
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collected at the Swiss-Norwegian Beamline (BM01B) at the ESRF (table B.5). The 

diffractogram gave a good match with sample D36. Cubic Pb2Sb2C>7 and K2PbS04 proved to 

be the main crystalline phases in Hist50. 

The two-phase Rietveld refinement of Hist50, involving structural parameters of the same 

compounds as D36, converged to Rp=l 1.75%, Rwp= 16.86%. The composition was determined 

as 90% Pb2Sb207 and 10% K2Pb(S04)2- As with the refinement of D36, the difference pattern 

after refinement revealed some weaker lines that could not be attributed to any known phase 

in either ICSD or JCPDS. Maxima for a phase of the type A2B2(S04)3, found in D36, could 

not be detected in sample Hist50. 

3. Böck/in Pigment Collection 

Böcklin 13 

In the Böcklin collection sample Böcklin 13 is labelled as Neapelgelh, he/lst, or Naples 

Yellow, lightest. SEM/EDS analysis showed the presence of large amounts of Zn, Pb and Sb 

and trace amounts of Cu. The backscattered electron image showed the presence of several 

large particles with high absorption and high concentrations of Pb and Sb. The surrounding, 

much smaller, particles consisted mainly of Zn (see Colour Illustrations, figure 4-5). 

Sample Böcklin 13 has been examined with synchrotron radiation (BM16, X=0.49975A). 

The diffractogram shows dominant line patterns for ZnO and Pb2Sb2C»7 (table B.6). Weaker 

lines can be attributed to PbSC>4 and K2PbSO.i. Some strong maxima (6.7867A and 3.6927A) 

could not be associated with a standard file in the JCPDS database. It should be remarked, 

however, that sample D36 of the Hafkenscheid collection contained a similar strong 

maximum at 6.7614A, but lacked a maximum close to 3.69A. No other matching d-spacings 

were found in both files. 

Böcklin 12 

The other two Böcklin samples (12 & 15) showed strong similarities, but both differing 

strongly from Böcklin 13. SEM/EDS elemental analysis of Böcklin 12 showed the presence 

of Pb and marginal amounts of Si, Ni, Cr and Zn. Several particles in the sample were 

examined to establish the presence of Sb, but no significant amount of Sb could be detected. 

The sample has been measured at the ESRF, which confirmed the absence of lead antimonate. 

The diffractogram showed a dominant line pattern for basic lead carbonate, or lead white, 

PDF 13-131 (figure 3). 
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figure 3 diffractoaram ofBöcklin 12. measured with synchrotron radiation at ESRF (BM01B. A=0.501000A) 

*K* ,̂ * M! \Lj^JmXMiJhJ^jM ^ . W . * V W » ^ « I - J I » ^ « S » 

35 2-lheta 

Bock/in 15 

SEM/EDS analysis showed Pb and Ca as main elemental constituents, while small peaks were 

detected for Cr, Si and Zn. Again, synchrotron XRPD was carried out and the results were 

similar to those ofBöcklin 12 (figure 4). 

figure 4 diffractogram ofBöcklin 15, measured with synchrotron radiation at KSRF (BY101B, X.=0.501000A) 

**~^ ll ̂  ** KH 
35 2-thela 
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The dominant presence of lead white in both Böcklin 12 and 15 cannot explain the intense 

yellow colour of both samples. Dispersions of Böcklin 12 and 15 were examined with 

polarized light microscopy. Substantial amounts of translucent, isotropic particles could be 

detected, strongly indicating the presence of organic yellow colourants. Thus, these organic 

colourants, that do not contribute significantly to the diffraction signal, may explain the 

intense yellow colour. 

Turner 

In the initial stages of this project a microscopic sample of the Turner's Naples Yellow was 

examined using laboratory XRPD. However, the sample did not show any significant 

diffraction. Later, the sample was measured using synchrotron radiation at the ESRF 

(A.=0.5166A, beamline ID11). Again, the sample did not show any diffraction, which strongly 

suggests an amorphous composition. Measurements with EDX showed C, O, Na and S to be 

main elemental constituents. In conclusion this sample did not comprise of any of the known 

Naples Yellow constituencies. 

4. Historical Paintings 

Potential Naples Yellow samples were taken from paintings of the late 18" and early 19' 

century, mostly from the depiction of gold jewellery or embroidery on portrait paintings. The 

majority of these samples turned out to consist of lead white in percentages up to 60%. The 

Naples Yellow fractions proved to have a structural composition similar to the Hafkenscheidt 

sample D36 and the Darmstadt Pigment sample Hist50, with Naples Yellow mainly 

consisting of cubic Pb^Sb^O? and minor amounts of KiPtySOa): (table 4, figure 5). 

table 7 18th century paintings tested positively for the presence of cubic PbiSb^O and K:Pb(S04): in 

yellow paint using laboratory XRPD 

Artist 

Bavarian School 

Flemish School 

South German 
School 

Bavarian School 

German School 

South German 

painting 

Baron von Stein zu 
Rechtenstein 
Norbecht 
Gysbrechts 
Fürst von Waldburg 
zu Zeil-Wurzach 
Maria Isabella 
Freifrau von Stein 

Young Nobleman 

Joseph Doruwslasky 

date 

1765 

1755 

1770-
1780 

1751 

1758 

1760 

geographical origin 

Bavaria, Germany 

Flanders 

Southern Germany 

Southern Germany 

Ingolstadt, Germany 

Karlsruhe, Germany 

Christie's 
auction 

24.3.1999 
lot no. 123 
7.3.2000 
lot no.112 
24.3.2000 
lot no. 128 
24.3.1999 
lot no. 123 
24.3.1999 
lot no. 122 
24.3.1999 
lot no. 22 

sample ID 

D22 

D51 

D16 

D18 

D15 

D14 
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fmure 5 Laboratory Guinier diffraction pattern of sample D14/1 show ing peaks of Pb ;Sb :0- and 

K;Pb(S04); 

^^J\^ 

DISCUSSION 

The label of sample D36 identified the contents as Extra beautiful old dark or orange Naples 

Yellow 1804, possibly indicating a late 18th century origin of the pigment sample. The sample 

turned out to consist of cubic Pb:Sb207 and smaller amounts of K.2Pb(S04)2. The same 

composition was established for sample HistSO. Interestingly, Naples Yellow of nearly 

identical structure and composition was also found in several North European paintings dating 

from the second half of the 1811 century. This phase composition had already been established 

for various other 18' century samples of Naples Yellow in chapter 3. The label of sample 

Hist50 lists alum as one of the synthesis ingredients. This again seems to support the 

conclusion in chapter 3 that the addition of alum (KAI(S0.4)2'12H20) causes the formation of 

small amounts of K.2Pb(SO_i)2 as by-product. 

Like the label on sample D36 already indicates, contemporary literature on Naples Yellow 

made a clear distinction between an old and dark type of Naples Yellow and modem and 

lighter versions of the pigment. The first distinction between these innovative types of Naples 

Yellow appeared in 1850, when Edwards wrote about Naples Yellow : 

Of late years two kinds of this pigment have been made; that called French Naples 

Yellow, is of an orange-yellow tone affording light, clear, sunny tints, when combined 

with white; but it is not so well adapted for use in opaque green tones, as the old 

manufacture, which is of a greenish yellow.' 
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The somewhat vague colour description of Naples Yellow of old manufacture seems to apply 

to the samples D36 and Hist50. Both samples have a darker, slightly greenish tone and a large 

pigment chunk of sample D36, analysed visually showed several dark, greenish areas. From 

the findings in the present and previous chapters we may conclude that Naples Yellow 

consisting of Pb2Sb20?and smaller amounts of K.2Pb(SO.j)2 was introduced somewhere in the 

18n century and its production was continued well into the 19' century. 

Sample D37 was identified to be a physical mixture of up to 6 different crystalline fractions. 

The label denoted the contents as Naples Yellow from Rome, dated 1826. This light coloured 

type of Naples Yellow may well be the new type of Naples Yellow that was introduced just 

before the middle of the 19' century. In order to confirm or reject this hypothesis a larger and 

more representative amount of painting samples from this period would have to be examined. 

In the second half of the 19th century, adulteration and substitution of authentic Naples 

Yellow seem to have become a common practice. Samples Böcklin 12 and 15 could not be 

identified as authentic Naples Yellow, but instead were found to be a mixture of lead white 

and organic colourants, which could have been a cheaper substitution for the more costly lead 

antimonate."^ According to various literary sources, substitution of Naples Yellow by other 

pigments started on a large scale around the middle of the 19th century.26 In 1859 Martel 

noted that much of the Naples Yellow now sold is cadmium mixed with white lead.' In the 

samples we have investigated so far, the presence of cadmium could not be confirmed. In the 

early 1880's Muckley reported that Lead is said to be no more employed ... zinc having taken 

the place of it.2* This reference seems to match with our finding of zinc oxide in Böcklin 13. 

The first attempts to introduce zinc white as a pigment for paints dates to 1780, but industrial 

production of zinc white did not start before the middle of the last century. Zinc white was not 

commercially available before 1845." The label on the pigment bottle denotes the contents to 

be Neapelge/b, hellst, or very light Naples Yellow. Sample Böcklin 13, therefore seems to be 

from the second half of the nineteenth century. 

In 1889 Seward described a variety of Naples Yellow as Indian yellow with white, 

suggesting a similarity to our samples Böcklin 12 and 15, which were identified as lead white 

mixed with an organic yellow colourant.30 

CONCLUSION 

The analysis of 19th century Naples Yellow revealed a great diversity in the composition and 

structure of pigments from various origins. This variation in chemical composition was 

already suggested by the historical production literature. The literature shows a great number 

of different production recipes for the synthesis of lead antimonate yellow. 

In addition to cubic Pb2Sb207, that Naples Yellow is usually assumed to consist of, several 

other phases were identified as components of Naples Yellow. Among the reaction by-
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products identified are potassium lead sulfate, lead sulfate, lead oxide sulfate and different 

forms of non-pyrochlore lead antimonate. Also, a rhombohedral lead antimonate phase has 

been discovered which had not been described in the JCPDS system so far. 

The analysis has shown that late 18th and early 19th century specimens of Naples yellow 

usually consist of cubic Pb:Sb:07 and minor amounts of K^PbfSO.}):- This type of Naples 

Yellow has a fairly dark colour, which is also mentioned in source literature. Our findings 

indicate that this phase composition occurs in Naples Yellow approximately from the mid-18" 

to mid-19th century. This observation should therefore be of interest for authenticity studies. 

In the course of the 19th century the percentage of cubic Pb2Sb2C>7 in Naples Yellow seems 

to decrease. A sample of Naples Yellow from Rome dated 1826 proved to consist of up to 6 

crystalline phases. Possibly, this phase mixture is identical to a new and light type of Naples 

Yellow that is mentioned regularly in mid- 19th century sources. Around the middle of the 19u 

century substitution and adulteration with other pigments seem to have become a common 

practice. In conclusion, therefore, the quality of Naples Yellow -in terms of cubic Pb2Sb207 

contents- dropped during the course of the 19th century. 

Unveiling the complete production history of Naples Yellow in the 19th century, however, 

requires more work. Our collection of nineteenth century Naples Yellow specimens was not 

conclusive. Archival research as well as the examination of historical pharmacy collections 

might bring to light more authentic samples of Naples Yellow. For example, Field's Practical 

Journal 1809 contains an example of the colour that was obtained from the artist Reinagle. 

It would be worthwile to subject such specimens to scientific analysis in the future. In 

addition, reconstruction experiments of 19th century production recipes would provide further 

insight into other phase compositions that might occur. 

ACKNOWLEDGEMENTS 

Marina Aarts, drs Hanneke Verschuur and drs Hagar Cappers (Christie's Amsterdam) 

provided support in the collection of sample material from paintings. The project was also 

enabled through support of the European Synchrotron Radiation Facility (ESRF) in Grenoble, 

France. Dr Olivier Masson and Dr A. Fitch at BM16. Dr Hermann Emerich at BM01B and 

Prof. Ake Kvick at ID11 are thanked for their help. Dr. Georg Kremer of Kremer Pigmente, 

Aichstetten, Germany, is acknowledged for providing sample material and literary references. 

Dr Arjen van Langevelde and Ed Sonneveld from the Laboratory for Crystallography 

(Universiteit van Amsterdam) are thanked for their help in collecting and interpreting XRPD 

data. 

Herr Prof. Dr E. L. Richter (Staatliche Akademie der Bildenden Künste, Stuttgart, 

Germany), Dr J. Townsend (Tate Gallery, London, UK) and drs M. Besseling (Teylers 

Museum. Haarlem, the Netherlands) are thanked for providing sample material from 

historical pigment collections. 

-86-



CHAPTER 4 

APPENDIX A 

BIBLIOGRAPHY OF 1 9 m CENTURY PRODUCTION MANUALS 

Paape 1794 
Gerrit Paape, De Plateelbakker of'Delftsch Aardewerkmaaker, Dordrecht, 1794, p.60-61 

MassouI1797 
C. de Massoul, A Treatise on the Art of Painting, London, 1797. p. 137 

Marcucci 1813 
L. Marcucci, "Del Giallo di Napoli (O ossido gialli di piombo mescolato con ossido di 
antimonio)", in : Saggio analitico-chimico sopra i colori minerali, Rome, 1813, 1816, p.66-67 

Dingler's 1828 
Dingier, "Ueber die Bereitung des Neapelgelbes (Mineralgelbes)", in : Polytechnisches 
Journal, vol. 58, LVIII, p.224-228 

Brunner 1837 
K. Brunner, "Ueber das Neapelgelb", Polytechnisches Journal, vol. 77, 1837, p.379-383 

Bachhoffner 1837 
H. Bachhoffner, Chemistry as Applied to the Fine Arts, London, 1837, p. 115 

Stockier 1838 
J. K. Stockier, Praktisches Hülfsbuch des Kunstfreundes, Pesth and Leipzig, 1838, p.7 

Dossie 1841 
R. Dossie, The handmaid of the arts, London, 1841 

Brongniart 1846 
A. Brongniart, Das Coloriren und Decoriren des achten Porcellans ... (etc.) ins deutsche 
iibertragen von Dr. C. H. Schmidt, Weimar, 1846, p. 106-124 

Schmidt 1848 
C.H. Schmidt, Neuer Schauplatz der Künste und Handwerke, 118. Band : Die Fabrikation der 
fur die Glasmalerei, Emailmalerei und Porcellanmalerei gecigneten Farben ... (etc.), Weimar, 
1848, p.73-76, p.106-110 

Gentele 1860 
J. G. Gentele, Lehrbuch der Farbenfabrikation ... (etc.), Braunschweig. 1860, p. 196-198 

Stenhouse 1861 
J. Stenhouse and G. Hallet, Patent for Production of Naples Yellow, Repertorium of Patent 
Inv., Nov. 1861. p.374 

Gentele 1880 
J. G. Gentele, Lehrbuch der Farbenfabrikation ... (etc.), Zweite umgearbeitete und stark 
vermehrte Auflage, Braunschweig, 1880, p.206-208 
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Pelouze 1882 
E. Pelouze, Secrets modernes des arts et metiers, Paris, 1882 

Bersch 1893 
J. Bersch, Die Fabrikation der Mineral- und Lackfarben, Leipzig, 1893 

Mierzinski 1898 
S. Mierzinski, Handbuch der Farbenfabrikation, Wien, 1898 

Neubauer1900 
W. Neubauer, Farbwarenkimde-Technologie, German Manuscript on Paper, around 1900, 
410 pages, containing several illustrations, property of Dr. Georg Kremer, Kremer Pigmente, 
Aichstetten, Germany 

Church 1901 
A. II. Church. The Chemistry of Paints and Painting, London. 1901. p. 158-159 

Gentele 1909 
J. G. Gentele, Lehrbuch der Farb en fabrikation ... (etc.), Dritte umgearheitete und stark 
vermehrte Auflage, Braunschweig, 1909, p.201-204 
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APPENDIX B 

table B.l peak list of sample Naples Yellow Light (Blythe Colours), measured with synchrotron 
radiation. ESRF (BM 16, X=0.445348A), peaks with I/l000<30 and d<0.8A are not listed, unless 
matching a PDF reflection 
note the observed peak intensity scale of 1/10000 ! 

SAMPLE 
Naples Yellow 

Light 

Pb2Sb207 

PDF 42-1355 

Pb2Sb207 

PDF 39-834 

Si02 

PDF 46-1045 

Ti02 

PDF 76-1939 

l/lo d value l/lo d value l/lo d value l/lo d value l/lo d value 

1167 
17 
92 
50 

151 
1164 

330 
159 

10000 

131 
3639 

31 
64 
41 

1277 
12 

6 
22 
55 

6 
694 

39 
4534 

6.0213 
4.2583 
3.3460 
3.3098 
3.2546 
3.1414 
3.0046 
3.0382 
3.0076 
2.7022 
2.6043 
2.5229 
2.4989 
2.4896 
2.3898 
2.2958 

2.2829 
2.1962 
2.1262 
2.0590 
2.0045 
1.8601 
1.8412 

176 
19 

559 

81 
47 
17 

157 
4639 

1.8402 
1.8187 
1.7605 
1.6930 
1.6877 

1.6277 
1.5882 
1.5701 

1282 
220| 

19 
288 
651 
154 

1.5033_ 
1.4584_ 
1.3617 

1.3559 
1.3018 
1.2723 

1 

100 

6.016 

3.004 

30 

1 

2 

30 

2 
24 

8 

2.603 

2.389 

2.124 

1.840 

1.587 
1.569 
1.503 

100 

37 

3.135 

3.040 

33 
10 

2.709 
2.607 

1.301 

75 

13 

1.878 

1.818 

16 
100 

9 

8 

4.255 
3.343 

2.457 

2.281 

13 1.818 

1.542 

100 

43 

6 

17 

6 

45 

13 

3.250 

2.493 

2.302 

2.192 

2.059 

1.691 

1.627 

6 
6 

14 
7 

1.483 
1.456 
1.363 
1.350 
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219 

1707 

1473 

1.2025 

1.1946 

1.1644 

199 

1023 
1.1431 
1.0629 

149 
81 

1.0467 

1.0067 

1071 1.0021 

258 

95 

890 

554 

0.9205 

0.9099 

0.8801 

0.8678 

329 
264 

0.8233 

0.7940 

6 
5 

1.194 
1.164 

3 

3 
1 

2 
1 
1 
1 

1.062 

1.001 
0.920 

0.880 
0.867 
0.823 
0.794 

tabic B.2 peak list of sample Naples Yellow Reddish, measured with Guinier diffraction at 20mA. 40kV 
for 2h: peaks with I'l0 < 3 are not listed, unless matching a PDF reflection 

SAMPLE 
Naples Yell 

Reddish 

l/lo d 

24 
7 
2 
4 
1 

24 
8 

21 
84 

5 
10 
4 
8 

83 

5.9632 
4.1161 
3.7084 
3.3445 
3.2610 
3.1201 
3.1093 
3.0548 
2.9903 
2.7971 
2.7331 
2.6946 
2.6130 
2.5888 

Pb2Sb207 

PDF 42-1355 

l/lo d 

1 

100 

30 

6.016 

3.004 

2.603 

Pb2Sb207 

PDF 39-834 

l/lo 

4 

4 
100 

37 

33 
10 

5 

3.760 

3.302 
3.135 

3.040 

2.709 
2.607 

2.471 

30 
9 
2 
3 

11 
6 
4 

2.3757 
2.3670 
2.2254 
2.1141 
1.9937 
1.9068 
1.8835 

100 1.8316 
8 
8 
4 
5 

90 
32 

1.7908 
1.7513 
1.6352 
1.6266 
1.5622 
1.4958 

4! 1.4692 
4 

13 
2 

36 

1.3493 
1.2957 
1.2664 
1.1849 

1 2.389 

2 2.124 

30 1.840 

24 
8 

3 

6 

1.569 
1.503 

1.301 

1.194 

3» 2.458 

2 
3 

8 

75 

18 

2.349 
2.233 

1.963 

1.878 

1.649 
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tabic B.3 

SAMPLE 
D36 

l/lo d 

6 
10 

3 
3 
2 
8 
4 
3 
2 
2 
3 
8 
1 
3 
4 

17 
100 

3 
2 
1 
2 
6 
1 

10 
40 

4 
5 

<1 
<1 

3 
3 
3 
5 
2 
2 
3 

38 
2 
1 
2 
1 

33 

6.9121 
6.7614 
6.0456 
4.6210 
4.4135 
4.3098 
4.2348 
4.1278 
4.0783 
3.7857 
3.3226 
3.2888 
3.2567 
3.2229 
3.1528 
3.1225 
3.0209 
2.9596 
2.9407 
2.8556 
2.8387 
2.7811 
2.7591 
2.7374 
2.6170 
2.5454 
2.4019 
2.2218 
2.1701 
2.1506 
2.1249 
2.0603 
2.0414 
2.0186 
2.0137 
1.9001 
1.8507 
1.7657 
1.6888 
1.6459 
1.6063 
1.5785 

peak list of sample D36. measured with Guinier diffraction at 20mA, 40kV for 2h 
peaks with I/I(l < 3 are not listed, unless matching a PDF reflection 

Pb2Sb207 

PDF 42-1355 

l/lo | d 

1 

100 

30 

1 

2 

30 

24 

6.016 

3.004 

2.603 

2.389 

2.124 

1.840 

1.569 

K2Pb(S04)2 

PDF 29-1015 

l/lo 

35 

25 

45 

18 
100 

70 

6.948 

4.333 

3.515 

2.749 

35 

25 
30 

2.557 

2.166 
2.156 

35 

25 

20 

20 

2.068 

1.910 

1.772 

1.651 

Rb2Cd2(S04)3 

PDF 21-1022 

l/lo i d 

10 

16 

100 

12 

65 

4.64 

4.23 

3.283 

3.130 

2.773 

25 2.119 

30 

20 

2.037 

1.684 
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10 1.5114 
5 

<1 
11 

3 

1.3086 
1.2251 
1.2001 

1.197 

8 
3 

6 

1.503 
1.301 

1.194 

table B.4 peak list of sample D37. measured with synchrotron radiation (BM16. X.=0.49975A] 
peaks with l/I„ < 3 are not listed, unless matching a PDF reflection 
Intensities for phase Pb;SbOx are not available (see text) 

SAMPLE 
D37 

PbS04 

PDF 36-1461 

Pb2S040 

PDF 33-1486 

Pb2Sb207 

PDF 39-834 

l / l o 

9 
7 
9 
9 
2 
5 
4 
1 

D 

11.6452 
8.2411 
6.3859 
6.2061 
6.0617 
5.9177 
5.3892 
5.1883 

4 
5 

21 

4.5983 
4.4382 
4.2729 

10 
14 

8 
7 

10 
100 

52 
4 

16 
7 

11 
34 

6 

12 
99 
50 
19 
17 

9 
4 

13 
15 

6 
7 

4.2476 
3.8154 
3.7094 
3.6250 
3.5732 

3.4948 
3.3481 
3.2981 
3.2868 
3.2607 
3.2404 
3.2223 
3.1865 
3.1395 
3.0398 
3.0112 
2.9892 
2.9661 
2.9554 
2.8684 
2.8527 
2.7676 
2.7308 
2.7102 

l/lo d 

2 

~~50 
51 
40 

15 

5.3810 

4.2670 
4.2380 
3.8110 

3.6200 

53 

88 

3.2190 

3.0080 

11"° | i 

25 
25 

16 

6.362 
6.193 

5.906 

4 

25 

20 

5.173 

4.428 

3.7029 

3.4800 15 3.5110 
3.3340 100 3.3426 

11 3.1811 

40 

43 

2.7650 

2.7000 

80 
30 
25 
45 

2.9614 
2.9499 
2.8620 
2.8481 

l/lo 

PbSb206 

PDF 34-912 

l/lo I d 

100 
37 

33 

3.1350 
3.0400 

2.7090 

20 

75 

5.37 

3.49 

Pb2Sb207 

PDF 42-1355 

I •/•<> | d 

1 6.0163 

100 3.0038 

I 

Pb2SbOx 

• No PDF entry 

l/lo d 

n.a. 

n.a 

5.3800 

3.2586 
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10 
10 
22 
45 
20 

9 
6 
6 
7 

2.7000 
2.6899 
2.6724 
2.6515 
2.6225 
2.6082 
2.4769 
2.4339 
2.4095 

2 2.3796 
3 2.3202 
3 ; 2.2961 
8 
5 
3 
4 
2 
7 

24 

2.2780 
2.2610 
2.2399 
2.2329 
2.1947 
2.1658 
2.1119 

23 2.0687 
6 
9 
7 
4 
4 
3 

36 

2.0525 
2.0337 
2.0287 
1.9739 
1.9265 
1.9124 
1.8881 

6 1.8789 
3, 1.8703 

46 
5 
4 
4 
5 

11 
27 

5 

1.8500 
1.7937 
1.7351 
1.7268 
1.7024 
1.6705 
1.6515 
1.6205 

4| 1.6106 
5 

12 
4 

11 
13 
11 
7 
5 
4 

1.6061 
1.6030 
1.5894 
1.5799 
1.5765 
1.5303 
1.5191 
1.5143 
1.4948 

3 1.4494 
3 
6 
3 
2 

1.4400 
1.4131 
1.3692 
1.3446 

10 

5 

2.6190 

2.4131 
20 2.4078 

20 

5 

7 
30 

7 
100 

58 
54 
24 

5 

8 

19 
8 
2 

16 

9 

2.2767 

2.2374 

2.1936 
2.1637 
2.1328 
2.0675 

2.0323 
2.0272 
1.9726 

1.9050 

1.8793 

1.7928 
1.7421 
1.7225 
1.7012 

1.6562 
22 1.6209 
12 1.6113 

7 1.5703 

23 1.4932 
8 1.4666 

12 

14 

1.4405 

1.3687 

2 
18 
20 

8 

5 
25 

7 
3 
2 
5 
9 

25 

10 

25 

18 

18 

9 

2.6029 
2.4729 
2.4308 
2.4012 

2.2735 
2.2596 

2.2294 
2.1906 
2.1694 

2.1211 
2.0624 
2.0492 

1.9099 

1.8482 

1.7247 

1.6653 

1.5741 

10. 1.4477 

75 

18 

1.8780 

1.6490 

100 

20 

2 
4 
2 

2.688 

2.650 

2.377 
2.319 
2.294 

14 

35 

25 
14 

5 

6 

14 

2.110 

1.887 

1.670 
1.651 

1.530 

1.413 

1.345 

30 

1 

2.6031 

2.3894 

2 

30 

2 

24 

8 

2.1244 

1.8396 

1.5868 

1.5691 

1.5027 

n.a. 

n.a. 

n.a. 

2.6896 

1.8692 

1.7935 

1.6700 

n.a. 

n.a. 

n.a. 

1.5300 

1.4418 

1.3441 
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8 
5 
3 
7 
9 
3 
8 

10 
4 
6 
2 
7 

1.3302 
1.3253 
1.3104 

1.2469 
1.2390 
1.2110 
1.2021 

1.1991 
1.1969 
1.1886 
1.1817 
1.1722 

5 1.330 
4 1.327 

1.3007 n.a. 1.3179 
n.a. 1.2467 

n.a. 1.2108 

6 1.1939 n.a. 1.1987 

1.1820 

table B.5 peak list of sample Hist50, measured with synchrotron radiation (BM01B. X.=0.501000A) 
peaks with l/I(l < 10 are not listed, unless when matching with a PDF reflection 

HIST50 

l/lo d 

10 
5 
5 
9 
2 

19 
100 

4 
5 

11 
31 

4 
2 
5 
1 
1 
3 
4 

6.9351 
6.0577 
4.6321 
4.3222 
3.5058 
3.1286 
3.0251 
2.9644 
2.9402 
2.7403 
2.6183 
2.5466 
2.5167 
2.4015 
2.3593 
2.3111 
2.1607 
2.1487 

Pb2Sb207 

PDF 42-1355 

l / l . 

1 

100 

6.016 

3.004 

30 

1 

2 

2.603 

2.389 

2.124 

K2Pb(S04)2 

PDF 29-1015 

l/lo D 

351 6.948 

25 4.641 
45 
18 

100 

4.333 
3.515 
3.138 

70 

35 
13 

9 
10 
30 
25 

2.749 

2.557 
2.526 

2.366 
2.318 
2.156 
2.166 

3 2.0621 
<1 
30 
<1 

2 
1 
2 

1.9071 
1.8517 
1.7844 
1.7692 
1.7558 
1.6462 

27 1.5787 
6 
1 
2 
1 
8 
6 
4 

1.5107 
1.3605 
1.3017 
1.2557 
1.2002 
1.1692 
1.0678 

4 1.0072 
1 
2 
1 
1 
1 

0.9236 
0.8717 
0.8700 
0.8261 
0.7988 

30 

24 

1.8396 

1.5691 
8 1.5027 

3 1.3007 

6i 1.1939 
5 1.1635 
31 1.0621 
3 1.0013 
1 0.9197 
2 0.8796 
1 0.8672 
1 
1 

0.8227 
0.7935 

35 
25 
2 

10 

2.068 
1.910 
1.860 
1.792 

20 1.772 
7 

20 
11 

14 

9 
13 

1.760 
1.651 
1.586 

1.3617 

1.2583 
1.2400 
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tabic B.6 

SAMPLE 
BÖCKLIN 13 

l/lo d 

4 

100 
2 

1 

2 

6 

3 

4 

4 

32 
2 

4 

4 

5 

3 

5 

7 

10 
15 

4 

23 

22 

6 

26 
26 

1 

8 
22 

33 
8 

8 
29 

5 

13 

53 
2 

<1 

1 

11 

2 

1 

4 

3 

6.9598 

6.7867 

5.7980 

4.6430 

4.3342 

4.2665 

4.2444 
4.1195 
3.8104 

3.6927 

3.6228 
3.5687 

3.5034 
3.4800 

3.4487 

3.3796 
3.3345 

3.2205 

3.2043 

3.1395 
3.0318 

3.0080 

2.9313 

2.8988 

2.8164 

2.7649 
2.7504 

2.6975 
2.6862 

2.6613 

2.6225 

2.6047 

2.5493 

2.4984 
2.4769 

2.4075 

2.3669 

2.3582 

2.3286 
2.2762 
2.1955 

2.1756 

2.1691 

peak list of sample Böcklin 13. measured with synchrotron radiation (BM16. A=0.49975/ 
peaks with I/I„ < 2 and d < 1.34A are not listed 

l/lo 

57 

44 

100 

2.814 

2.603 

2.4759 

PbS04 

PDF 36-1461 

l/lo 

50 

51 

40 

15 

22 

67 

53 

88 

40 

43 

10 

20 

2 

5 

20 

7 

4.267 

4.238 

3.811 

3.620 

3.480 

3.334 

3.219 

3.008 

2.765 

2.700 

2.619 

2.408 

2.356 

2.413 

2.277 

2.194 

K2Pb(S04)2 

PDF 29-1015 

l/lo D 

35 

25 

45 

6.948 

4.641 

4.333 

18 

3 

100 

3.515 

3.477 

3.138 

70 

35 

13 

9 

10 

3 

25 

2.749 

2.557 

2.526 

2.366 

2.318 

2.287 

2.166 

Pb2Sb207 

PDF 42-1355 

l/lo 

1 

100 

30 

1 

6.016 

3.004 

2.603 

2.399 
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4 
1 
4 

10 
4 

4 
8 

14 
10 

2 
4 
2 
2 
1 

20 
11 

2 
4 
7 

20 
1 
2 

19 
2 
3 
3 

17 
8 
3 

2.1634 
2.1561 
2.1322 
2.0672 
2.0330 

1.9739 
1.9303 
1.9118 
1.8423 
1.7937 
1.7594 
1.7398 
1.7044 
1.6524 
1.6255 
1.6017 
1.5890 
1.5756 
1.5692 
1.5532 
1.5151 
1.4933 
1.4777 
1.4404 
1.4287 
1.4076 
1.3786 
1.3587 
1.3477 

30 

23 

32 1.6247 

23 1.3781 
11 1.3582 

100 
58 
54 
24 

2.164 

2.133 
2.068 

2.0323 

30 2.156 

35 2.068 

2.0272 
1.9726 

1.9111 5 1.9050 25 1.9100 

19 1.7928 10 1.7920 
7 1.7600 

22 

23 

12 

15 

1.7040 
1.7012 
1.6251 
1.6209 

775703 

1.4931 

4 1.7373 
3l 1.7002 

20 1.6516 

11 

1.4405 6 
1.4285 3 
Ï.406O 
1.4019 10 

8 1.3716 
7 1.3472 

1.4802 
1.4428 
1.4212 

1.3734 

1.3479 

2.124 

30 1.8396 

1.5861 

1.5684 24 

1.5195 

1.5868 

1.5691 

1.5028 
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APPENDIX C 

SEM/EDS SPECTRA 
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CHAPTER 5 

LEAD ISOTOPE ANALYSIS OF LEAD ANTIMONATE 

YELLOWS 

J. Dik, Z. A. Stos-Gale, G. R. Davies, R. Peschar and H. Schenk, "Lead Isotope Analysis of 

Lead Antimonate Yellows", submitted to Studies in Conservation, October 2002 

ABSTRACT 

Lead antimonate yellow or Naples Yellow is the most common yellow synthetic pigment in 

18th and 19th century European painting. Recent studies revealed that various forms of lead 

antimonate yellow occur in the history of European painting, which may be attributed to 

certain periods. 

This paper describes a study aimed at locating the geographical origin of lead antimonate 

paint samples. Lead isotope analysis (LIA) was used to determine the exact isotopic ratio of 

naturally occurring lead in lead bearing material. Given the exact knowledge of isotopic 

characteristics of ores, it is in principal possible to deduce the ore source of the lead. 

LIA was performed on a few 18th and early 19lh century samples of lead antimonate yellow. 

Samples were taken from historical pigment collections as well as a painting of known date 

and origin. The present study should be considered a pilot project to assess the feasibility of 

applying this technique to lead containing painting pigments. 
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INTRODUCTION 

As known from earlier studies, the yellow pigment lead antimonate yellow can be synthesized 

by heating a mixture of antimony and lead oxides at temperatures of around 900°C.' The main 

reaction product is cubic lead antimonate, Pb2Sb207. The origin of the antimony compound in 

European pre-industrial lead antimonate is probably Saxony in Germany, as has been 

described in a number of metallurgical historical sources, such as Biringuccio's Pirotecnica. 

The lead component, however, usually galena or lead monoxide probably has a larger spread 

in geographical origin, as lead mines were exploited throughout Europe. Major lead mines 

can be found in England. Germany, Austria, France, Tuscany, Sardinia, Spain. Greece, 

Bulgaria. Bohemia, the Erzgebirge mountains etc. Lead deposits in these areas are known to 

have been exploited during the entire 18th and 19th centuries. Some locations are known since 

Antiquity and some have remained in use until the present day. Given the local or rather 

regional availability, the geographical source of the lead component may therefore be 

indicative of the approximate geographical origin of lead antimonate pigment production. 

In nature lead has four stable 

isotopes : 204Pb, 206Pb, 207Pb and 
mblc 1 Variation maxima of lead isotope ratios ,og 

occurring in nature1 ~ ' Pb- The exact isotope com

position, i.e. the ratios of 

individual isotopes, however, 

varies strongly. In fact, of all 

elements lead shows the highest 

variation in naturally occurring 

isotopes (table 1). 

The geographical variation of lead isotope ratios is caused by geological factors, notably 

variable U/Pb and Th/Pb ratios and the different ages of rock and mineral formations. As a 

consequence, lead isotope ratios vary per geographical area. Given accurate knowledge of the 

isotopic composition of many lead ores, isotope analysis of a lead containing sample may 

provide an indication of the geographical source and hence the exact provenance of the Pb. 

In the 1960's Brill and Wampler were the first to outline the possibility of applying lead 

isotope analysis (LIA) to the study of lead pigments. Keisch went on to examine a number of 

lead whites using LIA and suggested possible geographical sources.4 Since the 1970's, 

however, mass spectrometry used to determine the isotope ratio has undergone major 

instrumentional improvement. Nowadays, LIA can be performed with a precision that is 

several factors higher than three decades ago. In addition, in recent years most European lead 

deposits have been sampled and their lead isotope ratio has been analysed, amongst others at 

the Isotrace Laboratory (Oxford, UK), providing an isotopic atlas of European lead ores." 

More recently, ancient Egyptian lead antimonate glass colourants (18lh dynasty, i.e. ca. 1550-

1300 BC) were studied using LIA, providing Mid-Eastern provenances for the lead 

Pb isotope 
ratio 

Variation 
Maximum 

2 0 4 p b / 2 0 6 p b 

4 0 % 

2 0 7 p b / 2 0 4 p b 

13% 

2 0 8 p b / 2 0 4 p b 

18% 
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component.' In view of these developments a renewed interest in applying LI A to the study of 

artists' pigments seems more than justified. 

It should be noted that fractionation or alteration of lead isotope ratios is insignificant when 

smelting lead ore and processing the lead further chemically or physically. However, an 

important limitation of LIA is that lead ores from different sources may have isotope ratios 

that cannot be discriminated. In addition, lead samples may be mixtures of lead from two or 

more sources. In those cases the isotope ratio will be a function of the contributions of the 

different sources. Such a mixed sample may go undetected or be misinterpreted when -by 

chance- it coincides with that of another lead source. Through statistical analysis, however, 

mixtures of different lead ores can sometimes be recognized as such. 

The isotope ratios of a set of lead antimonates and one lead white sample were measured 

using thermal-ionization mass spectrometry (TIMS). Our samples were taken from historical 

pigment collections and painting samples of presumed Northern and Southern European 

origin, see table 2. 

table 2 Description of LIA samples 

Sample 

D21w 

D21y 

D36 

D37 

HIST50 

composition 

2 PbCOv 
Pb(OH)2 

Pb2Sb207 

K2Pb(S04)2 

Pb2Sb207 

K2Pb(S04)2 

PbSb206 

Pb2Sb207 

Pb2Sb207 

PbS04 

Pb2S040 
Pb2SbOx 

Pb2Sb207 

K2Pb(S04)2 

PDF 
File No. 

13-0131 

74-1354 

29-1015 

74-13548 

29-1015 

34-0912 
74-13548 

39-0834 
36-1461 
37-0516 
no entry 

74-13548 

29-1015 

Description of sample 

lead white from paint 
sample 

lead antimonate yellow 
from paint sample 

lead antimonate 
specimen from 
Hafkenscheidt pigment 
collection 

lead antimonate 
specimen from 
Hafkenscheidt pigment 
collection 

lead antimonate 
specimen from 
Darmstadt historical 
pigment collection 

Approximate 
date of origin 

1765 

1765 

labelled '1804' 

labelled'1826' 

Early 19th 
century 

Approximate 
area of origin 
Bavaria, 
Germany 

Bavaria, 
Germany 

Italy / 
Northern 
Europe ? 

labelled 
'Rome' 

Germany 

A full elemental and structural analysis of these samples, as well as general information on 

the background of historical pigment collections, has been published elsewhere9 and has been 

discussed in Chapter 4. The lead isotope ratios found by TIMS were compared to the isotope 

database mentioned above in order to establish possible lead sources used for pigment 

production. 
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METHODS & TECHNIQUES 

The principal technique used to perform LI A is TIMS.'" In our case use was made of a 

Finnigan MAT 262 RPQ+ multicollector thermal-ionization mass spectrometer with nine 

motorised collectors operated by the Faculty of Earth Sciences of the Vrije Universiteit 

(Amsterdam. The Netherlands). A small fraction of our pigment specimens, typically around 

0.25 pg, was used for the analysis. These samples were treated chemically in a cleanlab in 

order to isolate the lead component and remove organic contamination, following standard 

ion exchange techniques. Correction for mass fractionation of Pb isotope measurements is 

based on a discrimination factor of 0.105 ± 0.01% (n=12) per atomic mass unit determined on 

multiple measurements of NBS 981. Pb blanks are typically in the order to 150 pg, hence no 

blank correction needs to be applied. Over the last 7 years the overall analytical error of the 

Pb standards was reproduced to better than 0.1%. This percentage is also given as the 

maximum error for all Pb isotope literature values, to which our data were compared. 

RESULTS 

tabic Lead isotope ratios determined by TIMS 

analysis. In contrast to the error given for 

literature values (0.1%). the analytical 

error in our measurements is 0.01% 

Table 3 lists the lead isotope ratios that 

were established for our five samples. 

Sample D37 was analyzed in duplicate 

resulting in good reproducibility as shown 

in table 3. In Appendix I (tables 1.1, 1.2 and 

1.3) three two-dimensional scatter plots are 

shown for the ratio's 208Pb/206Pb vs. 
207Pb/206Pb, 206Pb/204Pb vs. 2(,7Pb/206Pb and 

2 0 6 p b / 2 0 4 p b v s 208 p b / 206p b ) j n c | u d i n g o u r 

measurements and well over 350 ore 

samples from various European regions." 

The scatter plots show the correlation 

between our samples and regional ore 

clusters. However, these two-dimensional 

scatter plots do not provide the exact 

position and relation of data points in three-

dimensional space. Thus, the plots cannot 

be used to determine which specific ore each of our samples most likely corresponds to. 

Therefore, a closest match ranking value (R) was defined. The lower the R value, the better 

the match between sample and ore. The following standard statistical definition was used ". 

\isotope 
\ ratio 

sample\ 

D21w 

D21y 

D36 

HIST50 

D37 

D37 bis 

208p b 

206 R b 

2.0918(2) 

2.0913(2) 

2.0861(2) 

2.0826(2) 

2.1005(2) 

2.1002(2) 

207p b 

2 0 6 p b 

0.84913(8) 

0.84893(8) 

0.84777(8) 

0.84662(8) 

0.85408(8) 

0.85404(8) 

206pb 

2°4Pb 

18.438(2) 

18.445(2) 

18.432(2) 

18.450(2) 

18.330(2) 

18.333(2) 
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R 
^(x, (sample) - xl(ore))2ol;e(ore) 

i=\ 

£(x,(samp/e)) : as"a
:
mp/e(sa/7?p/e) 

x , = 2UÖPb/2ÜBPb 

o,ore) = 0.001 

= 207p b / 206p b = 2 ü 6 p b / 2 0 4 p b 

'(sample) = 0.0001 

In the tables 4-7 for each of the five samples D21 w, D2ly, Hist50, D36 and D37 the ten 

closest matches are listed. 

tabic 4 possible matches for sample D21w 

D21w 

Country 

AUSTRIA 
BOHEMIA 
BOHEMIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
ERZGEBIRGE 
BOHEMIA 
AUSTRIA 
AUSTRIA 

Region 

Olovi 
Kirch berg 
Achsel Alps 

Eastern Alps 
Halsbrucke 
Marrachov 
Stubai-Otztal 

Sample 

Prinzenkogel 

Pechtelsgrun 
Achselalm 
Kaltau/Steyerlin 
Arztal 
Redepositions 

St Christoph 
Schwarzenberg/ 

2.0918(2) 
2 0 8 p b 

2Ubp b 

2.09140 
2.09088 
2.09349 
2.09080 
2.08850 
2.09230 
2.09369 
2.09269 
2.09500 
2.08840 

0.84913(8) 
2 0 7 p b 

20dp b 

0.84880 
0.84909 
0.84929 
0.85030 
0.84870 
0.84880 
0.84773 
0.84775 
0.85030 
0.84810 

18.438(2) 
206 p b 

^ u 4 p b 

18.457 
18.418 
18.420 
18.448 
18.431 
18.469 
18.434 
18.417 
18.444 
18.444 

R 

0.111 
0.117 
0.125 
0.155 
0.171 
0.172 
0.186 
0.200 
0.204 
0.206 

(able 5 possible matches for sample D2ly 

D21y 

Country 

AUSTRIA 
BOHEMIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
BOHEMIA 
ERZGEBIRGE 

Region 

Olovi 
Eastern Alps 
Achsel Alps 

Stubai-Otztal 
Kirchberg 
Halsbrucke, 

Sample 

Prinzenkogel 

Arztal 
Achselalm 
Kaltau/Steyerlin 
Schwarzenberg 
Alland 
Worgetal 
Pechtelsgrun 
Redepositions 

2.0913(2) 
2 0 8 p b 

2 0 6 p b 

2.09140 
2.09088 
2.09230 
2.09080 
2.08850 
2.08840 
2.08710 
2.08980 
2.09349 
2.09369 

0.84893(8) 
2 0 7 p b 

2 0 « p b 

0.84880 
0.84909 
0.84880 
0.85030 
0.84870 
0.84810 
0.84860 
0.84820 
0.84929 
0.84773 

18.445(2) 
2 0 6 p b 

a u p b 

18.457 
18.418 
18.469 
18.448 
18.431 
18.444 
18.442 
18.467 
18.420 
18.434 

R 

0.066 
0.138 
0.147 
0.155 
0.162 
0.162 
0.168 
0.175 
0.189 
0.203 

table 6 possible matches for sample D36 

D36 

Country 

BOHEMIA 
BOHEMIA 

Region 

Stribro 
Stribro 

Sample 

Erzherzog Stephan 

2.0861(2) 
208 R b 

2U(,p b 

2.08594 
2.08750 

0.84777(8) 
2 0 7 p b 

" " P b 
0.84758 
0.84783 

18.432(2) 
2 0 6 p b 

2 u 4 p b 

18.445 
18.446 

R 

0.074 
0.100 
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BOHEMIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
BOHEMIA 
AUSTRIA 

Stribro 

Achsel Alps 

Alland 
Schwarzenberg 
Puchenstuben 
Kaltau/Steyerling 
Flecktroggang 

Stribro 
Achsel Alps | Achselalm 

2.08564 1 0.84731 18.449 
2.08710 I 0.84860 ' 18.442 
2.08840 0.84810 18.444 
2.08700 
2.08850 
2.08390 
2.08451 
2.08730 

0.84810 
0.84870 
0.84890 
0.84713 
0.84940 

18.458 
18.431 
18.419 
18.460 
18.432 

0.108 
0.120 
0.132 
0.151 
0.157 
0.183 
0.185 
0.198 

table 7 possible matches for sample Hist50 

HIST50 

Country 

BOHEMIA 
BOHEMIA 
AUSTRIA 
BOHEMIA 
BOHEMIA 
BOHEMIA 
AUSTRIA 
AUSTRIA 
ERZGEBIRGE 
AUSTRIA 

Sample 

Region 

Stribro 
Stribro 
Stubai-Otztal 
Stribro 
Joachimsthal 
Stribro 

Schladming 
Joachimsthal 

Sattelalpe 

Elias Mine 
Erzherzog Steph 
Puchenstuben 
Hauser kaibling 

Alland 

2.0826(2) 
2 0 8 p b 

aubpb" 

2.08451 
2.08564 
2.08450 
2.08594 
2.08614 
2.08750 
2.08700 
2.08200 
2.08257 
2.08710 

0.84662(8) 
207 R b 

"06Pb 
0.84713 
0.84731 
0.84760 
0.84758 
0.84579 
0.84783 
0.84810 
0.84620 
0.84459 
0.84860 

18.450(2) 
2 0 6 p b 

2 0 4 p b 

18.460 
18.449 
18.466 
18.445 
18.481 
18.446 
18.458 
18.503 
18.488 
18.442 

R 

0.118 
0.162 
0.167 
0.193 
0.253 
0.270 
0.272 
0.290 
0.313 
0.316 

table 8 possible matches for sample D37 

D37 

Country 

AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 
AUSTRIA 

Sample 

Region 

North Tyrol 
Schladming 
Schladming 

Eastern Alps 

North Tyrol 
ERZGEBIRGE : Halsbrucke 
ERZGEBIRGE 
ITALY 

Halsbrucke 
Sardinia 

Bieberwier 
Kreiteralm 
Obertal 
Teltschenberg 
Radlbergeralm 
Abfaltersbach 
Radlbergeralm 
St Veit/Tegestal 
WeichesTrum 
350 m level, Fi 
Barbagia-Gerrei 

2.1005(2) 

2 0 8 p b 

'UÖPb 
2.09860 
2.09850 
2.09850 
2.09880 
2.10010 
2.10210 
2.09780 
2.09760 
2.10143 
2.10155 
2.10099 

0.85408(8) 
207 R b 

2 u b p b 

0.85480 
0.85440 
0.85440 
0.85430 
0.85530 
0.85510 
0.85470 
0.85350 
0.85291 
0.85336 
0.85622 

18.330(2) 
206 R b 

2U4pb 

18.324 
18.314 
18.314 
18.309 
18.336 
18.325 
18.314 
18.342 
18.308 
18.297 
18.317 

R 

0.118 
0.122 
0.122 
0.131 
0.147 
0.148 
0.159 
0.159 
0.185 
0.201 
0.257 

DISCUSSION 

Samples D21w, D2ly, D36, and Hist50 show strong similarities to lead ores from 

Bohemian and Austrian mines (tables 4-7). Spanish, Tuscan or Sardinian mines can be 

excluded as possible sources as expressed by the much higher R-values. The closest Non-

North-European ore for this cluster of samples gives an unacceptably high R value of 0.670. 

Samples D21w and D21y have very closely related isotopic compositions, suggesting that 

both leaded pigments, lead white and lead antimonate yellow, had been produced using lead 

from the same lead source. Interestingly, D36 lies between Hist50 and the D21 samples on all 
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three scatter plot axes. Although D36 and Hist50 differ in isotopic composition, both samples 

match different ores from the Stribro area in Bohemia. It should also be noted that both 

samples have an identical chemical composition and are therefore likely to have been made 

according to the same production recipe. 

A southern German origin of at least two and possibly three of these pigments would, again, 

be in line with the LIA results. The production of lead in Bohemian mines started in the late 

Middle Ages. In 1588 Agricola mentioned the importance of Bohemian lead mining.14 

Gmelin , Ferber ' and Peithner gave contemporary descriptions of innovative mining 

techniques used in Bohemian mines during the I8l century, which must have given rise to 

lead production. A Bohemian origin of our mid-18lh century German lead antimonate samples 

would therefore be logical. 

Sample D37 showed a different isotope ratio compared to the other samples. Although 

Austrian and Bohemian sources gave fairly good matches with sample D37, the LIA ratio is 

much closer to Sardinian ores than in case of the samples D36, Hist50, Dlw and D21y. For 

these latter four samples an Italian origin can be excluded. Sample D37 on the other hand 

might very well have a Sardinian lead provenance. The most similar Sardinian ore, from the 

Barbagia-Gerrei region, has a R value of 0.257 (table 8). 

From a historical point of view a Sardinian source for our Italian D37 sample is quite likely. 

Sardinia has been famous for its lead ore rich in silver and the island's deposits have been 

exploited since Antiquity. Various writers have documented lead mining on Sardinia during 

the 18lh and 19Ih centuries. Between 1721 and 1848 around 146.000 tons of galena, or lead 

monoxide, have been produced on Sardinia.18 Lead production was further boosted in the 

1850's. Over the centuries the smelting of lead had left behind enormous amounts of slag, 

often still very rich in lead due to inefficient smelting techniques of earlier times. In 1859 it 

was decided to further process this slag, as it was found to have a lead contents between 11 

and 43%. As Sardinian lead is known to be rich in silver, a quantitative (trace) elemental 

analysis of our sample may provide additional evidence. 

CONCLUSION 

The examination has shown that LIA can be applied effectively to the study of painting 

pigments, particularly in conjunction with more classical elemental analysis. The Pb isotope 

database of Oxford's Isotrace Laboratory provides the isotopic compositions of European ore 

sources and allows the determination of the provenance of lead used in pigment production. 

We have shown that Northern and Southern European samples may be differentiated by 

their isotopic composition. Possible geographical lead origins could be indicated, suggesting 

Bohemian/Austrian lead origins for North European samples. An Italian origin of sample D37 

could not be excluded. It therefore seems worthwhile to examine a larger and more coherent 
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amount of samples from historical works of art, which would also allow for cluster analyses 

of ore regions and samples from lead-bearing paints. 
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APPENDIX I : tables 1.1, 1.2 and 1.3 : scatter plots showing LIA sample and ore ratios 
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CHAPTER 6 

THE DIGITAL RECONSTRUCTION OF A SMALT 

DISCOLOURED PAINTING BY HENDRICK TER BRUGGHEN 

J. Dik, M. den Leeuw, W. Verbakel, R. Peschar, R. Schillemans and Henk Schenk, "The 

Digital Reconstruction Of A Smalt Discoloured Painting By Hendrick Ter Brugghen", in : 

Zeitschrift filer Kunsttechnologie und Konservierung, 16, 2002, p. 130-146; see also Nature, 

417, 2002, p.219-220 

N.B. the section Colour Illustrations contains all illustrations referred to in this chapter 

ABSTRACT 

Smalt is one of the most common 17' century blue painting pigments. Smalt consists of 

cobalt-coloured potassium-enriched glass, that is ground to a fine, intensely blue powder. 

Being at the time a relatively cheap pigment, smalt was used as a substitute for other, more 

costly pigments roughly between the 15th and 17Ih centuries. As main disadvantage, however, 

smalt has shown to discolour over the years. 

The paintings of the Dutch painter Hendrick Ter Brugghen show severe signs of smalt 

discolouration. A dramatic example of such degradation can be seen in his painting St Luke. 

This picture is part of the portrait series of the four Evangelists, kept by the Museum De 

Waag in Deventer, the Netherlands. 

This study presents the digital reconstruction of the approximate original appearance of the 

discoloured painting. Neutron activation analysis and subsequent autoradiography were 

employed to obtain a quantified two-dimensional distribution image of discoloured paint. 

Digital color coordinates of undiscoloured smalt were deduced from reflectance spectra. 

Based on these examinations a digital reconstruction was made using image processing 

software. Our reconstruction shows the approximate original colours of the painting and gives 

insight into pictorial implications of paint discolouration in the work of Ter Brugghen. 
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DEUTSCHES RESUMÉ 

Smalte ist eines in der Tafelmalerei des 17. Jahrhunderts am weitesten verbreiteten blauen 

Pigmente. Das Pigment besteht aus kobaltgefarbtem, kaliumreichem Glas, das als 

feingemalener blauer Puder weiterverarbeitet wurde. Da Smalte relativ kostengunstig 

hergestellt wurde, fand es hauptsachlich zwischen dem 15. und 17. Jahrhundert als Ersatz fuer 

teuerere Blaupigmente Verwendung. Als Nachteil hat sich allerdings herausgestellt. dass 

Smalte im Laufe der Jahre vcrfarbt. 

Vorallem die Gemalde des Hollandischen Malers Hendrick ter Brugghen vveisen starke 

Smalteverfarbung auf. Ein dramatischcs Beispiel solcher Verfarbung findet sich in dem 

Portrat des Evangelisten Lukas. Dieses Bild ist Teil einer Evangelistenserie aus dem Besitz 

des 'Historisch Museum De Waag' in Deventer (NL). 

Die vorliegende Studie zeigt die digitale Rekonstruktion der ursprünglichen Farben des 

Gemaldes. Mittels einer Neutronen-Aktivierungsanalyse und anschliessender Autoradiografie 

des Objekts konnte die zweidimensionale Verteilung der verfarbten Smalte wieder sichtbar 

gemacht werden. Digitale Farbkoordinaten unverfarbter Smalte Hessen sich auf Grund von 

Reflektionsspektren darstellen. Anliand dieser Analysen wurde mit Hilfe eines 

Bildverarbeitungsprogramms eine digitale Rekonstruktion des verfarbten Gemaldes 

angefertigt. Die Studie zeigt die urspruenglichen Farben des Gemaeldes und licfert Ilinweisc 

fuer kunsthistorische Konsequenzen der Verfarbung. 

INTRODUCTION 

Like many I7'h century artists Ter Brugghen made lavish use of a blue painting pigment 

known as smalt. This pigment is chemically instable and has discoloured over time. A striking 

example of such discolouration of blue paint can be seen in Ter Brugghen's painting of St. 

Luke (figure 6-1), from the portrait series of the Evangelists kept by the Museum De Waag in 

Deventer (figure 6-2a-c). The recent conservation treatment of this painting by the 

Amsterdam Atelier voor Restauratie en Research voor Schilderijen (ARR) offered a unique 

possibility to examine the discoloration phenomenon. 

The discoloration of smalt in the painting by Ter Brugghen poses a problem to art 

historians, conservators and conservation scientists. These specialists are confronted with an 

altered appearance of the painting. The discolouration of smalt is highly detrimental to Ter 

Brugghen's luminous and spatially illusive painting style. But what are the exact art historical 

implications of discoloured paint ? What did the painting look like originally ? What effects 

does the discoloration have on the pictorial aims of Ter Brugghen ? 
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History of Smalt 

The first use of smalt as painting pigment dates back to the late 15lh century.' Flemish 

painters, e.g. Dieric Bouts, are known to have used smalt in their paintings. Smalt is a 

synthetic pigment that is produced by adding cobaltarsenate to potassium enriched glass at 

temperatures of about 1200 °C. This solid blue coloured glass is then quenched and ground to 

a fine, blue powder. Mixed with linseed oil, or another binding medium, a beautiful deep blue 

paint results. 

Smalt was a cheap and readily available substitute for other blue pigments, such as 

ultramarine and azurite. Ultramarine was extremely expensive, since its mineral source lapis 

lazuli had to imported from Afghanistan. The mineral azurite was a more widespread mineral 

and could be found in various regions in Europe. The purest forms of these minerals were 

found in copper mines located in Hungary. At the beginning of the 17lh century these mines 

were occupied by the advancing Turks. The export of azurite to Western Europe practically 

came to a halt and prizes for azurite increased." As a consequence 17' century Western artists 

started to use smalt as a substitute on a large scale. Smalt remained the most common blue 

pigment until Prussian blue was discovered in the early 18th century. 

Smalt has been mentioned in a few Italian and North European treatises on painting 

techniques. These historical sources do not indicate that discolouration was a contemporary 

problem, thereby suggesting that the phenomenon is indeed a slow and long term chemical 

process. However historical sources do focus on another notorious pigment property of smalt, 

its very low refractive index. As a consequence, the hiding power of the pigment is rather 

poor. The pigment had to be handled in a coarsely ground state, because too much grinding 

would cause the pigment to loose its colour intensity. Due to the large grain size of smalt, 

painters had great difficulty obtaining a homogeneous mixture of smalt and binding media. In 

their treatises Armenini'1, Van Mander and De Mayerne^ comment on this problem. 

In modern literature, Joyce Plesters was the first to discuss the discolouration of smalt, 

describing the phenomenon on various paintings from London's National Gallery.6 According 

to Plesters, the discolouration may be attributed to different factors. Firstly, the refractive 

indices of smalt and binding media may have converged during oxidation of the paint layer, 

resulting in a decreased capability of smalt particles to scatter incident light. Consequently, 

dried and darkened binding media may affect the paint system's overall colour. Secondly, as 

smalt is a potash glass, potassium might be leached out into the paint medium surrounding 

individiual smalt grains. A third possible explanation for smalt discolouration could be the 

migration of cobalt ions from the glass matrix into and subsequent interaction with the 

binding media. 

In a recent study of discoloured smalt samples, Boon et al. found experimental evidence that 

supports the leaching out of potassium, Plester's second possible explanation for smalt 

discolouration. No evidence of Co migration was found. 
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Digital Reconstruction of the Original Appearance of a Painting 

In recent years several studies have been carried out aiming to reconstruct altered colours on 

paintings with the aid of digital image processing techniques. In an earlier study on 

discoloured orpiment. some of the current authors made such a reconstruction for a 

discoloured paint on a picture by Jacob de Wit.' Recently, a similar study was performed at 

Britain's National Gallery on a 16" century Spanish painting attributed to Pedro Campaha.9 

It should be pointed out that such digital reconstructions are by no means an accurate 

portrayal of the original appearance of a painting. Colour depends on various factors such as 

admixture of other pigments, choice of binding media, transparency of underlaying paint, 

presence of yellowed varnish etc. Thus, a digital reconstruction should rather be seen as an 

approximation of the possible original appearance. Many assumptions have to be made when 

making a reconstruction, for instance the degree of discolouration, when the pigment material 

has not yet completely corroded. Another limiting factor is the change of refractive indices 

between original pigment, corrosion material and oxidized binding media. Such a change can 

sometimes lower the hiding power of a degraded surface pigment layer. Underlaying paint 

layers will become visible, which should be corrected for in a digital reconstruction. 

The most problematical issue, however, of recent studies is the fact that reconstructions are 

made on the basis of spot examinations, rather than surface examinations. Commonly, in such 

studies a pigment is identified by sampling discoloured paint at a single spot. A digital image 

of the painting is then modified visually to match the approximate colour of the original, 

unaltered painting pigment. Thus, the pigment composition of a single spot is taken as the 

representative of a large surface area. In this way the distribution of paint over the surface of 

the painting, likely to be heterogeneous, is not taken into account. In such reconstructions, 

therefore, both the precise pigment distribution and exact colour remain unknown and have to 

be estimated visually. 

Autoradiography of paintings 

Autoradiography after neutron activation, which is in fact a two-dimensional neutron 

activation analysis, can visualise the original distribution of a certain paint over the painting. 

In fact, the distribution of a certain element is visualised, but often each colour of paint 

contains specific elements. For example, umber contains manganese, cobalt blue contains 

cobalt, bone black contains phosphor, vermilion contains mercury and smalt contains arsenic 

and cobalt. Even if the colour of one of such paints has changed locally, the elemental 

composition of the heavier elements is expected to have remained the same. For that reason, 

this research can help to reconstruct the original distribution of a colour and thus the unaltered 

appearance of the painting. Even deeper layers of paint can be visualized by autoradiography. 
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In this way, the distribution of umber, which was usually applied as the first onset to the 

painting, can be made visible. 

Examinations in the past have shown that autoradiography after neutron activation is a 

powerful tool in conservation science, as it can visualize the working method of an artist. It 

has been performed on paintings from the Metropolitan Museum of Art in New York10 and 

the Gemaldegallerie of the Staatliche Museen in Berlin, Germany". However, the technique 

has not yet been applied in the study of paintings of Dutch Museums. Furthermore, the use of 

autoradiography in order to visualize the original distribution of a discoloured paint is a new 

application of the technique. 

In this study we present a reconstruction technique in which both aspects, colour estimate of 

the undiscoloured paint as well paint distribution over the paint surface are deduced from 

experimental data. A two dimensional distribution image of the discoloured smalt was 

obtained through neutron activation analysis and subsequent autoradiography. This 

distribution image was then used as basis for further digital reconstructive work. The estimate 

of the approximate colour of undiscoloured smalt was made using reflectance spectrometry. 

Colour conversion software was used to convert the reflection spectra to a computerized 

R(ed)- G(reen)-B(lue) value. Thus, a digital colour tone was deduced from spectrometry data. 

EXPERIMENTAL 

Examination of paint samples 

As part of the initial examination and in view of the interpretation of the autoradiographies 

several paint samples were taken from the painting. Examination of these samples included 

Polarized Light Microscopy (PLM) and Transmission Electron Microscopy / Energy 

Dispersive Spectroscopy (TEM/EDS). Cross-sections were prepared from layered paint 

flakes. Dispersion of the samples were examined in transmitted light using magnifications up 

to 1000X. Mounting medium for microscope slides was Aroc/or meltmount (No = 1,662). Use 

was made of a Leitz Dialux EB 20 light microscope. 

TEM specimens were prepared by grinding pigment samples in a hardened glass tube. A 

Philips CM30T TEM was used to collect data at a source voltage of 300kV. The specimen 

was inspected in bright field mode (BF), and grains were selected randomly for further 

investigations. The elemental composition was determined with a LINK EDS system attached 

to the column of the microscope. 
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Neutron Activation 

Tabic 1 Possible radioisotopes that can be The principle of the technique is that, after 

thermal neutron activation of the painting, a 

small fraction of certain elements with a high 

cross section for neutron absorption gets 

activated. After activation, the created 

radioactive isotopes decay to the ground state 

under emission of gamma and/or electron 

radiation. Each radioactive isotope decays with 

a specific half-life time (the time needed to 

reduce the number of radioactive atoms by 

50%) of some seconds up to millions of years. 

After more than 6.7 half-life times, only less 

than 1% of the original activity of the 

concerning nuclide is left. If a mixture of several elements (like in a painting) is activated, the 

main activity at different times after activation changes from one isotope to the other because 

of the decay. Not all elements get as much activated: some elements have a high cross section 

for activation, like manganese and cobalt, while other elements like lead have an extremely 

small cross section for neutron absorption. 

Cobalt has a high cross section for activation, though it has a long half-life. For that reason, 

the radiation is emitted during a long time and the activity after irradiation in desintegrations 

per second (Bq) is much lower than for radioisotopes with a short half-life. 

The radiation emitted during decay is very specific for the radioisotope. The gamma-rays, 

which have a high penetrability, can be measured by gamma-ray spectroscopy with a High 

Purity Germanium detector. This allows quantitative analysis of all activated elements that are 

present in the paint. However, such gamma-ray measurements give no spatial information 

about the emission. On the other hand, the emitted electrons or betas have a low penetrability 

(0.1 to 10 mm in plastic) depending on the energy. These particles can blacken a photographic 

film that is in contact with the source, providing an image of the distribution of the source, but 

it gives no information about the energy of the electrons. This "imaging" on a photographic 

film is called autoradiography. By performing autoradiography at different time slots after 

neutron irradiation, distributions of different radionuclides can be imaged. In this way, paint 

distribution in various underlaying, hidden or discoloured paint layers can be imaged. Since 

the activity decreases with time, the time needed for an autoradiography increases with time 

after irradiation. 

If the paint layer is deep under the surface of the painting, the electrons will often be 

attenuated somewhat, but depending on the electron energy and the thickness of the above 

lying layers, the deeper paint layer will often become visible. This implies that, if an 

Radio
isotope 

b ,Ti 
MMn 
42 K 

b4Cu 
^Na 
/ bAs 
, y / H g 
>p 

2U3Hg 
-Zn 
bUCo 

Half-life time 

5.8 minutes 
2.6 hours 
12.4 hours 
12.7 hours 
15 hours 
26.4 hours 
64.1 hours 
14.3 days 
46.6 days 
244 days 
5.2 years 

Cross section 
x abundance 
(barn) 
0.0093 
13.3 
0.098 
3.11 
0.53 
4.3 
4.8 
0.18 
1.45 
0.38 
37.2 
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underpainting is present in a colour that becomes activated, it can be made visible by 

autoradiography without removal of the above lying paint layers.12 The first layer of 17th 

century paintings often contains umber, which consists of manganese- and iron oxide. 

Because of its high cross-section and the short half-life time, manganese is extremely suitable 

for autoradiography. The optimum time frame for photographic film irradiation is between 1-

2 hours after neutron activation till 6 hours after neutron activation. The beta-particles emitted 

have a high maximum energy (2.9 MeV) and at this energy these particles are known to 

penetrate a few mm in plastic, and they will easily traverse a few tenths of mm of paint. 

Smalt is a pigment that is very suitable for autoradiography since it contains arsenic and 

small amounts of cobalt. One day after neutron activation, arsenic can easily be 

autoradiographed. Because arsenic also emits a beta particle with a high maximum energy (3 

MeV), it will produce an image that reflects the amount of smalt through the entire paint 

layer. The arsenic signal, therefore, may represent both the layer thickness as well as smalt 

concentration. The cobalt is more difficult to image because of the long half-life time (5.2 

years) and the low maximum energy (0.3 MeV). The photographic film has to be on the 

painting for several months, the longer the better. Since the low energy betas have a very 

short range, they will be absorbed by even thin overlying layers of paint, and the resulting 

image is only the distribution of smalt on the very surface of the painting. Both the arsenic 

and the cobalt autoradiographs together can provide a lot of information about the distribution 

of smalt. 

Irradiation facility 

At irradiation, the painting should be exposed to a homogeneous thermal neutron flux over 

the entire surface. For optimal autoradiography with most sensitive photographic films, the 

total thermal neutron flux should be at least 2.1012 cm"2. Preferably, the total irradiation time 

should be shorter than the half-life of the element with the shortest half-life that has to be 

imaged (otherwise too much will be decayed before autoradiography). Most neutron beams 

have the limitation that their diameter is about maximum 20 cm, which is much too small for 

a homogeneous irradiation of a painting, especially if the painting is as large as the Luke by 

Ter Brugghen (approximately 105 x 70 cm2). At NRG in Petten, the Netherlands, the Low 

Flux Reactor (LFR) J offers a unique irradiation facility on a shielding car. Over a surface of 

105 x 110 cm2, 90% of the area is exposed to a thermal neutron flux between 7.108 and 1.109 

neutrons cm' s" . Figure 6-3 shows the thermal neutron distribution over the irradiation 

surface on the shielding car. The fast neutron flux is maximum 3.107 cm" s" . The surface is 

irradiated fairly homogeneously, the variation in intensity reaching a maximum of 30%. In the 

interpretation of the final autoradiography this uneven irradiation should be taken into 

account. 
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During irradiation, the shielding car is closed and the personnel is not exposed to radiation. 

At 10 minutes after the irradiation, the shielding car can be opened to remove the painting. In 

order to prevent contamination of the painting with radioactive dust from the reactor, it is 

wrapped in plastic foil during neutron irradiation. 

Irradiation time 

From tests with paint irradiations and autoradiography trials it appeared that, using the 

KODAK Biomax MS films, the minimum required neutron flux is about 2.101" neutrons cm" . 

Experiments in New York have shown that irradiations with 5.10 3 neutrons cm" did not 

cause any damage to the paint.14 The maximum applicable neutron fluence is determined by 

the rest activity when the painting is returned to the museum. Radioprotection regulations 

require that the maximum activity of high radiotoxic nuclides is 50 kBq for release of 

materials that are not subject to legislation of radioactive materials.15 The rest activity of the 

painting at return to the museum, (about 5 months after neutron activation) is caused by 

radioisotopes with a long half-life, which is mainly ' Co. 

Before the final irradiation, a test irradiation was performed with 2% of neutron flux 

scheduled for the final irradiation. By gamma-ray spectroscopy at several points of time after 

test irradiation, the nuclide content of the painting was determined. From the measurements 

the amount of cobalt on the painting could be calculated and the rest activity of cobalt after 

the final irradiation could be estimated. This proved that the proposed neutron flux of 2.1012 

cm"2 for the final irradiation was allowed. The final neutron irradiation was performed 2 

weeks after the test irradiation. 

All four Evangelists were covered with a substantially yellowed varnish, hiding most of the 

subtle tonal gradations in the flesh tones. In addition, discoloured retouches, notably in the 

facial areas, severely disturbed the appearance of the Evangelists. As part of the conservation 

treatment, it was therefore decided to remove the varnish as well as old retouches. Removal of 

varnish and retouches was carried prior to the autoradiography of St. Luke, for the following 

reasons. Firstly, the varnish layer would act as a filter for low energy beta's emitted by the 

painting after radiation, which would result in a weaker autoradiography signal. Secondly, old 

retouchings are known to contain various pigments, that may consist of cadmium and other 

elements that would lead to nuclides with long half-life time. 

Autoradiography 

Autoradiography has been performed with most sensitive photographic films of KODAK, the 

Biomax MS films (35 cm x 43 cm). These films have a double emulsion layer, one at each 

side. The autoradiography is performed in a light tight box. Each autoradiography requires six 

films to fully cover the painting. In order to enhance the probability of beta-particles to 
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interact with the film, the films are covered with an intensifier foil that reflects transmitted 

beta-particles. A wooden board on top of the intensifier ensures close contact of the films with 

the painting. Table 1 shows the time scheme of autoradiographies that were performed. 

tabic 2 Time scheme of autoradiographies for the Ter Brugghen painting. 

Autoradio

graphy no 

1 

2 

3 

4 

5 

6 

Time after 

neutron irr. 

0h15 

1h20 

2h20 

1 day 

3 days 4h45 

10days2h30 

Autoradiography 

time 

0h05 

0h50 

6h30 

1 day 2h30 

6 days16h45 

4 months 

Nuclides to image 

Co 

Mn 

Mn 

As, Na 

As, Hg 

Co, P 

Result 

Very weak 

Weak 

Very good 

Excellent 

Good 

Weak but good 

During the autoradiographies, gamma-ray spectroscopy measurements were performed with a 

portable high-resolution high purity germanium detector. The detector was positioned on top 

of the box, at a distance of approximately 10 cm from the painting. These measurements 

allowed to identify the radioisotopes that caused the blackening of the films. For example the 

sodium that could be measured during autoradiography 4, appeared to be distributed 

homogeneously over the painting, while the arsenic could only be measured in the blue 

mantle of Luke. Surprisingly, also trace of isotopes like '98Au, l52mEu and 140La were 

detected. Europium and lanthanum were still unknown elements at the time of painting, and 

they must have appeared as a by-product in one of the applied paints. It has not been possible 

to identify the origin of these trace elements and the amounts were too small to influence the 

autoradiography. 

Image processing and correction 

After development the autoradiography films showing the Mn, As and Co distributions 

were digitalized and assembled (figure 6-4, 6-5 and 6-6 respectively). Ideally, before 

digitalization, some technical corrections should be applied first to each individual graytone 

image. First of all, as mentioned above, the neutron flux at the irradiated surface was not 

homogeneous. Thus, in principle a correction for the irradiation pattern, as seen in figure 6-3, 

should be carried out. Secondly, registration of incident radiation by sensitive photographic 

material is subject to a non-linear saturation curve. The speed of saturation relative to the 

amount of radiation received is rather slow in the lower and upper part, whereas saturation 

occurs rapidly in the middle part. 
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Both corrections have not been carried out for the following reasons. The pattern of figure 

6-1 is not directly visible in any of the autoradiographs. Therefore, it can be assumed that the 

effect of an inhomogeneous flux distribution on the final result will be of minor importance. 

Unfortunately, the relation between film saturation and the amount of incident radiation could 

not be specified by the manufacturer of the films. Therefore, a linear relation has been 

assumed. An obvious improvement would be to observe the saturation curve experimentally 

but this could not be carried out within the framework of the current project. 

Spectrometry and Colour Coordinate Calculation 

Graph 1 Reflectance spectra of two modern smalt samples 
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Reflectance spectra were taken from 

undiscoloured samples of smalt using 

a Perk in Elmer LS 50-B fluorospectro-

photometer. Smalt powder was 

measured with an incident beam of 

45°, using variable monochromators, 

capable of covering the 200-800nm 

wavelength spectra. The acquisition 

spectra were calibrated using two re

flection standards, a BaSO.4 white 

standard (93% reflection) and black 

velvet (3% reflection). Graph 1 shows 

the reflectance curve of two modern smalt samples. Smalt Kremer denotes a commercial 

smalt sample produced by Kremer Pigmente (Aichstetten, Germany). The second smalt, 

labelled Smalt UvA, was produced by the Laboratory of Crystallography (University of 

Amsterdam) and the Laboratory of Solid State and Materials Chemistry (Eindhoven 

University of Technology). ' Similar reflectance spectra had been found in earlier studies. 

Mühletahler and Thyssen presented similar microspectrophotometric transmittance curves on 

a partially discoloured smalt sample from Dieric Bouts The Entombment.™ More recently, 

Boon et al. found similar spectra for smalt taken from a painting by P. Aartsen.19 The 

reflectance curves shown above were converted to various digital colour coordinates, 

including XYZ chromaticity coordinates and RGB Tristimulus values, using the Spectra 

Converter software.20 RGB stands for a certain ratio of standardized R(ed), G(reen) and 

B(lue), which translates to a specific colour. Our spectra were converted to an RGB value of 

R5, G35 and B255 respectively. Thus, the approximate original colour of undiscoloured smalt 

could be deduced from its Uv-vis absorption spectra. Represented on the colour spectra, our 

smalt reflectance spectra translate to a slightly greenish blue, as shown in figure 6-7. 
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Digital colour reconstruction 

Using Adobe Photoshop 6.0 image processing software all films of each set were pasted 

together. The software allowed to put all autoradiographies, an X-ray radiography, and a 

visible light image of the painting on matching layers within one image file. Thus, all 

autoradiographies could be compared with each other and the visible image of the painting 

through matching overlays. 

The graytone image autoradiography of As, showing the most pronounced contrast in smalt 

distribution, was selected for the digital reconstructive work. The graytone image of the 

autoradiography was converted to a monochrome blue image with the RGB values 

corresponding to undiscoloured smalt. The left side of the coat was then selected and pasted 

onto the visible light image of the painting. The transparency option of the overlaying mask 

was then set to 'hue' at 100% transparency. As a result, an approximation of the original 

appearance of the discoloured area of smalt was obtained (Figure 6-8). However, this process 

also involved a number of assumptions. 

The exact relation between blackening of the As-film and the original intensity of the smalt 

colour could not be derived from these data. Neither could maxima and minima of the 

graytone image be converted to unambiguously defined saturation coordinates of the smalt 

RGB value. Such data therefore, had to be estimated visually. A linear function was assumed 

between the As-signal and the saturation of the RGB value corresponding to smalt. 

A third factor that influences the relation between original colour and autoradiography 

blackening is the cross section for neutron absorption of each element. Since arsenic has a 

high cross section for activation, As-isotopes are strong emitters of radiation. Like mentioned 

above, smalt particles throughout the entire paint layer can be expected to have contributed to 

the blackening of the As-autoradiograph. The optical appearance of smalt paint, however, is 

dominated by light reflection of the most upper part of the paint layer. For this reason, again, 

the As-signal cannot be taken as a 1 -to-1 linear representative of the original distribution of 

blue colour. It was decided, however, not to correct for these effects for the same reasons 

mentioned above. 

In addition, the following comments should be made on the significance and function of 

colour reconstruction. There is a fundamentally different approach to the concept of colour by 

the art historian and the conservator versus the scientist. The scientist defines colour as the 

function of wavelength and absorption of visible light. In scientific terms, therefore, colour is 

defined as an autonomous entity, totally independent of its surroundings. The art historical 

concept of colour, on the other hand, is defined along the lines of psychological perception. 

The colour of a certain area perceived by the human eye is mostly dependant on its 

surrounding. For the scientist, therefore, colour is an absolute value, while the art historian 

would define colour as something highly relational. This difference in definition is of 

importance for the digital reconstruction of the painting. Our aim was to provide insight into 
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the pictorial consequences of paint discolouration. Thus, the pictorial effect of paint 

discolouration could only be analyzed through comparison of discoloured and reconstructed 

parts of the painting. For this reason it was decided to carry out a partial reconstruction of the 

painting, in which the left side of the mantle was adapted and the right side of the painting 

was left untouched. 

RESULTS 

A cross-section taken from the light part of the Evangelist's mantle shows the paint 

stratigraphy (Figure 6-9). As usual for Caravaggist paintings. Ter Brugghen started with a 

reddish ground on the canvas.21 The first sketch of the painting was made using lead white 

paint to heighten the lighted left side of the portrait. Traces of this lead white underpainting 

are visible through thin and transparent smalt parts of the proper right arm, particularly along 

the elbow, which is the most brightly lit area of the painting. In our cross-section this layer 

lies directly on top of the ground. Ter Brugghen then continued to set up the shaded parts and 

toned down light areas that might appear too bright. This part of the underpainting is the thin 

brownish layer that consists mostly of umber and bone black. Umber is a ferrous oxide, 

containing small amounts of manganese. The Mn distribution, therefore, visualizes the 

underpainting. The presence of Mn 

Graph 2 Gamma ray spectrum, 5h 2min after irradiation w a s confirmed by gamma ray 

spectrometry (Graph 2). This high 

energy resolution spectrum was taken 

above the mantle during exposure of 

the third film. From the measurement, 

it can be concluded that at this 

location. Mn causes 5 times more 

exposure than As. Phosphor is the 

main elemental component of bone 
0 500 1000 1500 2000 2500 3000 

Energy (keV) black, since the pigment was produced 

by burning animal bones. As ex

plained above, phosphor shows up together with C o in the last autoradiography of the picture. 

Finally, the top layer in the cross-section consists of smalt mixed in varying ratios with lead 

white. This layer has been autoradiographed with the signal from As and Co , the main signi

ficant elemental components of smalt. The presence of smalt in this layer was confirmed 

through analysis of a paint sample with PLM and TEM/EDS. A microscope dispersion of a 

sample taken from the mantle consisted of faintly blue, isotropic particles, showing 

conchoidal fracture lines at the edges and a refractive index substantially lower than 1.66. 

Examination with T E M / E D S showed the same morphological appearance of glassy particles, 

consist ing mainly of Si, As , Co and small amounts of K and Ni. 

10 ; 
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The As and Co autoradiographies reveal the original distribution of smalt. On both films the 

brushwork of discoloured smalt, lost on the original, has been made visible. A close 

comparison between details of the original and the corresponding autoradiographs shows the 

distribution of smalt down to single brushstroke resolution. Good examples are Lukes right 

shoulder and the left side of his mantle, as shown in figures 6-10 through 6-13. In the auto

radiography individual brushstrokes can be recognized, showing starting and ending point, the 

brush width and traces of brush hairs. 

The mantle seems to have been executed extremely rapid and fluent, making the impression 

of having been painted in a single session. The shape of the mantle seems to have been 

enlarged at least twice. At the left and right side of the mantle additional folds of cloth were 

added. This might also be the reason for moving the attributes in the background, the ox and 

the candle, further towards the upper corners of the picture, as shown by the distribution of 

umber (Mn) and bone black (P). In addition, the book in the hands of the Evangelist was first 

painted in a slightly flatter position. In the final position the book is depicted in a more 

upright way. The position of the Evangelist's head and eyes seem to have followed the 

modifications that were made to the book. 

In general, however, the portrait was painted without making any significant changes or 

pentimenti. The final execution of the figure of Luke in the top smalt layer seems to follow 

seamlessly the underpainting in umber, used to indicate major shaded parts, such as the 

shadows cast by the figure's head, his arms and hands. These positions were not changed in 

the final paint layer. Neither could such modifications be found in the smalt paint itself. Such 

changes in lower parts of the smalt layer would certainly have been visible on the As 

autoradiography with its high beta energy, but the film did not show any evidence for this. 

The autoradiographies give further insight into the working method of Terbrugghen. The As 

film shows that the presence of As is strictly limited to the discoloured blue area. Therefore, 

smalt was only used in the blue mantle of Luke. Such a limitation in using a specific pigment 

for a certain passage in a painting has been noted earlier."" Van der Wetering concluded that 

17th century painters prepared separate palletes for different parts of the painting, like in our 

case the mantle. Palettes were set with a number of pigments, to be used only for a certain 

part in the painting. It should be noted that 17 century painters prepared their own paints 

and, due to technical and economical considerations, a working method as described above 

would have been a logical consequence. 

In some areas, noticeably on the proper left shoulder and around the left elbow, the paint 

layer was in a very bad condition (Figure 6-14). In these areas the smalt layer seems to have 

been lost completely. The underlaying black background seems to be exposed because of a 

complete mechanical abrasion of the smalt layer, probably caused during rough cleanings in 

the past. Nevertheless, the As and Co autoradiographies show a weak, but profound signal for 

Co and As, strongly indicating the presence of smalt. In addition, on the autoradiographies the 

brushstrokes running through this area appear as continuous lines, without any disruption that 
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would suggest mechanical loss of paint (Figure 6-15). In order to clarify this contradiction a 

cross-section was prepared from such a seemingly smalt-abraded area. This cross-section 

revealed the presence of a thin layer of discoloured and entirely transparent smalt (figure 

6-16). Its transparency caused the underlaying dark brownish paint layer of the background to 

show through. The same phenomenon can be expected to have take place in the proper left 

side of the mantle, where the dark background shows through. Thus, not mechanical abrasion, 

but a complete transparency of the top paint layer seems to be the cause. 

The Co film provided a similar distribution of smalt as was shown by the As film. The main 

difference between the As and Co distributions is that As emits a high-energetic beta that has 

a range of many millimetres. As a result, it will hardly be attenuated by overlying paint layers. 

The As signal thus depicts a distribution of both the intensity and the thickness of the smalt 

paint layer. This can be seen in the lower left comer where, apparently, the pen on the inkwell 

is painted over the mantle. The betas emitted by cobalt, however, have a very low energy and 

they are easily absorbed by thin overlying layers (see again the pen on the inkwell). As a 

result, the cobalt signal depicts a distribution of the intensity of mainly the upper part of the 

smalt layer. Another good example of this effect can be seen in an area where three individual 

brushstrokes have been painted on top of each other (Figure 6-17). The As film shows a 

cumulative signal, composed of all three layers, whereas the Co signal shows no distinct 

difference between single and multiply layered brushstrokes (Figure 6-18 and 6-19). 

Four and a half months after neutron irradiation, the painting was returned to the 

conservators studio. The rest activity of the painting was lower than the background radiation 

level caused by radiation from the universe and construction material from the building. 

DISCUSSION 

Art Historical Implications 

When looking at the digital reconstruction one is struck by the dramatical effect of the 

discolouration. It is obvious that the smalt degradation has altered the appearance of the 

painting severely. But what are the exact consequences - in pictorial terms - for the image of 

the painting ? How does the discolouration interfere with our ability to perceive an image 

from the paint surface ? And even more important: What are the consequences for a 

contemporary 17th century look on paintings, the way the painting was meant to be seen ? In 

order to answer these questions we will first discuss the four Evangelists in their art historical 

context. Attention will be given to the Caravaggist movement in Dutch art and the pictorial 

aims of these artists, in which colour luminosity and illusion of depth plays a crucial role. 
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Terbrugghen as a Dutch follower of Caravaggio 

Towards the end of the 16th century the Italian artist Michelangelo Merisi da Caravaggio, 

called Caravaggio, created his well-known, distinct style of highly realistic, chiaroscuro 

painting. This innovative painting style became quickly popular among artists from Italy, 

Spain, France and Holland. Hendrick ter Brugghen is usually characterized as the most 

important Dutch follower of Caravaggio, besides Gerard van Honthorst, Dirck van Baburen 

and Jan van Bijlert." This group of Caravaggists, also known as the Utrecht School, was 

trained by Abraham Bloemaert (1564-1651). To round up their training they all visited Italy, 

studying classical art, the Renaissance masters and especially the most recent art of 

Caravaggio."? The influence of the Roman paintings of Caravaggio was enormous. His choice 

of themes, manner of painting, lighting, colouring and drama exercised a great attraction on 

young painters. Despite this influence, the Utrecht painters were never slavish imitators. Their 

work shows the undeniable roots of Northern Netherlandish Mannerism. In the paintings of 

Ter Brugghen his education in the late-manieristic atelier of Abraham Bloemaert stays visible. 

One of the characteristics of his style is 'horror vacui', a strong urge to fill the empty spots in 

his paintings with objects like books, papers, curtains and chandeliers. This characteristic 

connects him with the generation of his teacher: in series of evangelists from Wttewael and 

the Gheyn we recognize the same feature.26 

The theme of the four evangelists occurs regularly within the circles of the Utrecht 

Mannerists and Caravaggists. Wttewael was one of the earliest to paint the evangelists 

separately on canvas and panel, before him this was only done in printing. Bloemaert painted 

them together on canvas, although from his atelier we know also separate representations. 

Important series before 1621 are by Wttewael" , and Baburen . Matthew, just as with Ter 

Brugghen, shows an intimate relation between angel and evangelist and the angel's wing 

works in both series as a halo. The books and tables on Baburen's evangelists are used in the 

same way as done by Ter Brugghen in his Luke and John. Although Baburen's evangelists 

face the viewer more directly, his figures aren't dressed all' antica and his background is 

more quiet. Within ten years after Ter Brugghen important evangelist series followed by Jan 

van Bijlert" , Jan Lievens"' , Frans Hals"' and Lambert Jacobs'". 

The prominent role of Ter Brugghen's colourful mantles seems to suggest a special function 

in the iconographical scheme of the portrait series. Such a hidden meaning of the discoloured 

blue mantle would be a relevant aspect of the digital reconstruction of the picture of Luke. 

However, iconographical research did not lead to any clues to a concealed, symbolic 

significance of the green, yellow, red and blue togas. Therefore, the coloured mantles in Ter 

Brugghen's series seem to be an iconographically arbitrary selection of colours, rather than a 

deliberate choice of paints with an underlying, hidden meaning. 
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Pictorial Aims of the Carravagists 

Dramatical spatial illusion and the use of luminous colours are typical for Caravaggesque 

paintings. A number of painterly tricks were used to maximize the suggestion of space. The 

most important device is an almost theatrical lighting of the subjects in a painting. The 

Musical Company in London is a good example of such lighting. Like in other paintings a 

candle is used as single light source. Sharp shadows of drapery and the flute add to the 

effectiveness in creating a convincing illusion of space. Strong and clearly outlined contrasts 

between light and shadow are another effective tool in rendering a spatial and intimate 

scenery. Another effective device is an exaggerated diminuendo of light intensity, as pointed 

out by Van de Wetering. Objects close to the light source are depicted brightly lit, 

sometimes making the impression of "overexposure'. Backgrounds are usually kept much 

darker, even relative to the distance of the light source. 

References to this pictorial effect can be found in a few art theoretical sources. Interestingly, 

in their treatment of light the Caravaggists seem to go against the advice given by various art 

theorists. Willem Goeree, for instance, wrote in his treatise that daylight from above is the 

ideal lighting situation, because daylight: 

creates soft and unified shades and the bodies keep their shape through simple 

reflexions in a natural way as they show themselves without restlessness and 

hardness. 

Long before Goeree another authoritative source, Leonardo da Vinci, had already warned 

against hard contrasts due to strong illuminations, commenting that 

This device is to be employed seldom in painting, because such works are crude and 

without attractiveness (crude e senza grazia). 

It almost seems as if the Caravaggists with their harsh contrasts in light and shadow and 

strong single light sources deliberately opposed textual descriptions as mentioned above. 

Crude and harsh lighting conditions were used intentionally in order to maximize spatial 

illusion. In addition, Caravaggio and his followers categorically abstained from using soft, 

blurred or 'smokey' contour lines, described by the Italians as sfumato. According to 

contemporary sources this device, again, was a tool to give a painting 'sweetness' or 

'softness'. The Caravagists instead, are known to have used strong, sharp edges between 

bordering paint areas. As Van der Wetering suggested, crudeness or hardness, as opposed to 

'attractiveness or sweetness', might just have been the deliberate pictorial aim of Caravagist 

painters. 
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Another typical feature of Caravaggesque painting is the use of highly luminous colours. 

Strong hues of red, yellow and green can be seen in most pictures by Terbrugghen. It should 

be noted that such colours are hardly subordinated to the lighting situation of the scene 

depicted. Colour retains its autonomy, as described by Van der Wetering. This is exemplified 

by the fact that white highlights are given a slight, but noticeable hue of the underlaying 

colour. For instance, red parts of a costume are given reddish highlights, each part having his 

own highlight. Such 'pedantic' treatment of colour cannot be found with other painters of the 

17th century. The optical result, however, is the experience of independent and strongly 

luminous colours in the painting. 

Pictorial effects of discolouration 

The use of brilliant colours and convincing suggestion of spatial depth, therefore, plays a 

prominent role in Ter Brugghen's oeuvre. Both pictorial aspects, however, are severely 

disturbed by the discolouration of smalt. First of all, the discoloration affects the suggestion of 

space. This becomes clear when comparing the reconstruction with the discoloured original. 

In figure 6-8 the left side of the coat has been reconstructed, while the right side has been left 

unchanged. The left side conveys the sensation of depth and three-dimensionality to the 

viewer, while the right side of the coat remains a greyish flat area without any suggestion of 

space. Any contrast, or even marks of brushstrokes are no longer visible in this part of the 

picture. The folds on the left side of the coat and the shadows cast, however, help the eye to 

understand the three-dimensional relations in this part of the picture. In addition, the 

transparency of the smalt layer has caused underlaying paint layers to shine trough, as can be 

seen on Luke's proper right side, where the lead white underpainting has been exposed. This 

not only interferes with the suggestion of depth in the picture, it also has disastrous 

consequences for the imitation of the texture of the mantle. The pigment has become 

transparent, which has caused the underlaying paint to shine through the smalt layer. The 

mantle no longer appears as a texturized, spatial drapery, but rather as flat, uncomprehensible 

layer of paint. Thus, loss of suggestion of depth is the most evident consequence of paint 

discolouration. 

The second effect can only be evaluated when comparing the discoloured Luke with his 

fellow-Evangelists. Matthew, John and Marc have been preserved in excellent physical 

condition and have not suffered from discolouration phenomena. As mentioned above all 

Evangelists are depicted in a similar setting, wearing bright, colourful togas. It should be 

noted that the colours used, blue and yellow and red and green respectively, are so called 

'constrasting colours' which are perceived by the human eye as distinctly opposite. It is quite 

conceivable, therefore, that the hue of the prominent colourful togas of the Evangelists must 

have been carefully balanced in order to produce a harmonizing series of portraits. As a 
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consequence, the degradation of smalt disturbs the colour harmony in these portraits. Or, in 

less subjective words, the ensemble of colours in the portraits has been changed. 

In a 21s ' century perception, both aspects of spatial illusion and colour harmony are separate 

characteristics of the visual arts. No necessary connection between both issues is felt when 

looking at paintings. Colour harmony for instance can be enjoyed in an abstract painting 

without feeling the urge to undergo the illusion of spatial depth. 

It should be stressed that this separate experience of colour harmony on one side and spatial 

illusion on the other was not shared by the 17" century viewer. On the contrary, in the 17" 

century perception colour harmony and illusion of space were seen as strongly intertwined 

aspects of painting. This combination of colour harmony and spatial illusion has been referred 

to as "houding" in contemporary 17" century theoretical sources. The word 'houding' in 

modern Dutch is translated as 'attitude" in English. Paul Taylor, however, has elucidated the 

complex double meaning of the concept of Houding in 17" century artistic vocabulary.J<1 The 

leading Dutch art critic of the Dutch Golden Art, Samuel van Hoogstraten gives the following 

description of the concept of'houding' 

Thus it should be commented on metaphorical order and beautiful arrangement. This 

secret of art we are common to expres by 'Houding'. And in colouring this means the 

same as symmetry, analogy, harmony and proportion in the art of arrangement. It is 

also similar to conformity and a charming way of singing in music. Because it 

involves a pure gathering of harmonizing force : the arrangement of colour, which we 

call the 'Tuylkonst'. And the righteous arrangement of lights and shadows as well as 

pulling forward, pushing backwards, rounding and foreshortening. And it finally 

leaves nothing excluded of the things mentioned above which are part of a perfect 

painting: 

This paragraph stresses the double concept of houding, which combines harmonic ideas of 

colour with a convincing suggestion of space. This latter part of the concept of houding is 

expatiated on in another contemporary theoretical work by Willem Goeree. Goeree writes : 

'Houding' is one of the most essential things one can observe in a drawing or 

painting, because it gives us the same optical experience that we enjoy when looking 

at things in nature. / / 'Houding ' cannot be found in an artifical image, such drawings 

or paintings have no reason and appeal's are more than half dead. Through the lack of 

'Houding' things appear mixed up, packed together tumbling against us. In such a 

way that nothing can be more against reason than to place things without 'Houding'. 

It is necessary to show what 'Houding' is and through which actions it can be 

obtained. Houding -in order to express the meaning of this art term and the force of 

its essence - is that which connects everything in a drawing or painting, which makes 
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recede or advance and puts everything in its place, without making it appear closer of 

further away, nor to make it lighter or darker than its closeness or distance allows. In 

a way that everything, without confusion, loose from others in its neighbourhood, 

stand on its own place, and keeps its size and colour, light and shadow. So that one 

can detect with one's eyes the space in between, the distance between each object, 

receding or advancing, as if it were accessible by foot and firmly planted on its place : 

and this one calls 'Houding''. 

The 17n century viewer of paintings, therefore, wanted to undergo illusion of space combined 

with an aesthetical experience of colour harmony. As described above the discolouration of 

smalt destroys colour balance and illusory depth. Much worse for the 17th century eye, 

however, is the disastrous effect on the subtle and highly esteemed relation between both 

aspects. The unity between colour and spatial deception is completely ruined. In 17th century 

words the houding of the portrait of Luke is lost. The modern viewer is able to tone down the 

effects of discolouration by experiencing colour and spatial depth as separate entities. As 

demonstrated above the 17 century viewer had a much more integrating look on paintings, 

which did not allow for a separate and selective experience of both aspects. In the 17th century 

perception of painting therefore, the effect of discolouration must have had truly disastrous 

consequences. Much more so than the present day museum visitor realizes. 

CONCLUSION 

In the study above we described the digital reconstruction of a smalt discoloured painting, 

Luke the Evangelist, by Hendrick ter Brugghen. Such digital reconstructions have been 

carried out in the past, but in this article a new methodology is introduced. Our method for the 

reconstruction relies on surface rather than spot examination, providing local experimental 

data on original colour. It was shown how a combination of autoradiography, colour 

digitalization of undiscoloured smalt and image processing resulted in an image of the 

approximate original appearance of the painting. 

Comparison between the present day painting and the reconstruction allowed us to evaluate 

the pictorial consequences of paint discolouration. It was shown how the discolouration 

would have been experienced by a 17th century viewer of the painting. Given the importance 

of the notion of houding in the 17 century art theory it was concluded that the discolouration 

is much more disturbing for the 17' century perception of painting than for the present day 

witness. 

We feel that a digital reconstruction can be a powerful tool in raising awareness for 

sometimes dramatical material changes in works of art that occasionally remain unnoticed by 

art historians. In addition, we hope to have demonstrated that such material changes go hand 
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in hand with optical and pictorial alterations that have direct consequences for art historical 

interpretations. 

Autoradiography after neutron irradiation proved to be a valuable method to learn about the 

set-up of a painting. The distribution of different paints could be visualised with sub-

millimetre resolution, showing precisely every brush stroke that the painter had originally 

made. Even small changes that the painter made in the set-up could be visualized. Especially 

smalt is an interesting colour for autoradiography because it contains two elements, As and 

Co, which can be visualized individually without interference of other elements. 
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NOTES 

I B.Mühlethaler and J.Thyssen, "Smalt", in : A.Roy [ed.], Artist's Pigments: A handbook of 
Their Characteristics, volume 2, 1993, p. 113-130 
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details on the reconstruction of smalt to published elsewhere 

see note 1. p. 116 

19 see note 7, p. 957 

0 by the Dept. of Information Technology of Lappeenranta University of Technology, 
Lappeenranta. Finland. During our research in the fall of 2001 the Spectrum Converter 
software could be accessed through the internet at 
http://www.it.lut.fi/research/color/lutcs_database.html 

1 The use of red ochre ground is characteristic for Caravaggist painters, see M. Koller, "Das 
Staffeleibild der Neuzeit", in : II. Kühn, Farbmittel, Buchmalerei, Tafel- und 
Leinwandmalerei, Stuttgart, 1984. p. 350 

22 E. van de Wetering, "Reflections on the relation between technique and style: the use of the 
palette by the seventeenth-century painter", in : A. Wallert fed.]. Historical Painting 
Techniques, Materials and Studio Practice, Preprints of a Symposium, Leiden, 26-29 June 
1995, p. 196-203 

"" the pictorial consequence of discoloured paint was discussed earlier by the authors in Den 
Leeuw and Dik, 2000, see note 8 

!4 A. Blankert, "Caravaggio en Noord-Nederland", in : Nieuw licht op de Gouden Eeuw : 
Hendrick Ter Brugghen en tijdgenoten, Utrecht/Braunschweig, 1986. p. 17-42 

" W. Kloek. "The Caravaggisti and the Netherlandish Tradition", in : R. Klcssmann (Hrsg.) 
Hendrick ter Brugghen und die Nachfolger Caravaggios in Hol/and, Braunschweig, 1987, 51-
58 

2(1 A. W. Lowenthal, Joachim Wttewael, Groningen, 1986, A65-A68, A54-56, A69-A71 

: ' from one series, to be dated 1610-1615, two paintings are in the Rijksmuseum, Amsterdam. 
A second series, dated 1616, is in Stuttgart 

"s The series of Baburen in La Seo, Saragozza is the most important 

~ one in Utrecht, one in Belfast 

11 all four in Bamberg 

J ' two in Odessa, one in the Paul Getty Museum 

32 all four in Rouen 

3 E. van de Wetering, "Some Remarks on Light, Colour and Form with the Dutch 
Caravaggists", in : R. Klessman (Hrsg.), Hendrick ter Brugghen und die Nachfolger 
Caravaggios in Holland, Braunschweig, 1988, p.45-50 

W. Goeree, In/eydinge tot de algemeene Teyken-konst, Middelburg, 1670. p.63-68, cited 
from op. cit. Van de Wetering 1988, note 8 
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3 Leonardo da Vinci, Treatise on Painting "Codex Urbinas Latinus 1270", translated and 
annotated by A. Philip McMahon, 2voIs, Princeton, 1965, p.258-259, no.764, Fol. 207v, cited 
from op. cit. Van de Wetering 1988, note 4 

'6 P. Taylor, The concept of Houding in Dutch art theory", in : Journal of the Warburg and 
CourtauldInstitutes, vol. 55, 1992, p. 210-222 

cited and translated into English by the author from S.van Hoogstraeten, Inleyding tot de 
Hooge Schoo/e der Schilderkonst, Rotterdam, 1678, p.300 

Zoo resteert er noch van der zelver overeendrachtige ordening en meedevoeglijke schikkinge 
te spreeken. Welke geheymenis der konst wy gewoon zijn met het woort Houding uit de 
drukken; 't welk in het koloreeren even het zelve heteykent, als konst der maetschiklijkheyt der 
woorden Simmetrie, Analogie, Harmonie, en Proportie; zijnde ook als de overeenstemming en 
bekoorlijke zangwijze inde Muzijk Want het begrijpt in zich een zuivere vergaderinge van 
samenstemmende kracht: het wel schikken der koleuren, 't welk wy de Tuilkonst noemen; en 
de ordentlijke schikking van lichten en schaduwen; nevens het voorkomen, wechwijken, 
ronden, en verkorten; en laet eyndelijk niets uitgeslooten van al 't gene dat, booven 't geene 
dat reets verhandelt is, tot een volmaekte Schildeiye behoort. 

J cited and translated into English by the author from op cit Goeree 1670 p. 128-129 

De Houdinge is een van de nootwendigste dingen die in een Tekening of Schilderye moet 
waargenomen worden; om dat zy ons het zelve gevoel aan het oog doet krijgen, dat wy in 't 
beschouwen van de natuurlijke dingen genieten. Want wanneer de Houdinge in de 
nagebootste beeldnisse niet gevonden word, zijn sulke Teikeningen en Schilderyen redenloos, 
en meer dan half dood. Ook schijnen de dingen, door de ontbeering der Houding, alle 
malkanderen verward, op een gepakt, of tommelings tegen ons aan te val/en; sulks dat'er in 
de geheele konst niets gedaan kan worden, dat meer tegen de reden aan kan hopen, dan 
dingen sonder Houding te plaatsen, 't Is noociig, dat wy toonen wat de Houding is, en door 
wat opmerkende daad men die moet sien te bekomen. Houdinge, om den zin van het konst-
woord, en de kragt van hare natuur uyt te drukken, is dat gene, welk alles in een Teikening of 
Schi/deiye verbond word, doet agter en voor uyt wijken, en alles van het voorste tot het 
middelste, en van daar tot het agterste, op sijn eigen plaats doet staan, sonder nader of verder 
te schijnen, noch ligter of donkerder te vertoonen, als sijn ver-heid of nabyheid toelaat; 
invoegen veder ding, sonder verwerring, los en wel uyt andere die 'er nevens en omtrent zijn, 
en op sijn eigen stant-plaats, soo wel van grootte als van kleur, ligt en schaduwe gehouden 
blijft; ja dat men de tussen-ruimte van de plaats, of distantie die tussen yder lichaam open en 
ledig is, van zig wijkende, of na zig toekomende natuur/ijk met het oog, als of het met de 
voeten toegankelijk ware, kan naspeuren, en op sijn plaats geplant vinden: en dit noemt men 
Houdinge. 
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Deze dissertatie beschrijft een materieel-technisch onderzoek op het gebied van de 

beeldende kunst. De afgelopen decennia heeft de materiële analyse van kunstvoorwerpen een 

steeds belangrijker aandeel in de bestudering van kunst gekregen. In de eerste plaats is kennis 

van materiële en technische aspecten van belang bij de restauratie en conservering van 

kunstvoorwerpen. Inzicht in het historische maakproces is een onmisbaar element bij een 

verantwoorde restauratie. In toenemende mate speelt de materiële analyse van kunst ook een 

rol in het kunsthistorische echtheidsonderzoek. Er bestaat immers de principiële mogelijkheid 

om originele kunstwerken op grond van materiële eigenschappen te onderscheiden van latere 

kopieën of vervalsingen. Ten derde blijkt het materiaal van een kunstvoorwerp een rijke bron 

van informatie over het voorwerp zelf. Het authentieke materiaal van een object blijkt soms 

inzicht te bieden in de functie, het artistieke concept, de context en andere immateriële 

aspecten van kunstvoorwerpen. 

Van huis uit is de kunstgeschiedschrijving een literaire aangelegenheid. In het 

conventionele kunsthistorische onderzoek staan dan ook immateriële ontwikkelingen in de 

kunst centraal, zoals bijvoorbeeld de kunsttheorie, de iconografie of de stilistiek. Vragen die 

men in de kunstgeschiedenis stelde, beginnen meestal met vraagwoorden als wie, wat en 

wanneer. Het vraagwoord hoe bleek in het vocabulaire van kunsthistorici maar nauwelijks 

voor te komen. Op een enkele uitzondering na was er tot in de jaren '70 van de vorige eeuw 

weinig belangstelling voor de materiële aspecten van kunst. Echter, om voornoemde redenen 

heeft de technische bestudering van kunstvoorwerpen de laatste tijd aan terrein gewonnen. 

Sinds enkele jaren is de term technical art history in zwang geraakt geraakt als aanduiding 

voor de bestudering van het maakproces van kunst. De toenemende populariteit van deze 

nieuwe tak van wetenschap blijkt o.a. uit recente overzichtstentoonstellingen en 

oeuvrecatalogi, zoals bijvoorbeeld de exposities over Van Gogh en Gauguin in het Van Gogh 

Museum (2002) of de overzichtstentoonstelling over 17e eeuwse stillevens in het 

Rijksmuseum (1999). 

Het grootste deel van deze studie betreft de Europese productiegeschiedenis van Napels 

Geel ofwel loodantimonaatgeel. Loodantimonaatgeel is één van de belangrijkste synthetische 

pigmenten in de geschiedenis van de beeldende kunst. De eerste vondsten van het gebruik van 

deze gele stof dateren uit de 18° Egyptische dynastie (ca. 1450 v. Chr). Het pigment bleef in 

gebruik tot aan de opkomst van innovatieve gele pigmenten in de 19° eeuw n.Chr. 

Het productieproces van loodantimonaatgeel is in de loop van de afgelopen vier eeuwen 

sterk veranderd, hetgeen valt op te maken uit productierecepten van het pigment in historische 

teksten. Er blijkt sprake van continue veranderingen van productieomstandigheden, waarbij 

zowel de uitgangsstoffen als ook de verhouding van ingrediënten steeds werden gewijzigd. In 
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dit proefschrift gaat het om de vraag of de veranderende productieprocessen tot chemische 

verschillen in de structuur en samenstelling van het pigment hebben geleid. Bovendien rijst de 

vraag of dit mogelijkheden biedt om historisch loodantimonaat op grond van deze verschillen 

te dateren. 

Het materiële onderzoek van kunst is vooral vruchtbaar wanneer natuurwetenschappelijk 

onderzoek gepaard gaat met bestudering van kunsttechnologische bronnen waarin het 

maakproces van kunst wordt beschreven. De methodologie van dit interdisciplinaire 

onderzoek, waarbij zich enkele specifieke problemen voordoen, is onderwerp van 

hoofdstuk 1. In de eerste plaats wordt aandacht besteedt aan de interpretatieproblematiek van 

historische bronnen, de zogenaamde historische kritiek. Diverse bronnen, zoals technische 

manuscripten en tractaten leveren gegevens over de productie van loodantimonaat. Echter, om 

verschillende redenen is de precieze betekenis van deze gegevens niet altijd helder. 

Onduidelijkheden doen zich ondermeer voor rond de historische terminologie. Bij de 

natuurwetenschappeljke analyse van loodantimonaat is veel gebruik gemaakt van de 

röntgendiffractie. In hoofdstuk 1 worden enkele voor dit onderzoek relevante principes van de 

kristallografie en de röntgendiffractie belicht. 

In hoofdstuk 2 gaat het om de productiegeschiedenis van loodantimonaatgeel in het 16° 

eeuwse Italië. De omstandigheden waaronder dit pigment plotseling in Italië werd toegepast 

waren onduidelijk. Twee manuscripten komen aan bod, waarin de productie van 

loodantimonaatgeel gedetailleerd wordt beschreven. Reconstructies volgens deze receptuur 

werden uitgevoerd en de producten werden onderzocht middels röntgenpoederdiffractie. De 

resultaten laten zien dat er drie, wellicht zelfs vier verschillende typen loodantimonaatgeel 

kunnen wordt gesynthetiseerd. Twee van deze verschillende loodantimonaatgelen waren al 

bekend en zijn al eerder analytisch op kunstwerken aangetoond, waaronder een tin houdend 

loodtinantimonaatgeel. In de literatuur is gesuggereerd dat dit loodtinantimonaatgeel slechts 

lokale toepassing heeft gekend, namelijk in de schilderkunst in Rome rond het midden van de 

1T eeuw. Op grond van onze bevindingen moet deze suggestie van de hand worden gewezen. 

Het onderzoek heeft verder aangetoond dat de kennis van loodantimonaat niet uit Italië zelf, 

maar uit het oostelijke Middenlandsezeegebied afkomstig moet zijn geweest. Venetië heeft 

daarbij geprofiteerd van twee grote immigratiegolven van keramiek- en glaswerkers, met 

name na de val van belangrijke glascentra als Damascus rond 1410 en Constantinopel in 

1456. Overigens is er ook na de kennisoverdracht van loodantimonaatgeel sprake van een 

blijvende relatie met de oostelijke Mediterranee. Uit bovengenoemde receptuur blijkt 

namelijk dat een van de uitgangsstoffen, zgn. tutia A/lessandrina, zinkoxide danwei tinoxide, 

uit het Egyptische Alexandrië werd geïmporteerd. 

Hoofdstuk 3 houdt zich vervolgens bezig met de introductie van loodantimonaatgeel in 

Noordeuropese schilderateliers na 1700. Tot die tijd was het middeleeuwse lood-tin-geel het 

meest gebruikte gele pigment, maar werd rond 1750 geheel door loodantimonaat vervangen. 

De synthetische aard van loodantimonaatgeel bleef tot aan het midden van de 18e eeuw voor 
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Noordeuropese schilders verborgen. Tot die tijd werd het pigment dan ook vanuit Italië 

geimporteerd. Wijdverbreid was het gerucht dat Napels Geel een mineralogisch gesteente zou 

zijn, afkomstig van de vulkaan Vesuvius in de baai van Napels. Pas na het midden van de 18° 

eeuw achterhaalde en publiceerde een Franse wetenschapper een productierecept, dat 

overigens afwijkt van vroege Italiaanse recepten. Wederom zijn reconstructies van deze 

receptuur uitgevoerd, de producten geanalyseerd en vergeleken met monsters van 

contemporain Ioodantimonaatgeel van gedateerde schilderijen. De verandering in de 

productiemethode, met name de toevoeging van aluin ofwel kalium aluminium sulfaat 

dodecahydraat, heeft de vorming van een significante hoeveelheid kaliumloodsulfaat als 

bijproduct tot gevolg. Deze stof werd in alle verfmonsters uit de tweede helft van de 18e eeuw 

aangetroffen, hetgeen van belang zal zijn voor toekomstig echtheidsonderzoek van 

schilderijen en beschilderde objecten. Tenslotte werden een aantal economische en historische 

ontwikkelen genoemd die kunnen verklaren waarom lood-tin-geel rond 1750 in onbruik 

geraakte. 

Verschillende 19° eeuwse monsters van Ioodantimonaatgeel zijn in diverse historische 

pigmentcollecties bewaard gebleven, onder andere in de zgn. Hafken.se/ieidt collectie van het 

Teylers Museum te Haarlem. In hoofdstuk 4 is de samenstelling en structuur van een vijftal 

authentieke loodantimonaatmonsters onderzocht met behulp van synchrotron- en röntgen-

poederdiiïractie en een aantal aanvullende techieken, waaronder transmissie electronen 

microscopie (TEM) en elektronen-één-kristaldiffractie. Ook deze 19e eeuwse monsters bleken 

karakteristieke samenstelling en structuur te hebben. Twee van deze (vroeg 19e eeuwse) 

monsters bleken naast loodantimonaat als hoofdbestandeel ook kleinere hoeveelheden 

kaliumloodsulfaat te bevatten, hetgeen overeenkomt met de I8C eeuwse reconstructies en 

pigmentmonsters. In één van de monsters werd bovendien een tot nog toe onbekende 

kristalstructuur ontdekt, een orthorhombische loodantimonaatfa.se met de samenstelling 

Pb2SbOx 4.5<x<6.5 

Waar de eerdere hoofdstukken aanknopingspunten bieden tot het dateren van 

loodantimonaten, heeft hoofdstuk 5 tot doel vast te stellen of de geografische oorsprong van 

Ioodantimonaatgeel bepaald kan worden. Hiertoe werd een loodisotopenanalyse (LIA) 

uitgevoerd op een aantal monsters. Middels LIA kan de exacte verhouding tussen natuurlijk 

voorkomende loodisotopen worden bepaald (204Pb, 2,)6Pb, 207Pb en 20SPb). De 

isotopenverhouding van loodertsen kent een sterke variatie. Recentelijk zijn vrijwel alle 

loodertsen in Europa en de Mediterannee met behulp van LIA onderzocht. Op deze wijze 

heeft o.a. het Isotrace Lab te Oxford een isotopenatlas opgebouwd, waarin alle belangrijke 

historische vindplaatsen van lood zijn opgenomen. Dit opent de principiële mogelijkheid om 

de geografische herkomst van het lood in loodhoudende materialen te traceren. In dit 

hoofdstuk wordt een eerste test beschreven waarbij deze techniek ook op verf- en 

pigmentmonsters wordt toegepast. Als resultaat van dit onderzoek konden Noord- en 

Zuideuropese loodantimonaten worden onderscheiden en werden een aantal mogelijke exacte 
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herkomstplaatsen aangewezen. 

Inhoudelijk en technisch gezien staat hoofdstuk 6 los van de eerdere hoofdstukken. Het 

pigment smalt is één van de meest voorkomende blauwe pigmenten in de \T eeuwse 

schilderkunst. Smalt bestaat uit fijngemalen blauw glas dat door aanwezigheid van kalium en 

cobalt een intens blauwe kleur heeft. In de 17c eeuw was smalt een relatief goedkoop pigment 

en werd veel gebruikt als substituut voor duurdere blauwe pigmenten als azuriet en 

ultramarijn. Belangrijkste nadeel van dit pigment is echter dat het in loop van tijd verkleurt. 

Veel schilderijen van Hendrick ter Brugghen hebben te lijden onder dit 

verkleuringsverschijnsel. Een dramatisch voorbeeld is het schilderij de Evangelist Lukas uit 

1621, waarop de oorspronkelijk diepblauwe mantel van de evangelist is verkleurd tot een 

vaalgrijze kleur. 

In deze studie is een poging ondernomen het oorspronkelijk uiterlijk van het schilderij 

digitaal te reconstrueren. Middels neutronenaktivering en aansluitende autoradiografie werd 

een tweedimensionaal verdelingsbeeld verkregen van de verkleurde, en soms ook 

doorzichtige, blauwe verf. Digitale kleurcoördinaten van onverkleurd smalt werden afgeleid 

van reflectiespectra. Op basis hiervan werd een digitale kleurreconstructie gemaakt. De 

picturale implicaties van de verkleuring werden vervolgens besproken binnen een 

kunsthistorisch kader. 
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SUMMARY 

This thesis describes a research project in the field of technical art history. Subjects of this 

study are the production history of Naples Yellow and the discolouration of smalt. Naples 

Yellow, or lead antimonate yellow, is the most important synthetic yellow pigment in the 

history of the visual arts. The usage of lead antimonate covers a period of more than 3500 

years, the first application of the pigment dating back to the 18" Egyptian dynasty (ca. 1500 

BC). The production history of the pigment, notably over the past few centuries, is rather 

diverse and not well understood. This research project focussed on the European history of 

the pigment from the 16th to 19th century. The aim of this study was to describe different 

manufacturing methods and, subsequently, different forms of lead antimonate used at 

different periods over time. Secondly, the discolouration phenomenon of the blue painting 

pigment smalt was studied. Based on a number of analytical techniques a digital 

reconstruction was made showing the approximate original appearance of a smalt-discoloured 

painting. 

Unraveling the history of the manufacture of Naples Yellow requirs a close comparative 

research studying textual sources as well as scientific analysis of authentic pigment material. 

After interpretation of historical production literature, reconstructions of the pigments are 

made according to the descriptions in these sources. Subsequently, these reconstructions are 

studied using various analytical techniques. Both paths of research, scholarly interpretation of 

sources and scientific analysis of art objects, as well as some peculiarities of such 

interdisciplinary research are discussed in chapter 1. 

During the Middle Ages the application of lead antimonate yellow seems to have been 

limited to the Eastern Mediterranean. In the early 16lh century the use of the pigment is then 

suddenly taken over by Italian ceramic artists. The circumstances under which lead 

antimonate suddenly popped up in Italian Renaissance are investigated in chapter 2. Two 

contemporary Italian manuscripts are discussed in which the synthesis of lead antimonate 

yellow is described under the nomenclature of Potters' Yellow. Reconstructions according to 

these pigment recipes show that at least three, possibly four different types of lead antimonate 

can be produced. Some of these types, notably lead tin antimonate, have been found in earlier 

studies. No evidence was found for a locally limited use of this type of Naples Yellow, as has 

been suggested in earlier studies. These findings should therefore be of interest to authenticity 

studies. Documentary and analytical evidence indicates that the knowledge on lead 

antimonate yellows originates from Middle East ceramical and glass industries. It is argued 

that the know-how on the production of lead antimonate yellows has been transferred through 

the migration of glass artists from the Eastern Mediterranean to Venice during the 15 

century. 
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Chapter 3 deals with the introduction of lead antimonate yellow in Northern European 

painter studio's after 1700. North European painters, however, hardly applied Naples Yellow 

before 1700. Instead, the traditional yellow pigment lead-tin yellow remained highly popular 

until about 1730, when it was replaced gradually by Naples Yellow. When the pigment was 

first imported from Italy, the origin of Naples Yellow remained a mystery to North European 

artists and craftsmen. Only during the second half of the 18'h century Germans. Frenchmen 

and Dutchmen seemed to have learned to produce lead antimonate themselves. This 

development is discussed from technical, economical and art historical points of view. In 

addition, a contemporary Northern European manual is examined and pigments are 

reconstructed according to the descriptions given by the manual. The results show interesting 

characteristics of 18,h century lead antimonates that clearly differ from earlier Italian types, 

which could be helpful in art historical authenticity questions. 

Various original samples of 19lh century lead antimonate yellow have been preserved in 

several historical pigment collections, such as the Hafkenscheidt collection at the Teylers 

Museum (Haarlem, Holland) and the Turner pigment collection at the Tate Gallery (London, 

UK). In chapter 4 pigment samples are subjected to extensive analysis, including 

synchrotron- as well as laboratory-based X-ray powder diffraction and single crystal electron 

diffraction. Again, chemical characteristics of these samples are discussed in the context of 

19th century textual sources on lead antimonate yellow. In addition, a new phase of lead 

antimonate (Pb2SbG\ 4.5<x<6.5) has been discovered. 

While the earlier chapters deal with chronological characteristics of lead antimonate 

production, chapter 5 is aimed at locating the geographical origin of the pigment. Lead 

isotope analysis (LIA) is used to determine the exact isotopic ratio of naturally occurring lead 

in lead-bearing material. Given the exact knowledge of isotopic characteristics of ores, it is in 

principal possible to deduce the ore source of the lead. LIA was performed on a few 18n and 

early 19'h century samples of lead antimonate yellow. Samples were taken from historical 

pigment collections as well as a painting of known date and origin. The results show that the 

method can be applied successfully to the study of paint samples. 

Chapter 6 discusses the digital colour reconstruction of a 17l century Dutch painting 

containing discoloured smalt. Smalt is one of the most common 17 century blue painting 

pigments. Smalt consists of cobalt-coloured potassium-enriched glass, that is ground to a fine, 

intensely blue powder. Being at the time a relatively cheap pigment, smalt was used as a 

substitute for other, more costly pigments roughly between the 15th and 171'1 centuries. As 

main disadvantage, however, smalt has shown to discolour over the years. The paintings of 

the Dutch painter Hendrick Ter Brugghen show severe signs of smalt discolouration. A 

dramatic example of such degradation can be seen in his painting St Luke. Employing a 

variety of analytical techniques, this chapter presents the digital reconstruction of the 

approximate original appearance of a painting suffering from severe smalt discolouration. The 

chapter also discusses the pictorial and art historical implications of paint discolouration. 
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COLOUR ILLUSTRATIONS 

-148-



figure 2-1 potters' yellow type I (using Sb;Oi) formed at different temperatures 

figure 2-3a.b fragments of Italian Majolica (no.3) and Dutch Majolica (no. I) showing yellow paint 
containing lead antimonate yellow 
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figure 4-1 

abel of sample D36 : Extra fraai oud donker of oranje 
Napels Geel 1804 

figure 4-2 

label of sample D37 : Napels Geel Rome 1826 

fimire 4-3 label of sample HIST50 : Neapelizelh : Neapolitanisches Ge/h : Verbindung des 
Spief}=glanzes, Bleies : G..alaun(loth)? 
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figure 4-4 Bright Field Image of several crystallites of D37 examined with EDS and electron diffraction 
figure 4-5 Backscattcred electron image of Böcklin 13 

figure 6-1 The Evangelist Luke by Hcndrick Terbrugghen. 162 I 
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figure 6-2 

The Evangelists John (a). Matthew (b) 
and Marc (c) by Hendrick Terbrugghen 

thermal neutron flux 
[cm-2s-l) 

Figure 6-3 Thermal neutron 
distribution over the irradiation 
surface on the shielding ear. The 
step size between the lines is 10s cm" 
V ' and the maximum thermal flux is 
109cm"2s 

Y-axis (cm) 

Opposite page 

Figure 6-4 
autoradiography showing mainly 
Vln distribution and traces of As 

distribution 

Figure 6-5 
autoradiography showing As 

distribution 
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Figure 6-6 autoradiography showing Co and P distribution 

Figure 6-7 visible light spectrum (380-515nm) showing slightly greenish blue colour of undiscoloured 
smalt 

-154-



HHSSHBI •' 

Figure 6-8 digital image showing reeonstruction of left side of mantle and present state right sick 
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Opposite page 

figure 6-11 

corresponding area 
on As autoradio

graphy (see fig. 6-10) 

figure 6-12 

detail of Luke's 
mantle 

figure 6-9 

Cross-section 
through discoloured 
mantle showing 
paint stratigraphy 

figure 6-10 detail of Luke's right shoulder 
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figure 6-13 

correspond ing 
area of As 

distribution 
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figure 6-15 corresponding area on the Co autoradiography 

figure 6-16 

cross-section showing presence of 
discoloured smalt in top layer 

Figure 6-17, 18. 19 detail of right side of Luke's mantle, corresponding area of As autoradiography, 

corresponding area of Co autoradiography 

-159-






