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Perhaps the most notable changes in pigment research
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Preface

The National Gallery of Art is delighted to present the third vol-
ume in the series Artists’ Pigments: A Handbook of Their His-
tory and Characteristics. This project originated with the late
Rutherford J. Gettens, formerly of the Freer Gallery of Art, who
envisioned the compilation of a comprehensive, scholarly guide
to artists’ pigments and related materials more than thirty-five
years ago. The series now comprises volume 1, edited by Robert
L. Feller, and volume 2, edited by Ashok Roy, as well as this
latest installment expertly edited by Elisabeth West FitzHugh,
research associate in the Department of Conservation and Scien-
tific Research at the Freer Gallery of Art and Arthur M. Sackler
Gallery of Art, and Gettens’ colleague for many years. The pro-
ject continues under the guidance of the National Gallery of
Art’s chief of conservation, Ross M. Merrill, who, with Barbara
Berrie, senior conservation scientist, is currently overseeing pro-
duction of a fourth volume.

Volume 3 includes ten additional pigments from some of the
earliest, such as Egyptian blue and gamboge, to later, man-made
colorants such as Prussian blue and the present century’s tita-
nium dioxide whites. With these latest additions, the series now
covers forty “traditional” pigments; the two remaining will be
included in volume 4. Also offered for the reader’s benefit are
more than 200 images including works of art that were created
with the pigments described, as well as x-ray diffraction pat-
terns, scanning electron micrographs, and thin-layer chro-
matographs. The present volume, like its predecessors, marks
the culmination of considerable research and analysis by conser-
vators and conservation scientists, and represents the Gallery’s
commitment to sharing knowledge assembled by these
researchers from all over the world. I wish to express my grati-
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PREFACE

tude for their labors and the efforts of the Gallery’s Conservation
Division.

Our thanks also to the Andrew W. Mellon Foundation and the
Publications Fund of the National Gallery of Art for their contin-
uing support of this series.

EARL A. POWELL III
Director



Foreword

The origin of this series of books on artists’ pigments can be
traced to the 1942 publication Painting Materials: A Short
Encyclopaedia by Rutherford J. Gettens and George L. Stout. At
that time, Gettens and Stout envisioned a series of books
addressing the various components of paintings: film-forming
media, pigments, solvents, supports, and tools.

In 1958, Gettens presented a paper, “The Identification of
Pigments and Inerts in Paintings and Other Museum Objects,” at
a seminar on the Application of Science for the Examination of
Works of Art at the Museum of Fine Arts in Boston. In that
paper, he outlined a proposal for a handbook on the identification
of materials for chemists, conservators, curators, and collectors.

At the 1961 Rome conference of the International Institute for
Conservation of Historic and Artistic Works (IIC), Gettens pre-
sented a formalized “Proposal for a Handbook on Analysis of
Materials of Paintings,” which was published in 1963 in the con-
ference proceedings, Recent Advances in Conservation. At that
time, Gettens established the format for data comprising each
chapter that is now used in the Artists’ Pigments series. In the
Rome presentation, citing his 1958 paper, he said, “In making
this proposal it was fully realized that the creation of such a
handbook would be a large undertaking; much too large for any
single person to embark upon unless he had a lifetime ahead of
him or a corps of assistants to help with the job.” He went on to
suggest that the preparation of the handbook should be a cooper-
ative venture among several laboratories. He noted that his pro-
posal met with strong support in America. Gettens also related
that Norman Brommelle, then secretary general of the IIC, sug-
gested that the handbook be sponsored by the IIC and “Miss
Joyce Plesters of the National Gallery expressed interest and she

XV
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FOREWORD

was gradually drawn into the project as a collaborator.” The first
nine monographs on pigments appeared from 1966 to 1974 in
the IIC journal Studies in Conservation and later were repub-
lished in a revised and updated form in volume 2 of Artists’ Pig-
ments, edited by Ashok Roy of the National Gallery, London.

Following the publication of the monograph series in Studies,
Gettens asked the National Gallery of Art to aid in the effort to
publish his proposed Handbook, and, as a result, the ten chapters
in volume 1 of Artists’ Pigments, edited by Robert L. Feller,
who served as the scientific advisor to the National Gallery of
Art, was released in 1986. Plans are underway to reprint volumes
1 and 2.

In keeping with Gettens’ vision, this Artists’ Pigments hand-
book series has become an important resource for information
used for identifying pigments and placing them in their historical
context and use.

Volumes 1 through 3 of Artists’ Pigments include all of the
major “traditional” pigments, with the exception of the iron
oxide and carbon black pigments, which will be discussed in vol-
ume 4. The twenty-nine chapters in the first three volumes cover
more than 40 pigments and span the history of art from one of
the earliest known pigments—Egyptian blue—to the modern
titanium dioxide whites. Research and writing for volume 4 is
underway and a volume editor and authors have been engaged
for organic brown, the earth pigments, cobalt and cerulean blue,
Hansa yellow, and carbon-based black pigments.

No undertaking as ambitious as this series would be possible
without the editors and authors who applied their expertise,
patience, and energy to making this book a reality. Sincere grati-
tude goes to each author for their patience and cooperation.

To them, our field owes a large debt of appreciation. The editor
of this volume, Elisabeth West FitzHugh, research associate at
the Department of Conservation and Scientific Research, Freer
Gallery of Art and Arthur M. Sackler Gallery of Art, worked
with Gettens for more than 18 years. Her astute oversight and
quiet efficiency have been critical to the evolution of this
volume.

This publication is the result of a myriad of components,
assembled through the assistance of many people, and, although
the list is too extensive to give individual names, I would like
to express my thanks to those who provided information to the
conservators and scientists whose research is found here. Our
knowledge of artists’ pigments is ever-changing and it is not pos-
sible to cover every aspect of the pigments discussed here,
although every possible effort has been made to be thorough.



Upon Gettens’ appeal, J. Carter Brown, director emeritus,
National Gallery of Art, initiated the Gallery’s participation in
this project by providing the resources to pursue Gettens’ vision.
Brown’s successor, Earl A. Powell III, recognizing the signifi-
cance to the field, has made the continuation of this endeavor
possible through his enthusiasm and support. Two of the
Gallery’s staff have been critical to this series, Frances Smyth,
editor-in-chief and Janice Gruver, editor for the Conservation
Division. Mrs. Gruver has patiently overseen the many details
necessary to produce a cohesive publication.

This volume has been made possible by support from the
Andrew W. Mellon Foundation and the Publication Fund of the
National Gallery of Art.

ROSS M. MERRILL
Chief of Conservation
National Gallery of Art
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Introduction

The purpose of this volume is to continue the discussion of
important artists’ pigments that began with volumes 1 and 2, and
to provide basic known information about ten pigments. Every
chapter is intended to be self-contained and is essentially a
review article; in some cases important new material has been
introduced. The chapters are arranged to be accessible to readers
with diverse backgrounds; some readers will find certain sec-
tions of each chapter of more interest than others. For example,
the art historian or museum curator will be drawn to the sections
on terminology and history of use, while the scientist may be
more interested in the analytical methods that can be or have
been used to study or identify a particular pigment. The artist is
likely to be most concerned with the information about pigment
properties and compatibility. The conservator or conservation
scientist can find facts of use or significance throughout each
chapter. It is my hope, however, that readers will be drawn into
sections with which they are not readily familiar and will be
able to not only learn more about other aspects of the colorant in
question but gain an understanding of other approaches to pig-
ment investigation.

For the editor it was a difficult task to decide what to omit,
what to expand, and what to condense in order to satisfy a wide
variety in the potential readership. Therefore my intention was
to make the information presented here appropriately balanced.
In this respect, if the specialist finds insufficient detail on a par-
ticular topic, references can be found in each chapter that will
lead to further sources. Gaps still exist in our knowledge about
all of these pigments and these chapters should offer a solid
basis for further research. For example, the information
presently known about the pigment Scheele’s green is summa-
rized here, but much remains to be learned.
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INTRODUCTION

In our attempt to reach readers with varied backgrounds we
have tried to create bridges between the humanist and the scien-
tist. One example is our presentation of x-ray diffraction infor-
mation that includes photographs of x-ray diffraction powder
patterns. A crystallographer or mineralogist would commonly
publish a table of intensities and d-spacings, rather than a picture
of the pattern. Both are included here to allow the nonscientist to
visualize the difference between the data from analysis of differ-
ent materials. Appropriately, Rutherford J. Gettens, who initiated
this series and pioneered in the application of x-ray
diffraction to the fields of conservation and the history of tech-
nology, was the first to use this method of illustrating x-ray
diffraction data in the conservation literature.

The lists of occurrences that accompany some of these chap-
ters require a word of explanation. When the first pigment article
appeared in 1966 in Studies in Conservation there were rela-
tively few published pigment identifications; therefore the lists in
volumes 1 and 2 were given the heading “Notable Occurrences.”
Since then, the number of known occurrences has burgeoned.
Most occurrences noted here are drawn from published sources
and some were supplied to authors by particular laboratories.
Many other unpublished analyses of pigments undertaken in
museum laboratories worldwide are not included here as it was
beyond the scope of this project to carry out such an extensive
survey; to do so may prove to be a worthwhile investigation for
another venue. Because our listings are not exhaustive it seems
more reasonable to cite them simply as “Occurrences,” rather
than venturing to make judgments on their importance. The
reader will find few identifications here of the organic colorants
indigo, madder, and gamboge because until relatively recently
the analytical methods for organic materials such as these were
not easily applicable to tiny samples. Few occurrences are noted
for Vandyke brown because of the uncertain identity of the pig-
ment; the clarification here of the nature of this complex mixture
of organic substances should make future identification easier for
the analyst.

Another difference in terminology from the first two volumes
is in the section previously called “Criteria for Positive Identifi-
cation” or “Certain Identification.” This section is now titled
“Criteria for Identification.” Here the authors note the ideal iden-
tification method or combination of methods and also explain
limitations of other procedures. Any researcher who has worked
with the small pigment samples usually available from works of
artistic and cultural importance will be aware that the use of the
ideal method is often simply not possible and that any limitations



must be noted when the results are reported. It is hoped that the
possible choices have been clearly established for the reader.

The pigments are discussed in approximate chronological
order, based on the date they were first used, beginning in the
fourth millennium B.C. when Egyptian blue was recorded as the
first synthetic inorganic pigment. The naturally occurring yellow
mineral orpiment was also used early and then later was intro-
duced in its synthetic form. Indigo and madder, organic colorants
that are also important dyestuffs, were first known in ancient
Egypt as dyes from plants and are still in use today as both dyes
and pigments in their synthetic forms. Gamboge, an organic col-
orant from tree resin, originated in east Asia in the eighth century
and is also still in use. Vandyke brown was first employed in the
late sixteenth century and remains an artist’s pigment. Man-made
colorants include Prussian blue, which was discovered in the
early eighteenth century, and emerald green and the chromium
green oxides, which were first made in the nineteenth century.
The final chapter discusses the twentieth-century synthetic tita-
nium dioxide whites.

The information in this book reflects the striking variety of
sources of coloring materials used throughout history and serves
as a testimony to the ingenuity and imagination of the artists,
craftspeople, and scientists who discovered, developed, and
refined these pigments.
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Egyptian Blue

JOSEF RIEDERER

1.0 Introduction

1.1 Pigment Definition

Egyptian blue is a calcium copper silicate that is
made by heating together to approximately 850°C
a calcium compound (such as powdered lime-
stone), a copper compound (such as malachite),
and silica (usually in the form of quartz sand). It is
listed in the Colour Index (1971) as Pigment Blue
31, no. 77437. It was the first synthetic pigment.
In antiquity Egyptian blue was the most exten-
sively used blue pigment from the early dynasties
in Egypt until the end of the Roman period in
Europe. It was used on materials such as stone,
plaster, pottery, wood, papyrus, on canvas, and on
wall paintings. Figure 1 shows its use on an
Egyptian wall painting. With a few exceptions,
Egyptian blue is used mostly as a pigment, but it
is also used to form objects (fig. 2). It is some-
times confused with Egyptian faience, a special
type of surface glaze, which is quite a different
material. (For example, see Wulff et al., 1968;
Vandiver, 1982; Lavenex Verges, 1992.)

1.2 Current Terminology

English: Egyptian blue
French: bleu Egyptien
German: Agyptisch Blau
Italian: blu egiziano

2.0 History

2.1 Archaic and Historical Names

Other names for Egyptian blue include blue frit,
copper frit, Pompeian blue, Vestorian blue,
Alexandrian blue, Pozzuoli blue, bleu fritte, bleu
d’Alexandrie, bleu de Pompéi, bleu de Pouzzoles,

azzuro egiziano, and Frittenblau. The Latin word
caeruleum could mean Egyptian blue, but it could
sometimes refer only to a blue pigment. The same
is true of the Greek word kyanos.

2.2 History of Use

2.2.1 Ancient Egypt and West Asia. The
invention of the manufacturing process of Egypt-
ian blue during the first dynasties of ancient
Egypt, beginning about 3100 B.C., was a conse-
quence of other known technical processes used
since pre-dynastic periods in Egypt and West
Asia.

Egyptian blue is manufactured by fusing sand
and other materials together with copper com-
pounds used as coloring agents. A similar process
also occurs naturally when copper ores are melted
and bluish materials are formed as slag, or inten-
tionally when blue glazes are prepared to decorate
objects of stone or pottery. Forbes (1955) sug-
gested that this blue frit was first used as a glaze
and later in powdered form as a pigment. Thus,
blue siliceous materials were familiar to early cul-
tures long before the pigment Egyptian blue was
intentionally manufactured.

The earliest examples of the use of Egyptian
blue are from the Fourth Dynasty (c. 2613-2494
B.C.). The pigment occurs on a sarcophagus in the
Egyptian Museum, Cairo, and on painted lime-
stone sculptures (see Occurrences). The best-
known examples are the sculptures of Rahotep in
the Egyptian Museum, Cairo, and the Beer Brew-
ing Wife in the Museo Archeologico, Florence.

Beginning in the Fifth Dynasty (c. 2494-2345
B.C.) there are numerous objects painted with
Egyptian blue; thereafter this pigment was the
blue paint used almost exclusively on both inor-
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Fig. 1 Wall painting with Egyptian blue, probably from
tomb of Nebamun, Eighteenth Dynasty (c. 1567-1320

ganic and organic materials. Early examples of
use in the Fifth Dynasty include the deeply etched
hieroglyphs on the reliefs in the pyramid of Unas
at Saqqara, which are filled with solid masses of
Egyptian blue, indicating that in this period there
must already have been extensive manufacture of
the pigment. Other examples of this are numerous
reliefs as well as limestone sculptures decorated
with Egyptian blue in the tombs of Saqqara.

An extension of Egyptian blue’s use during the
Middle Kingdom (c. 2133-1786 B.C.) can be
observed especially in the decoration of tombs in
wall paintings executed in enormous dimensions
and furnishings of painted wooden objects and
statuettes.

Egyptian blue was rarely used on pottery; it
was found, however, on pottery vases from the
Saff el-Dawaba tomb of the Eleventh Dynasty at
el-Tarif in western Thebes (Arnold, 1972). The
vases are painted with bright colors on a white
ground after firing. This technique is quite differ-
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B.C.), Thebes, 97 x 83 cm, Hunting Birds in a Papyrus
Thicket, British Museum no. 37977.

ent from the vases of the Eighteenth Dynasty that
were painted with cobalt blue, which was applied
as a mixture of a clay and a cobalt compound
before firing (Riederer, 1974). Egyptian blue has
been identified on a Twelfth Dynasty (c. 1991-
1786 B.C.) alabaster jar (Miller, 1986).

Egyptian blue’s wide use on painted objects
continued during the New Kingdom (c. 1567—
1085 B.C.) when large necropolises were built and
extensively decorated; these include the Valley of
the Kings, the Valley of the Queens, and the
tombs of Deir el-Bahri, all close to Thebes in
Middle Egypt. The pigment was identified on
a wooden coffin (Young & Whitmore, 1968), on
the thirteenth-century B.C. wall paintings in the
tomb of Nefertari (Stulik et al., 1993), and on the
fourteenth-century B.C. bust of Nefertiti from Tell
el-Amarna (Wiedemann & Bayer, 1982).

This extensive production of painted objects
continued through the Late Dynastic Period (c.
1085-343 B.C.); many painted sarcophagi and



masks of mummies have been preserved in addi-
tion to wall paintings and painted architectural
decoration.

During the Greek (332-30 B.C.) and Roman (30
B.C.—A.D. 395) periods in Egypt, the extensive
production of decorative objects decreased, but
when a blue pigment was used, that pigment was
Egyptian blue.

Despite the abundance of written documents on
papyrus preserved from ancient Egypt, there is no
written information from Egyptian sources on the
manufacture, trade, or use of Egyptian blue.

Even less is known from written sources about
Egyptian blue’s use in ancient Mesopotamia and
Persia, compared to Egypt, although we know
from many excavation reports that this pigment
was used extensively in West Asia.

Granger (1933) published an analysis of an
Egyptian blue sample from the Assyrian palace at
Til Barsip, the late-Assyrian (1000-612 B.C.) city.
Matson (1957) studied pigment samples and
objects made of Egyptian blue from Persepolis,
the Achaemenid Persian city, which flourished
from 520 to 330 B.C. He described the micro-
scopic properties in detail and discussed the pos-
sible technique of manufacture, referring to
Assyrian formulas on glassmaking preserved on
cuneiform tablets. Chase (1971) carried out
research on Egyptian blue when he analyzed two
ninth-century B.C. objects from Hasanlu, Iran,
made of this material. Dayton (1978) mentioned
that many beads and small objects found in the
Near East were made of Egyptian blue, includ-
ing an object in the shape of an oxhide ingot
from the Assyrian city of Nimrud in Iraq. Copper
ingots in the stylized shape of an ox skin, used
in the Bronze Age by Syrian traders, were found
in underwater shipwrecks and shown in four-
teenth- to thirteenth-century B.C. Egyptian tomb
paintings.

Stodulski et al. (1984) studied pigments from
the Persian sites of Persepolis and Pasargadae
(sixth—fifth centuries B.C.). Nineteen samples of
a blue pigment from reliefs and pottery bowls
found in different areas of the Persepolis terrace
proved to be Egyptian blue. In two cases azurite
was found.

2.2.2 India, Central and East Asia. In India
and central Asia, where the earliest wall paintings
date from the first centuries B.C., Egyptian blue
has not been found in the pigments analyzed from
these historical sites. Only natural ultramarine,
azurite, and indigo were identified, suggesting

Fig. 2 Object made of Egyptian blue, New Kingdom
(c. 1567—-1085 B.C.), height 8 cm, vessel for ointment
in the shape of Bes, Agyptisches Museum, Berlin, inv.
no. 17882.

that these pigments were available in sufficient
quantities to make it unnecessary to produce or
import Egyptian blue (Riederer, 1977a).

Egyptian blue has never been reported from
East Asia. FitzHugh and Zycherman (1983, 1992)
describe a purple barium copper silicate, Han pur-
ple (BaCuSi,0Oy), and a blue barium copper sili-
cate, Han blue (BaCuSi,O,,), from China. Han
blue is an analogue of Egyptian blue with similar
microscopic appearance. These pigments occur as
paint on ceramic and metal objects from the Han
dynasty (208 B.C.—A.D. 220) and as a component
in octagonal sticks from the Warring States period
(475-221 B.C.) or the Han dynasty.

2.2.3 Greece. There was extensive use of Egypt-
ian blue in ancient Greece. The applications in
Crete are dated so early that it must be assumed,
following its invention, that it was immediately
introduced from Egypt to Crete and other Greek
islands. It has been identified in numerous loca-
tions on wall paintings and facades.

A very early occurrence on the island of Keros
was mentioned by Filippakis et al. (1976). The

EGYPTIAN BLUE 25



sample they analyzed (dated to 2500 B.C.) was
provided by the Archaeological Museum of
Naxos. At Knossos there is evidence that Egypt-
ian blue was in use before 2100 B.C. (Evans,
1910; Heaton, 1910; Eibner, 1926). At this early
period Egyptian blue was used for wall paintings
at Knossos either alone or mixed with the miner-
als glaucophane (a gray-to-blue sodium magne-
sium aluminum silicate) or riebeckite (a dark
blue-to-black iron-containing variety of glauco-
phane) (Filippakis et al., 1976; Cameron et al.,
1977). At Thera (ancient Santorini) the same mix-
ture was used earlier than 1500 B.C. (Filippakis et
al., 1976; Profi et al., 1977).

From the Mycenaean period (dating from the
thirteenth century B.C.) Egyptian blue is found in
the House of Idols and the Temple of Mycenae
(Profi et al., 1974). Samples of unused Egyptian
blue from Mycenae from Heinrich Schliemann’s
excavations in 1876 are stored in the Greek
National Archaeological Museum. Egyptian blue
from Tiryns is mentioned by Eibner (1926); Duell
and Gettens (1942) also identified Egyptian blue
from Tiryns, as well as from Phaistos and Myce-
nae. It was found on wall paintings from the
period between 1400 and 1100 B.C. at the Palace
of Nestor at Pylos (Filippakis et al., 1976).

At Pella, Macedonia, Egyptian blue was used
on wall paintings in a house of the first Pompeian
style (Calamiotou et al., 1983). The paintings are
dated 400 to 168 B.C., when Pella was the capital
of Macedonia.

Egyptian blue was identified on the facades of
the earlier temple of Aphaia at Aegina (sixth cen-
tury B.C.) where it was used for larger areas; the
small details of the facades were painted with
azurite (Riederer, 1985).

In Greece, Egyptian blue was used mostly for
wall paintings and facades; there are only a few
occurrences on pottery. For the decoration of the
Tanagra figurines of ancient Greece, Egyptian
blue was used together with a variety of other pig-
ments. Noll et al. (1974, 1975b) mentioned it on
Attic lekythoi and the author found it on Greek
painted vases from Centuripe, Sicily, dating from
the second century B.C. (Riederer, 1976). Higgins
(1970) noted its use on Greek terra-cotta figurines
in the British Museum from the period between
540 B.C. and the third century B.C. and Caley
(1946) identified it on classical period (no precise
date given) terra-cotta objects from the Agora in
Athens.

Preusser et al. (1981) analyzed the pigments
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from Greek gravestones from Demetrias, close to
Volos in central Greece, dating from the third and
the first century B.C. Egyptian blue was the only
blue pigment used on the gravestones.

From these examples, it is known that Egyptian
blue was an important blue pigment in Greece
used from the first half of the third millennium
B.C. until the Roman period.

In ancient Greek literature, only Theophrastus
(371287 B.C.) mentioned a blue pigment, which
could be Egyptian blue (Caley & Richards, 1956).
In De lapidibus he wrote of trade of an artificial
blue pigment from Egypt. This may indicate that
Egyptian blue was produced until this relatively
late period in Egypt and brought by trade to
Greece. Theophrastus used the word kyanos to
refer to this blue and also to other blues from
Cyprus and Scythia, which were probably azurite
and lapis lazuli, respectively.

2.2.4 Roman sites and Italy. Egyptian blue
was used in Italy by the Etruscans, whose civi-
lization reached its height in the sixth century B.C.
There are many occurrences in wall paintings
found in tombs (Duell & Gettens, 1940).

There is extensive information on Egyptian
blue used during the Roman period based on finds
of unused pigment, wall paintings, and detailed
descriptions in Roman literature.

Scientific investigations have been aided by the
finding of many samples of unused Egyptian blue
at Roman sites. Augusti (1967a, b) reported large
quantities found in color shops at Pompeii, which
was destroyed in A.D. 79. In addition, there are
numerous finds of unused Egyptian blue in
Roman tombs of painters. The best-known exam-
ples are the tombs of St. Médard-des-Prés in
France, from which Chevreul (1850) analyzed the
pigments, and of Herne-St. Hubert in Belgium,
from which samples were analyzed and published
in Huybrigts’ report (1902). At St. Médard-des-
Prés approximately eighty samples of pigments
were found in bronze and wooden boxes together
with various painting tools. At Herne-St. Hubert,
more than one hundred cubes and some larger
cakes of pigments were recovered, again with var-
ious tools. Comparable finds of a smaller extent
were also published (Bachmann & Czysz, 1977,
Bachmann & Von Pfeffer, 1979/1980). Balls of
the pigment were found in excavations in Hun-
gary at a villa at Baldca in the Roman province of
Pannonia (Jaré & Kriston, 1987). At the second-
century A.D. site of Carnuntum/Petronell in lower
Austria it was also found as dry material as well



as on wall paintings (Nauer & Kny, 1978). It is
evident that Egyptian blue was a common pig-
ment in the Roman painter’s palette.

There have also been numerous examinations
of wall paintings from all parts of the Roman
Empire that reveal the wide use of this pigment
(Giovanoli, 1966/1967, 1968a, b, 1969; Lazzarini,
1978; Biek, 1981). Many Roman wall paintings in
Germany have been systematically studied at the
Rathgen-Forschungslabor, Berlin; no blue pig-
ment other than Egyptian blue has been found.

An unusual occurrence of Egyptian blue in a
painting on canvas from the third/fourth cen-
tury A.D. is given in Sack et al. (1981). Although
the painting was purchased in Cairo, it was ori-
ginally from Akhmim. Egyptian blue was used
extensively for decorations in the painting’s back-
ground, indigo was identified in minor quantities,
and a few particles of ultramarine were found.

There is extensive information on Egyptian

blue in Roman literature. Vitruvius, in the first
century B.C., gave the most detailed information
about its production although he neglected to
mention lime, or any source of calcium, an essen-
tial ingredient (Morgan, 1926):
Methods of making blue were first discovered in
Alexandria, and afterwards Vestorius set up the making
of it at Puzzuoli. The method of obtaining it from the
substances of which it has been found to consist, is
strange enough. Sand and the flowers of natron are
brayed together so finely that the product is like meal,
and copper is grated by means of coarse files over the
mixture, like sawdust, to form a conglomerate. Then it
is made into balls by rolling it in the hands and thus
bound together for drying. The dry balls are put in an
earthen jar, and the jars in an oven. As soon as the cop-
per and the sand grow hot and unite under the intensity
of the fire, they mutually receive each other’s sweat,
relinquishing their peculiar qualities, and having lost
their properties through the intensity of the fire, they are
reduced to a blue color.

No additional information was contributed by
Pliny the Elder and Strabo, the Greek geographer.

2.3 Dates of Use

Egyptian blue was used in Egypt, Mesopotamia,
and Greece from the third millennium B.C. to the
Roman period and it was used in Italy and central
Europe until the Middle Ages as the almost exclu-
sively used blue pigment. Azurite, ultramarine,
indigo, or rare pigments such as cobalt blue in
Egypt or glaucophane on the Greek islands were
less frequently used.

After the Roman period, Egyptian blue was
used rarely. Isidore of Sevilla (A.D. 636) was the
last writer to mention it, as Venetum caeruleum

(Spurrell, 1895). There are a few occurrences of
Egyptian blue on wall paintings from the early
Middle Ages; one is mentioned by Raehlmann
(1913/1914), who had investigated it on Egyptian
and Roman objects. He wrote, “The latest place,
where I found the old blue frit, when examining
the blue and green areas of the walls, was the cho-
rus of the old Basilica Santa Maria antiqua on the
Forum Romanum, dating from the fifth and sixth
century A.D. and dedicated to the Greek religion.”

Lazzarini (1982) found Egyptian blue on a
fresco in the lower church of San Clemente,
Rome, which dates to the ninth century A.D.; the
fresco was probably made during the time of Pope
Leo IV (847-855). Somewhat earlier in the ninth
century A.D. there is an occurrence on the Car-
olingian wall paintings in a convent in Miistair,
Switzerland (Mairinger & Schreiner, 1986).

Orna et al. (1980), in a study of the early tech-
nical literature of the Middle Ages from the ninth
to the sixteenth century, found no written evi-
dence that Egyptian blue was produced after the
Roman period.

3.0 General Pigment Properties

3.1 Color

The color of Egyptian blue varies considerably,
depending on its composition, process of manu-
facture, and grain size (fig. 3). All intensities,

Fig. 3 Sample of synthetic Egyptian blue. From Bayer
and Wiedemann (1976b). 1,870x.
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from a dark blue to a whitish blue, can be
observed, with a lighter color resulting when the
grain size is reduced by grinding. Temperatures
above 850°C up to 1,000°C during manufacture
produce greenish to grayish varieties.

The visible absorption spectrum of Egyptian
blue was reported (Ludi & Giovanoli, 1967), and
the effect of substituting nickel or germanium for
copper or silicon, respectively, on the structure
and color of Egyptian blue was investigated (Has-
sanein, 1969).

Spurrell (1895) wrote that Egyptian blue with a
violet tone can be produced and Forbes (1955)
noted that the Assyrians prepared a purple frit;
this information has never been followed up by
analytical studies, however.

A green pigment containing wollastonite
(CaSiO;) occurred with Eighteenth-Dynasty
Egyptian blue, possibly as an accidental byprod-
uct of the synthesis of the blue (Noll & Hangst,
1975b; Noll, 1981). This same wollastonite-
containing pigment, called “green frit” by the
authors, who suggested that its production may
have been intentional, was found at several
Fifth-Sixth Dynasty sites (Jaksch et al., 1983).
This green was also found in the tomb of Nefer-
tari and was termed “Egyptian green” (Stulik et
al., 1993).

3.2 Permanence

Egyptian blue is completely stable in all media.
No change of color has been observed when it is
applied with organic media to stone, wood, or
paper nor when used for wall paintings on alka-
line mortars. The same is true of its exposure to
strong light, which also does not influence its
color. Egyptian blue that has been exposed for
thousands of years to sun and heat on monuments
in Egypt has retained its blue color.

3.3 Chemical Properties

As a very stable silicate, Egyptian blue can be dis-
solved only in hydrofluoric acid. Other cold or hot
acids do not dissolve this pigment. When heated
to temperatures above 1,050°C, Egyptian blue
decomposes to form a mixture of cupric and
cuprous oxides. Egyptian blue is also decomposed
in a soda flux and can then be dissolved in nitric
acid.

3.4 Compatibility

Egyptian blue occurs with lime or gypsum prim-
ing on sculptures and wall paintings and shows no
reaction with these materials. As a pigment, it was
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mixed with glaucophane and green earth and no
change of Egyptian blue or the other pigments
was observed; because of its composition, any
reaction with other pigments is improbable.

Some possible fading and darkening of Egypt-
ian blue has been noted, but there is no analytical
evidence to support these observations (Lucas &
Harris, 1962).

4.0 Composition

4.1 Chemical Composition

Egyptian blue is an artificial calcium copper sili-
cate. Because of the coincidence of x-ray diffrac-
tion data of Egyptian blue with the mineral
cuprorivaite, the accepted formula for this pig-
ment (CaCuSi,0,,) is that of cuprorivaite. Chemi-
cal analysis of samples from antiquity vary con-
siderably in composition and differ from the
composition of pure cuprorivaite. The difference
between theoretical composition and the analyti-
cal results from paint samples is due to the pres-
ence of a certain amount of quartz and other
phases of silicon dioxide, such as tridymite, in the
pigment that did not react with the copper com-
pounds during the manufacturing process. Wollas-
tonite (CaSiO;) can be present as a result of the
use of excess lime in the starting materials, and
copper oxides such as cuprite (Cu,0) or tenorite
(CuO) can form if excess sources of copper are
used (Jaksch et al., 1983).

Numerous authors in the early nineteenth cen-
tury expressed an interest in Egyptian blue (see
Select Bibliography).

The first qualitative analyses of the pigment
were by Chaptal (1809) and Davy (1815). Chaptal
studied seven samples of pigments from shops in
Pompeii and defined the blue pigment as a blue
frit containing oxides of copper, calcium, and alu-
minum. Chaptal wrote that M. Descotiles had
observed on hieroglyphs of Egyptian paintings a
blue, vitreous pigment, whose color was due to
copper. Davy collected a number of pigment sam-
ples from Roman and Pompeian wall paintings
and the contents of terra-cotta vases and identified
them as the same blue pigment described as
caeruleum by ancient authors.

The first quantitative analysis of Egyptian blue
was by Vauquelin (1826), who found: 70.2% sili-
con dioxide (Si0O,), 8.3% calcium oxide (CaO),
2.8% sodium oxide (Na,0), 2.3% alumina (Al,0O;)
and iron(IIl) oxide (Fe,0;), and 16.4% copper(l)
oxide (Cu,0). In 1872, Rammelsberg obtained



similar data, which are published in the treatise of
Lepsius on metals in ancient Egypt: 70.5% silicon
dioxide, 8.5% lime, 3.7% iron(IIl) oxide, 4.2%
magnesium oxide (MgO), and 13.0% copper(Il)
oxide (CuO) (Lucas & Harris, 1962).

De Fontenoy (1874) received two samples of
Egyptian blue from a Roman painter’s shop in
Autun, France, and from the Gallic town of
Bibracte (Mont-Beuvray). The results of his quan-
titative analysis are virtually the same as those
published by Vauquelin fifty years earlier:
70.25% silicon dioxide, 16.44% copper(Il) oxide,
2.36% iron(IIl) oxide and alumina, 8.35% cal-
cium oxide, and 2.83% sodium oxide. De
Fontenoy fused a mixture of seventy parts of
white sand, 15% copper oxide, 25% chalk, and
6% sodium carbonate to get Egyptian blue.

Fouqué (1889) found the following composi-
tion: 63.7% silicon dioxide, 14.3% calcium oxide,
21.3% copper(Il) oxide, and 0.6% iron(III) oxide.
He proposed “CaO, CuO, 4Si0,” as the formula
for Egyptian blue, the equivalent of the currently
accepted formula. Since he found no alkalies,
he indicated that Egyptian blue could be pro-
duced without any addition of salts of sodium or
potassium.

Russell (1894) analyzed Egyptian blue from
painted walls at Tell el-Amarna and found the fol-
lowing: 88.7% silicon dioxide, 7.9% calcium car-
bonate (CaCO,), 2.1% copper(Il) oxide, 0.8%
sodium oxide, and 0.6% iron(II) oxide (FeO).

In 1903 J. K. Crow obtained the following
analysis (Lucas & Harris, 1962): 70.0% silicon
dioxide; 9.4% lime, 18.3% copper(Il) oxide, 2.0%
sodium oxide and potassium oxide (K,0), and
0.3% iron(II) oxide and alumina.

Le Chatelier (1907) published analyses of three
samples of a dark Egyptian blue given below by
percent:

Sample Sample Sample
1 2 3

Silicon dioxide (SiO,) 75.6 67.1 71.4
Calcium oxide (CaO) 11.2 16.8 15.4
Copper(II) oxide (CuO) 11.7 13.8 10.3
Sodium oxide (Na,O) 1.5 2.3 2.8
Magnesium oxide (MgO) 12 12 —
Iron(II) oxide and alumina

(Fe,0,+AL,0;) trace trace —

Eibner (1926) received a sample of Egyptian
blue from F. W. von Bissing, who had collected it
in Nubia. The following composition was found:
74.3% silicon dioxide, 10.5% calcium oxide,

Table 1 Analysis by Emission Spectroscopy
of an Object Fragment (PT15) Made of
Egyptian Blue Found at Persepolis®

Compound Percent
Silicon dioxide (SiO,) major
Alumina (ALO;) 0.76
Iron(III) oxide (Fe,0,) 2.1
Calcium oxide (CaO) 11.4
Magnesium oxide (MgO) 0.89
Copper(Il) oxide (CuO) 10.1
Titanium dioxide (TiO,) 0.51
Lead oxide (PbO) 0.009
Cobalt(III) oxide (Co,0,) 0.008
Nickel oxide (NiO) 0.006
Antimony oxide (Sb,0;) 0.005
Tin(IV) oxide (Sn0O,) 0.004
Chromium oxide (Cr,0,) 0.004
Silver oxide (Ag,0) 0.003

Sought for, but not found: barium, gallium, manganese,
potassium, sodium, strontium

a. From Matson (1957).

9.7% copper(Il) oxide, 1.8% magnesium oxide,
2% iron(II) oxide and alumina.

Granger (1933) gave a more detailed analysis
of a sample from an Assyrian palace at Til Barsip:
74.27% silicon dioxide, 10.37% copper(Il) oxide,
2.98% alumina, 0.50% iron(IIl) oxide, 0.17%
manganese oxide (MnO), 9.19% calcium oxide,
0.84% magnesium oxide, 0.85% potassium oxide,
and 0.29% sodium oxide.

Matson (1957) published an analysis of a solid
object made from Egyptian blue at Persepolis
(table 1).

An analysis of a sample from the Nineteenth
Dynasty was given by Lucas and Harris (1962);
they found it was extremely poor in silica and
relatively rich in alkalies. They reported 57.2%
silicon dioxide, 13.8% calcium oxide, 18.5% cop-
per oxide, 7.6% sodium and potassium oxides,
0.5% magnesium oxide, and 0.8% iron oxide and
alumina.

Saleh et al. (1974) published an analysis of a
sample from one of the large cakes of unused
Egyptian blue found at Thebes in 1958 in the
courtyard of the tomb of Keruf (table 2).

Bayer and Wiedemann (1976a) reported an
analysis of a sample of Egyptian blue that con-
tained 70.0% silicon dioxide, 18.3% copper(1I)
oxide, 9.4% calcium oxide, 0.3% alumina and
iron(III) oxide, and 2.0% alkali oxides.

Dayton (1978; Dayton et al., 1980) published a
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Table 2 Analysis by Wet Chemistry and
X-ray Fluorescence of a Sample of Egyptian

Blue Found at Thebes®

Compound Percent
Silicon dioxide (SiO,) 60.59
Aluminum oxide with some

iron oxide (AL,Os+) 7.05
Calcium oxide (CaO) 16.12
Copper(Il) oxide (CuO) 12.33
Tin(IV) oxide (SnO,) 1.79
Magnesium oxide (MgO) T
Sulfur trioxide (SO;) T
Sodium oxide (Na,O) 1.62
Potassium oxide (K,0) F
Ignition loss 0.50

t=Trace
a. From Saleh et al. (1974).

series of semiquantitative x-ray fluorescence
analyses of samples from Tell el-Amarna, Deir el-
Medina, Nimrud, Mycenae, and Knossos and
quantitative analyses of two of these samples.

Tite et al. (1980) published analyses of four
samples of Egyptian blue, one from Mesopo-
tamia, and three from Egypt (table 3). Tite et al.
(1984) extended their studies to the chemical
analysis of a series of forty-six samples of Egypt-
ian blue from Egypt, Mesopotamia (Nimrud and
Nineveh), and the Roman period in western
Europe. The extensive data they obtained are
reported in their publication.

By comparing the analytical data of samples
of different origin, Tite et al. (1984) showed that
samples from Egypt are characterized by an ex-
cess of calcium oxide and relatively high amounts
of alkalies. The Roman Egyptian blue is not very
different from the material from Egypt. The sam-
ples from Nimrud show an excess of copper(II)
oxide and very low concentrations of potassium
oxide and sodium oxide. The samples from Nin-
eveh are also poor in alkali oxide, and have an
excess of either calcium or copper. Assuming a
composition of cuprorivaite (CaCuSi,O,,), all
analyzed samples contained excesses of silicon
dioxide.

Among the trace elements, Tite et al. (1984)
found higher amounts of cobalt in samples from
Nineveh and Nimrud. In Egyptian and Roman
samples, higher amounts of tin, arsenic, and lead
were found, supporting the theory that bronze
scrap metal was used to make the pigment.

30 EGYPTIAN BLUE

Table 3 Analysis by Atomic Absorption
Spectrometry of Samples of Egyptian Blue
Found in Egypt and Mesopotamia®

In Weight Percent
Sample
from Samples
Compound Mesopotamia  from Egypt
Silicon dioxide (SiO,) 74.2 78.6 70.9 67.3
Calcium oxide (CaO) 6.8 7.1 80 7.0
Copper(II) oxide (CuO) 11.0 10.0 13.3 114
Sodium oxide (Na,O) 2.3 1.1 22 16
Potassium oxide (K,0) 0.4 05 06 04
Alumina (Al,0,) 1.5 14 12 1.0
Magnesium oxide (MgO) 0.4 04 0.7 04
Iron(II) oxide (FeO) 2.4 05 04 038

a. From Tite et al. (1980).

Tite et al. (1984) published a ternary plot of sil-
icon dioxide, calcium oxide, and copper(II) oxide
(fig. 4) and a diagram of potassium oxide versus
sodium oxide to show the variation of composi-
tions of Egyptian blue (fig. 5). For comparison, a
ternary plot of the earlier published analyses is
shown in figure 6.

The results of the above chemical analyses
show considerable variation. Silicon dioxide
ranges from 58.5% to 78.6% in recent analyses
and to as high as 88.7% in the early analysis by
Russell (1894).

The amount of calcium oxide also varies con-
siderably. The highest amounts were found by
Saleh et al. (1974) who determined 16.12% in an
unused pigment sample from Thebes. Tite et al.
(1980) determined the lowest value in a sample
from an Egyptian figure.

Copper(I) oxide was found in a concentration
range of between 2.1% and 21.4% Cu. The lower
value was published by Russell (1894), but Day-
ton (1978) also mentioned samples with only
3.26% and 4.38%. The high copper value was
determined by Tite et al. (1984) in a sample from
Nineveh, where high concentrations of copper(Il)
oxide are normal.

Among the alkali oxides, sodium oxide was
found in amounts between zero and 3.85%. The
observation of Tite et al. (1984) that Roman and
Egyptian samples usually contain more sodium
oxide than samples from Nimrud and Nineveh is
confirmed by earlier analyses. Potassium oxide
varies between zero and 1.95%. Again, the higher
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concentrations occur in Egyptian and Roman-
period samples.

in Egyptian blue are given in table 4.

Fig. 4 Ternary plot of silica, calcium
oxide, and copper oxide
concentrations for ancient Egyptian
blue (after normalization to 100%).
The point toward the center right of
the ternary plot from which the three
lines radiate toward the pure
component positions represents the
composition of the stoichiometric
Egyptian blue mineral.

Key: O=Egypt, A=Tell el-Amarna,
+=Nimrud, X=Nineveh, ¢ =Roman.
From Tite (1984).

Fig. 5 Potassium oxide versus
sodium oxide concentrations from
samples of ancient Egyptian blue.
Key: O=Egypt, A=Tell el-Amarna,
+=Nimrud, X=Nineveh, ¢ =Roman.
From Tite (1984).

The trace elements of Egyptian blue in a series
of samples from the Eighteenth Dynasty, found
The concentration ranges of all elements found at Tell el-Amarna (table 5), were analyzed by
neutron activation analysis at the Rathgen-
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Si0, 5 15 25 35 45  CuO
Fig. 6 Ternary plot of silica, calcium oxide, and copper
concentrations for early analyses of Egyptian blue.

A. Vauquelin (1826)

B. Rammelsberg (1872 [in Lucas & Harris, 1962])
C. De Fontenoy (1874)

D. Fouqué (1889)

E. Russell (1894)

F. Crow (1903 [in Lucas & Harris, 1962])
G., H., I. Le Chatelier (1907)

J. Eibner (1926)

K. Granger (1993)

L. Matson (1957)

M. Lucas and Harris (1962)

N. Saleh et al. (1974)

O. Bayer and Wiedemann (1976a)

P, Q.,R., S. Dayton (1978)

Table 4 Concentration Ranges of All Elements

Found in Egyptian Blue

Compound Percent
Silicon dioxide (SiO,) 50.5-88.7
Calcium oxide (CaO) 4.9-16.8
Copper(Il) oxide (CuO) 2.1-214
Sodium oxide (Na,O) 0-6.01
Potassium oxide (K,0) 0-1.95
Magnesium oxide (MgO) 0.1-4.2
Alumina (ALO,) 0-3.4
Iron(III) oxide (Fe,0;) 0.2-2.7
Tin(IV) oxide (SnO,) 0-1.79

Forschungslabor. Among these trace elements, the
relatively high amounts of gold and tin are of
interest, indicating that bronze, and not always a
pure copper or copper minerals, was used for the
production of Egyptian blue. The high amount of
tin in Egyptian blue mentioned by other authors
(Saleh et al., 1974, Tite et al., 1984) also suggests
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the use of bronze as a raw material. Jaksch et al.
(1983) note that the presence of tin is especially
common beginning at the New Kingdom period.

4.2 Sources

The pigment Egyptian blue certainly was always
a manufactured product. Cuprorivaite, the mineral
corresponding in its chemical and mineralogical
properties, is so scarce in nature that it could not
be collected in large eneugh quantities to be used
as a pigment. Cuprorivaite was described first by
Minguzzi (1938), who determined its formula to
be Cu0.25i0,.(CaO,Na,0).2Si0,, the equivalent
of CuCaSiO,, + Na,O. With the advent of the
technique of x-ray diffraction, Egyptian blue was
definitely confirmed to be the natural analogue of
cuprorivaite, CuCaSi,O,, (Pabst, 1959; Mazzi &
Pabst, 1962).

4.3 Preparation

After the nature of Egyptian blue was established
in the early nineteenth century, attempts to syn-
thesize it were carried out by three groups: (1) sci-
entists interested in trying to reproduce the
ancient pigment for historical purposes; (2) tech-
nicians who wanted to reintroduce Egyptian blue
as a modern pigment; and (3) mineralogists who
experimented with the synthesis of cuprorivaite to
understand its crystallographic properties. As a
result, there are many publications about this
topic and only those will be mentioned that are of
interest for the history of Egyptian blue.

The first attempts to prepare Egyptian blue
with the aim of discovering the ancient technique
of pigment production were by Davy (1815) who
succeeded in producing it in experiments. A short
time later Darcet tried to manufacture Egyptian
blue as a pigment for the paper industry, keeping
his process a secret. In 1893, Egyptian blue (or
Vestorian blue) was announced at the Chicago
World’s Fair as a product manufactured on an
industrial scale by MM. Deschamps that would
attract the attention of visitors (Adrian, 1893).
Bock (1916) described the industrial manufacture
of Egyptian blue.

Fouqué (1889) and Russell (1892) both carried
out experiments in the preparation of Egyptian
blue. Laurie et al. (1914), basing their work on
that of these earlier researchers, were the first to
carry out an extensive series of experiments under
varying conditions to investigate how Egyptian
blue was formed. They fused quartz sand, calcium
carbonate, and copper carbonate at 850°C, using
various fluxes, including one that approximated



Table 5 Egyptian Blue Samples from Tell el-Amarna Analyzed by

Neutron Activation Analysis

Nuclide Line 1 2 3 4 5 6 7

Ag-110 659 35 2.7 5.8 2.0 0.5 5.1 0.5
Au-198 412 1430 148.0 18138.0 1480.0 176.0 5213.0 902.0
Ce-141 145 1.6 1.5 4.3 5.6 12.0 49 —

Co-60 1333 2.7 3.1 12.2 9.8 11.0 9.8 27.0
Cr-151 320 24 0.9 19.1 123 9.0 21.0 15.8
Eu-152 779 380 350 95.0 122.0 141.0 120.0 110.0
Hf-181 482 0.5 1.1 0.2 0.6 14 0.2 0.2
Lu-177 208 0.7 0.7 — 0.1 — 0.3 —

Co-58 811 2.5 19 1.3 1.0 5.8 1.9 1.2
Sb-124 1691 9.7 8.2 28.0 257 328 36.0 33.0
Sc-46 1120 0.3 0.1 0.2 0.1 0.3 0.8 1.0
Sn-113 392 2.5 1.6 223.0 439.0 271.0 4040 214.0
Ta-182 1221 51.0 470 39.0 710  89.0 47.0 63.0
Zn-65 1115 3.1 2.5 1.0 0.8 1.0 1.0 1.0
Yb-169 197 380 320 73.0 89.0 139.0 78.0 102.0

the soda occurring naturally in the Egyptian
desert. Hodgson (1936) conducted similar experi-
ments with some variation in the fluxes.

Schippa and Torraca (1957a, b) also studied the
preparation of Egyptian blue in a series of tests
under varying conditions. They used twenty-one
different mixtures of quartz, copper carbonate,
and calcium carbonate with potassium carbonate
as a flux. The different mixtures were heated to
temperatures of 830°C to 900°C over a period of
96 to 312 hours. The reaction products were stud-
ied optically and by x-ray diffraction techniques.
From most of the mixtures, reasonable qualities of
Egyptian blue were obtained. Schippa and Tor-
raca found that the formation of Egyptian blue is
determined by (1) the reaction time (2) the ratio
of silicon dioxide, calcium oxide, and copper(II)
oxide, and (3) the particle characteristics of the
materials used for the reaction when temperatures
of 850°C to 900°C are used.

Chase (1971) also did extensive experimental
work on the synthesis of Egyptian blue, study-
ing the influence of time and temperature of reac-
tion and of the reaction atmosphere. Chase used
four different mixtures of sand, synthetic natron,
malachite, and calcium carbonate, which he
heated in oxidizing and reducing atmospheres up
to 1,150°C, studying the reaction products in
increments of 50°C to 100°C between 830°C and
1,150°C.

Bayer and Wiedemann (1975) reconfirmed in
extensive laboratory tests the observations of
Schippa and Torraca, as well as Chase. Without

any flux, it was necessary to heat the components
to 1,000°C and to slowly cool the product to
800°C. When a flux was added at a temperature of
850°C to 900°C, a product of an intense blue
color was obtained. When gypsum or calcium
hydroxide instead of calcium carbonate, mala-
chite instead of copper(Il) oxide, and silica gel
instead of quartz powder were used with no flux,
the required reaction temperature was lowered to
between 900°C and 950°C. At temperatures
between 1,150°C and 1,300°C, homogeneous
blue glasses were formed, from which no Egypt-
ian blue can be obtained since calcium silicates
and tridymite (a form of quartz) crystallize out
after a thermal treatment.

Tite et al. (1984) produced Egyptian blue from
a mixture of a coarse-grained and a fine-grained
quartz, calcium carbonate, malachite, and anhy-
drous sodium carbonate. The components were
mixed in ratios so that quartz was added in excess
to achieve low- and high-alkali types of Egyptian
blue. The mixed components were treated for up
to twenty-seven hours at temperatures of 900°C to
1,000°C using either a single- or two-stage firing
cycle. In this way, fourteen different conditions
for preparing Egyptian blue could be selected.
Microstructure, hardness, and color were deter-
mined from the samples obtained.

Jaksch et al. (1983) maintain that Egyptian blue
may have been manufactured in a multistage
process rather than being just sintered or fritted.
They suggested that the main ingredients were
heated to melting, a flux being present to suppress
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the temperature below 1,050°C, the temperature
at which cuprorivaite would break down. The
glass-bearing cake that resulted would then be
ground and reheated several times to produce the
pigment.

In summary, our knowledge about the prepara-
tion of Egyptian blue has been confirmed by pro-
ducing a material with properties comparable to
the early pigments. This material is obtained by
mixing silica in the form of quartz powder or sil-
ica gel with calcium compounds such as calcium
carbonate, gypsum, or calcium hydroxide and a
copper compound (such as copper oxide) or a
copper salt (such as malachite) in proportions that
correspond to a ratio of 4Si0,:1Ca0:1Cu0O, with
or without a flux such as sodium carbonate, potas-
sium carbonate, or modern equivalents such as
borax or lithium carbonate. This mixture is heated
to 1,000°C when no flux is added, or to 900°C
when a flux is used, and maintained at tempera-
tures of 800°C for a period ranging from ten to
one hundred hours.

5.0 Identification and
Characterization

5.1 Optical and Chemical Microscopy

According to Pabst (1959), cuprorivaite, the min-
eral corresponding to artificial Egyptian blue, is
uniaxial: n,=1.636, n,=1.591. The birefringence is
0.045, which is a relatively high value. Egyptian
blue is slightly pleochroic (fig. 7).

When observed under a microscope, Egyptian
blue is characterized by its relatively large grain
size and intense blue color. Crystal faces are never
visible. When the product is crushed for use, the
particles show irregular, angular fractures, which
are not conchoidal like ground glass.

A crystal of synthetic Egyptian blue observed
using scanning electron microscopy is shown in
figure 8.

All the pigment components, including any
glassy phase, and the relationship between them,
can be observed in cross sections; analysis of the
section by electron beam microprobe gives the
chemical composition of the components (Tite,
1980; Jaksch et al., 1983; Tite, 1984).

Chemical tests under the microscope are practi-
cally impossible since Egyptian blue cannot be
dissolved in those acids that are usually applied
for microchemical reactions. This property distin-
guishes it from azurite, which is decomposed by
acids.

34 EGYPTIAN BLUE

Fig. 7 Photomicrograph by transmitted light of
Egyptian blue from an Egyptian wooden statue of
Ikhnaton, Eighteenth Dynasty, c. 1362 B.C.,
Agyptisches Museum, Berlin, inv. no. 21836. 460x.

Fig. 8 Scanning electron micrograph of a crystal of
synthetic Egyptian blue. From Bayer and Wiedemann
(1976b). 660x.

5.2 Chemical Identification

The chemical identification of Egyptian blue is
easiest with instrumental techniques such as emis-
sion spectrography or x-ray fluorescence analysis
that require only minute samples or by electron
beam microprobe analysis of cross sections (see



Fig. 9 X-ray diffraction powder pattern of Egyptian
blue. Pigment labeled Pompeii blue, manufactured by
Lefranc, Paris, 1937. Forbes Collection, Department of
Conservation and Scientific Research, Freer Gallery of

section 5.1). The identification of the three main
elements—copper, calcium, and silica—is suffi-
cient to indicate Egyptian blue is present.

Wet chemical analysis requires a decomposi-
tion of the pigment in a soda and potash flux or
any comparable alkaline flux. Nitric acid is used
to dissolve the residue of this decomposition; cop-
per, calcium, and silica, as well as traces of other
metals, can be identified by the usual spot tests.

5.3 Instrumental Methods of Analysis

5.3.1 X-ray diffraction. In 1940, Jope and Huse
mentioned x-ray powder diffraction analysis as an
easy and useful method for the study and identifi-
cation of Egyptian blue. They compared samples
of wall paints from Roman sites in England and
pigment samples from Egypt to prove that they
were the same crystalline substance; however,
they did not give x-ray diffraction data. Their
statement that they identified copper aluminate
(CuALO,) by x-ray powder diffraction as the blue
pigment on a pot from Tell el-Amarna more likely
refers to a pot painted not with Egyptian blue but
with cobalt blue (CoALQ,), which is common on
pottery from this site (Riederer, 1974). The x-ray
diffraction data for copper aluminate (CuAl,O,)
and cobalt blue (CoAl,O,) are so similar that pre-
cise identification by this method is possible only
if the metal elements are determined by chemical
analysis or other methods. Noll and Hangst
(1975a) also identified cobalt aluminate on pot-
tery from Tell el-Amarna.

Schippa and Torraca (1957a, b) published x-ray
diffraction data of Egyptian blue of Roman origin
and of a series of samples prepared in the labora-
tory (see section 4.3). They listed the d-values and
the intensities of the Roman sample and recog-
nized that Egyptian blue has the same crystallo-
graphic properties as the naturally occurring min-
eral cuprorivaite, which was described by
Minguzzi (1938). Nicolini and Santini (1958) also
published a series of x-ray powder diffraction dia-

Art and Arthur M. Sackler Gallery, Smithsonian
Institution, Washington. Not to be used for
measurement purposes. The two tridymite lines (4.328,
4.107) marked by dots are impurities.

grams of products that they obtained during their
detailed studies on the synthesis of Egyptian blue.

Chase (1971) studied a series of samples,
including two objects from Hasanlu made of
Egyptian blue—a spade-shaped object and a gob-
let from the ninth century B.C. He listed all pub-
lished x-ray diffraction data of the pigment of
early and recent origin together with the data from
both objects from Hasanlu and from his own
experiments.

Saleh et al. (1974) published x-ray diffraction
data for four ancient samples, and one of a freshly
prepared sample, as well as the d-values and
intensities of the eight strongest peaks of eight
ancient and one modern sample.

In table 6, the x-ray diffraction data for cupro-
rivaite, quartz, and two other varieties of quartz,
crystobalite and tridymite, are listed (JCPDS,
1988) with the data for synthetic pigments and
ancient Egyptian blue of different origins. Figure
9 shows an x-ray powder diffraction pattern of an
Egyptian blue sample in the E. W. Forbes Pigment
Collection, Freer Gallery of Art.

5.3.2 Infrared, ultraviolet, and visible
spectroscopy. To date there has been little study
of Egyptian blue by infrared, ultraviolet, and visi-
ble spectroscopy since data from these methods do
not provide possibilities for identification or dis-
tinction between different varieties of the pigment.

5.3.3 Neutron activation. A few analyses by
neutron activation are available (see section 4.1
and table 5) that provide information on a large
number of trace elements. Neutron activation
analysis, like any other technique of trace element
analysis, is of interest to determine the type of raw
materials used in the manufacture of Egyptian
blue, since the high amounts of tin, lead, or gold
found in some samples establish that bronze was
sometimes used as the source of copper.

5.3.4 Thermoluminescence. Although Egypt-
ian blue is an ideal substance for thermolumines-
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Table 6 X-ray Diffraction Data for Egyptian Blue®

Cuprorivaite a-quartz Cristobalite Tridymite b

JCPDS 12-512 JCPDS 5-490 JCPDS 11-695 JCPDS 18-1170
hkl ddy dy= 1 dd) I ddy 1 dd)y 1
002 7.56 7.63 40 — — — — — —
102 5.25 5.22 15 — — — — — —
110 5.16 — — — — — — — —
112 4.26 — — 4.26 35 — — 4328 90
— — — — — — 4.05 100 4.107 100
— = — — — — — — 3867 20
004 3.78 3.78 90 — — — - 3818 50
200 3.65 3.66 25 — — — — — —
— — S — — — 3.52 4 — —_
104 3.36 3.36 80 3.343 100 — — — —
202 3.29 3.29 100 — — — — — —
211 3.19 3.19 50 — — — — — —
— — — — — — 3.14 12 - —
114 3.05 3.05 40 — — — — — —
212 3.00 3.00 90 — — - — 2975 25
— — — — — — 2.841 14 — —
213 2740  2.736 5 — — —_— — — —
204 2.626  2.629 40 — — — — — —
220 2.581 2.585 40 — — — — — —
006 2520 2.518 5 — — — — 2.500 16
214 2.471 2.471 5 2.458 12 2.485 20 2490 14
222 2.442 — - e E 2.465 6 — —
106 2.382  2.386 20 — — — — — —
302 2316  2.321 30 — — 2.340 2 — —
310 2.308 — — — — — — 2308 16
311 2.282 — — 2.282 12 — — —_ —
116 2265 2270 50 — — — — — —
215 2.218 — — 2.237 6 — — — —
312 2.208 — — — — — — —_— —
224 2.132  2.136 10 2.128 9 2.118 6 — —
313 2.099 — — — — — — — —
206 2.074  2.069 5 — — - — — —
304 2.051 — - - — — — — —
321 2.007  2.007 20 — — 2.019 4 — —
216 1.995 — — —— - — — — —
314 1.970 1.970 20 1.980 6 - — — ——
322 1.956 — — — — 1.929 6 — -
008 1.890 1.890 15 — — — — — —
323 1.879 — — — — — - — e
315 1.835 — — — — 1.870 8 — —
108 1.830 1.831 60 1.817 17 — — - —
— — — — 1.801 <1 — — — —

*Calculated, from Pabst (1959)

**QObserved

a. Data from JCPDS (1988), all have additional weak lines.
b. Lines above / = 8 only
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Samples from Tell el-Amarna

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

—- = = = — — — — — — — — — — — 855

—_— = = = — — — — — — — — — — — 1786

7.630 7.56 7.60 7.50 7.63 7.44 1756 750 750 7.56 756 744 7.63 7.56 745 —
6070 — — — — — — 6.11 — — — — — — — 554
5300 528 — — — — 527 518 — — — — — — — —
— — 515 — — — — — — — — — — — — 447

— 427 425 425 431 425 429 427 425 427 425 — 425 425 — 443

— 405 405 — — 4.08 405 402 405 404 4.07 e — 4.08 — —

- = = = — 390 — — — — — — 383 — — 383

3.810 3.79 378 375 378 378 377 3.77 378 377 377 377 374 378 3745 3.1
— 365 — — — — — — — — — 3.63 — 366 — —
- — — 335 — — 353 — 353 349 — — 341 — — 355
— 335 334 335 343 333 335 334 334 334 336 333 334 333 3328 3.39
3310 328 326 330 3.30 329 329 330 330 328 329 329 329 329 3264 331
3210 320 3.19 319 3.19 319 319 319 318 319 3.18 319 3.19 319 3.185 3.23
_ = = - — — — = — — — — — — —  3.09
3.060 3.05 — 3.05 3.05 303 305 3.04 304 305 303 305 305 3.03 —  3.04
2990 — 299 3.003 2.998 2.998 2998 2998 — — — 2998 2988 2.988 2982 —
— 287 — — — 2978 — — 2857 — — — — — — 285
— 271 — — — — 2746 2747 — — — 2652 — 2740 — —
2.636 2.64 2.61 2.644 2.622 — 2.621 2.629 2.637 2.637 2.637 2.622 — 2622 — 265
2.600 2.59 2.57 2.621 2.578 — — 2578 — — — — 2577 2599 — 260
—  —  — 2571 2570 2570 — — — 2570 — — — — — 255
— 250 — 2522 2527 — 2527 — — — — — — 2495 — 248
— 246 245 — 2461 2442 2461 2449 2488 2495 2468 — — — — —
2392 239 237 2380 2.398 2.380 2.386 2.380 2379 2442 — — 2448 — — 240
— 232 231 — 2374 — 2321 — 2321 2374 2398 2380 2380 2321 — 234
_ = = = — — — — — — — — — — — 230
2281 228 228 2270 — 2264 2270 2276 2276 2.276 2276 2.280 2.281 2281 226 2.29
_- —= - — 2221 — — 2232 — — — — — — — 2225
— 214 212 2127 2130 2.132 2.136 2.127 2.131 2.136 2.127 — — — — 2143
_ = = — — — — — 2094 2094 — — — 2099 — 209
- = = - — — — — — — — — 2076 — —  2.069
- = = = — — — — — — — — — — —  2.024
—  — — 2006 2006 — — 2006 — — — — — — — 2011
- = - = — — — — — — — — — — — 2.000
— 198 199 — — — — — — — — — 1993 — — 1.988
- = = = — — — — — — — — — — — 1.981
—  —  — 1977 1977 1973 1977 — 1973 1973 1981 — — 1965 — 1973
— 192 — — — — — — — — — — — 1914 — 1.907
1.895 — — 1.891 1.891 1.888 1.891 1.891 1.8838 1.891 — — — 1880 — —
— 188 — — — — — — — — — 1841 — — — 1.845
1.835 1.83 1.82 1.831 1.830 1.824 1.831 1.827 1.824 1.827 1.827 1.827 1.824 1.827 1.824 1.831
_- = = — — — — 1817 — — — e — — — —
_ = = = — — — — — — — — — — — 1797
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Table 6 Continued

Cuprorivaite

a-quartz

Cristobalite Tridymite

JCPDS 12-512 JCPDS 5-490 JCPDS 11-695 JCPDS 18-1170°

hkl d A d Ay I dAy I dA) I dA) I

— — 1.784 40 — 1757 < - =
— — 1.758 20 S — 1.730 2 R —
— — 1.704 40 -  — — — _ =
— — — — S — 1.690 4 1695 12
— — — — 1.672 7 — — R —
— — — — 1.659 3 — — (R —
— — 1.636 20 — = 1.634 2 - =
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cence analysis, no detailed studies have been car-
ried out by this method. When Egyptian blue was
produced in antiquity at a temperature of approxi-
mately 850°C, the crystal lattice certainly was
free from electrons brought to a higher energy
state by radiation, trapped in defects in the lattice
structure of the crystal. But two to five thousand
years after its manufacture, Egyptian blue should
have been exposed to a sufficient quantity of
alpha, beta, and gamma rays from its own support
and the environment so that thermoluminescence
should be observed when a sample is heated to
500°C. In fact, Egyptian blue shows glow curves
similar to those of ceramics although, depending
on its mineralogical composition such as the
amount of quartz and other siliceous phase, there
are differences in the glow curves. Normally there
is only one peak at 310°C to 315°C, which some-
times is accompanied by another peak at 110°C.
Additionally, there are samples where the glow
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curve has peaks at 180°C, 250°C, 370°C, and
450°C.

Samples heated to 500°C and then cooled to
room temperature and irradiated with a beta
source show strong peaks at 105°C and 195°C.
The equivalent -dose in the temperature range
between 300°C and 400°C is 4 to 5 Gy (Gray
[Gy] is the ST unit for energy dose of the nuclear
radiation) for Egyptian samples that are approxi-
mately four thousand years old. Samples exposed
to x-rays develop peaks at 190°C, 240°C to
260°C, and 390°C.

5.3.6 Thermal analysis. The behavior of
Egyptian blue at high temperatures was studied
by Bayer and Wiedemann (1976a, b) in the course
of synthesizing the pigment from calcite, mala-
chite, and quartz powder (fig. 10). By means of a
thermobalance, the change of the weight of the
sample, the velocity of reactions, and the occur-
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rence of endothermic or exothermic reactions
could be studied. In the higher temperature range
of the synthesis, between 600°C and 800°C, the
reaction is endothermic and the sample experi-
ences weight loss because of the decomposition
of the calcium carbonate. After the formation of
Egyptian blue at 800°C to 850°C, the product

Fig. 10 Plot of investigation of Egyptian blue with a
thermal balance. The weight curve (TG) shows changes
in weight that occur depending on the temperature. The
DTG curve is the first derivative of the weight curve,
that is, it shows the rate of the reaction. The DTA
(differential thermal analysis) curve shows changes in
enthalpy. The temperature curve (T) shows the actual
temperature. From Bayer and Wiedemann (1976a).
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is stable until a temperature of about 1,080°C
is reached. At that temperature, Egyptian blue de-
composes to form glass, high-temperature modi-
fications of silicon dioxide, and either copper(II)
oxide in an oxidizing atmosphere, or copper(I)
oxide in a reducing atmosphere.

5.4 Criteria for Identification

Egyptian blue can be identified by chemical
analysis or by x-ray diffraction; both provide data
that permit a clear distinction from any other blue
pigment. If the sample is small, elemental analy-
sis can be carried out by instrumental techniques
such as x-ray fluorescence. If x-ray diffraction
techniques are not available and the pigment sam-
ple is too small for a chemical analysis, the micro-
scopic properties and microchemical tests for
behavior with acids would be sufficient for identi-
fication. It should be kept in mind that Han blue
closely resembles Egyptian blue microscopically,
but x-ray diffraction and elemental analysis would
differentiate the two. Azurite can be distinguished
because of its solubility in dilute acids. Smalt as a
glass is optically isotropic and has a lower refrac-
tive index. Ultramarine also has a refractive index
well below that of Egyptian blue and it is soluble
in dilute acids; the grain size of artificial ultrama-
rine is very fine.
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6.0 Occurrences

Numerous identifications of Egyptian blue on
Egyptian objects have been made by the author by
light microscopy, chemical analysis, and x-ray
diffraction. These occurrences date from the
Fourth Dynasty (2723-2563 B.C.) to the Ptole-
maic period (332-30 B.C.) and were on tomb
reliefs, sarcophagi, stone and wooden figures,
cloth, and papyrus. The following lists a selected
number of objects on which Egyptian blue was
identified outside Egypt. The pigment’s use, how-
ever, was far more abundant among ancient works
of art than can be shown here.



Occurrences of Egyptian Blue in Locations Outside of Egypt

Site, Description Analyst and Method
Date Object, Collection, or Museum of Identification
Greece
3000-1100 B.C. Knossos, wall paintings Filippakis et al. (1976)
Profi et al. (1976)
micr., XRF, XRD
2500 B.C. Keros Island, wall paintings Filippakis et al. (1976)
micr., XRF, XRD
before 1500 B.C. Island of Thera (Santorini) Filippakis et al. (1976)
Wall paintings Profi et al. (1977)
micr., XRF, XRD
1400-1100 B.c. Mycenae, wall paintings Profi et al. (1974)
Filippakis et al. (1976)
micr., XRF, XRD
1300 B.C. Tiryns, wall paintings Eibner (1926), chem.
580-500 B.C. Aegina, facades of the temple Riederer (1977b), XRD
400-108 B.C. Pella, ancient Macedonia Calamiotou et al. (1983)
Wall paintings XRF, XRD
Roman Period
1st C B.C. Pompeii, Herculaneum Augusti (1967b)
Pigment from shops chem.
2nd C B.C. Miinsingen, Kanton Berne Giovanoli (1969)
Switzerland XRD
Excavated wall paintings
2nd C A.D. Holstein, Kanton Basel-Land Giovanoli (1969)
Switzerland XRD
Excavated wall paintings
2nd-3rd C A.D. Cologne, Mainz, Bad Kreuznach Riederer
Germany XRD
Excavated wall paintings
2nd-3rd C A.D. England, various locations Biek (1981)
Wall paintings XRD
A.D. 350 Bg, Steigen parish, Norway Rosenquist (1959)
Roman burial site, wooden shield XRD
Middle Ages
9th C A.D. Church of San Clemente, Rome Lazzarini (1982)
Wall paintings XRD
9th C A.D. Miistair convent, Switzerland Mairinger and Schreiner (1986)

Carolingian wall paintings

LSA, micr., XRF, XRD

Method of Identification:
chem.=Chemical or microchemical tests
LSA=Laser emission spectroscopy
micr.=Light microscopy

XRD=X-ray diffraction

XRF=X-ray fluorescence spectroscopy
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Orpiment and Realgar

ELISABETH WEST FITZHUGH

1.0 Introduction

1.1 Pigment Definition

Orpiment is a yellow arsenic sulfide (As,S;) and
realgar is a red arsenic sulfide (AsS or As,S,).
Both pigments have been used in their natural and
artificial forms. In the Colour Index (1971) orpi-
ment is CI Pigment Yellow 39, nos. 77085, 77086.
Realgar is not listed.

1.2 Current Terminology

Mineral orpiment; Artificial orpiment

English: orpiment; king’s yellow

German: Rauschgelb, Operment; Konigsgelb

French: orpiment; jaune royal, orpin artificiel

Spanish: oropimente

Italian: orpimento

Russian: aypunUrMeHT; KEITHII MBILIBSK

Japanese: shio, kio, sekid

Chinese: ci huang or shi huang (pinyin), tz’u
huang or shih huang (Wade-Giles)

Mineral realgar

English: realgar

German: Realgar, Schwefelarsenik

French: réalgar

Spanish: rejalgar

Italian: realgar

Russian: peasbrap

Japanese: yud

Chinese: xiong huang (pinyin), hsiung huang
(Wade-Giles)

In the seventeenth century the Japanese word shio
became the name for the yellow pigment gam-
boge and was replaced at that time by the name
sekio for orpiment (Oguchi, 1969).

2.0 History

2.1 Archaic and Historical Names

2.1.1 Orpiment. The Greek for orpiment, used
by Theophrastus in the fourth century B.C. and by
later Greek writers, was arsenikon. It was identi-
fied with arsenikos, male, from the belief that
metals were of different sexes (Chemical Rubber,
1980-1981). The word is related to the Persian
zarnikh, which is based on zar, the Persian for
gold (Bailey, 1929). The Latin term auripigmen-
tum or auripigmento (literally, gold paint) used by
Pliny in the first century (Bailey, 1929) referred to
the color and also to the fact that it was supposed
to contain gold; this is the origin of the modern
name (Palache et al., 1944). Auripigmentum was
used by medieval writers such as Agricola
(Hoover & Hoover, 1950) who also called it oper-
ment. The seventeenth-century Turquet de May-
erne manuscript refers to orpigment (De Mayerne,
1965-1967). In 1849 Mary Philadelphia Merri-
field (1967) used the Spanish name jalde as well
as oropimente. In the early nineteenth century
orpiment imported to England from China was
sold as Chinese yellow (Harley, 1982). Some
modern names such as Gelbe Arsenblende or
arsenic sulfuré jaune describe the color or chemi-
cal composition of orpiment.

2.1.2 Realgar. The Latin term used by Pliny
(Bailey, 1932) was sandarach, which became the
name sandaraca used by Agricola (Hoover &
Hoover, 1950) who also referred to it as rosgeel.
The name realgar comes from the Arabic rahj al
ghar, powder of the mine (Palache et al., 1944).
De Mayerne called it rubis d’orpiment. Rote
Arsenblende, Rauschrot, and red orpiment are
other terms that refer to its red color. Merrifield

47



gave it the Spanish name jalde quemado or oropi-
mente quemado, that is, burnt orpiment. Artificial
realgar is sometimes known as arsenic orange
(Heaton, 1947), and the orange orpiment avail-
able in England in the nineteenth century (Car-
lyle, 1991) was probably realgar.

A watercolor sample labeled realgar in James
Robert’s Introductory Lessons . . . painting in
Water Colours 1809 is, in fact, an earth color,
therefore, it seems that other pigments were sold
by that name for use as a watercolor (R. Harley,
personal communication, 1986).

2.2 History of Use

In ancient Egypt orpiment and realgar were
included in New Kingdom (sixteenth to eleventh
century B.C.) offering lists (Iversen, 1955). Real-
gar has not been found on objects, but lumps of
raw realgar and orpiment pigment were found in a
fourteenth-century tomb (Saleh et al., 1974). Both
were used in Egyptian cosmetics (Barthoux,
1925). Orpiment has been identified on objects
and paintings from the thirty-first to the sixth cen-
tury B.C. (see Occurrences and Spurrell, 1895;
Lucas & Harris, 1962; Saleh, 1987). Orpiment has
been identified on several third- to seventh-cen-
tury Egyptian Coptic objects.

In ancient Mesopotamia both orpiment and
realgar are listed in Assyrian medical texts (Part-
ington, 1935). Orpiment was found mixed with
beeswax on an eighth-century B.C. Assyrian writ-
ing board from Nimrud (Wiseman, 1953). Cakes
of orpiment were found in the palace of Sargon II
of about the same date (Forbes, 1955). A lump of
orpiment was reported from the Hittite (thirteenth
to eleventh century B.C.) remains in Zinjirli in
Anatolia (Partington, 1935).

Realgar was used by Scythian and Sarmatian
tribes (seventh to second centuries B.C.) in the
area north of the Caspian Sea (Malevanny, 1968).

Although the classical writers were well
acquainted with orpiment and realgar minerals as
pigments, medicines, and poisons (Hoover &
Hoover, 1950), few occurrences of the pigments
have been reported on Greek objects. Realgar
found at Corinth dates to the second century B.C.
(Farnsworth, 1951). Both pigments occurred in
the first century A.D. at Pompeii (Augusti, 1967),
and realgar was found in Roman ruins at Sil-
chester, England (Church, 1915).

An unusual occurrence of finely ground orpi-
ment has been noted in the fourteenth-century
painted decoration of the Al-Aqsa Mosque in
Jerusalem (Lazzarini & Schwartzbaum, 1985).
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Both orpiment and realgar are mentioned in a
manuscript on medieval Arab bookbinding of
c. 1025 (Levy, 1962) and by a Persian author of c.
1606 (Minorsky, 1959). Orpiment has been iden-
tified on Armenian manuscripts from the eleventh
to sixteenth centuries, on Arab fourteenth-century
manuscripts, and on Persian miniatures from the
early fourteenth to sixteenth centuries. Realgar
has been reported on a sixteenth-century Arme-
nian manuscript in the Walters Art Gallery, Bal-
timore. Both orpiment and realgar are described
in fifteenth- to eighteenth-century recipes from
Russia, Armenia, and Azerbaijan (Radosavijevic,
1976).

Orpiment is mentioned in Indian texts as early
as the fourth century A.D. (Agrawal, 1969), and
the pigment preparation by levigation of the
ground mineral has been described (Bhattacharya,
1976). Haritala is the most common Indian name
for orpiment; for realgar it is manassila (Bhat-
tacharya, 1976). The earliest occurrence of orpi-
ment on an Indian painting appears to be from the
early twelfth century; it was used through the sev-
enteenth century. A red, arsenic-containing pig-
ment, suggested to be realgar, has been identified
on sixteenth- to seventeenth-century Indian paint-
ings (Cairns & Johnson, 1972; Johnson, 1972).

Orpiment and realgar are known to occur in
Japan (Palache et al., 1944; Noguchi & Naka-
gawa, 1970). Both minerals were known there
in the eighth century, although realgar was prob-
ably used only as a medicine (Uyemura, 1931). In
the nineteenth century the best quality of both
was said to be imported from China (Geerts,
1878). Realgar has not been found on Japanese
objects, and orpiment occurs rarely. Orpiment has
been found on a small number of ukiyo-e prints
and paintings of the seventeenth to nineteenth
centuries.

In China, both orpiment and realgar were
known at an early date, at least by the second cen-
tury B.C. and possibly by the fourth century B.C.
(Needham, 1972). There are no references to their
use as pigments, but they were important in Chi-
nese medicine and metallurgy (Schafer, 1955).
Neither orpiment nor realgar has been reported as
a pigment on paintings or objects from China
except that orpiment is known to have been used
to color Chinese lacquer (Garner, 1963; Horn-
blower, 1963). Orpiment has been identified on
Central Asian wall paintings from the sixth to the
thirteenth centuries, and realgar was found on
eleventh- to thirteenth-century wall paintings



from Kara Khoto (Gettens & Stout, 1966). Orpi-
ment (ser-po) is listed as a typical pigment used
for Tibetan paintings (Huntington, 1970), and it
has been reported on Tibetan thang-ka paintings
(Mehra, 1970). Various locations of the minerals
were known to early Chinese writers; among the
best-known sources were those in Kansu and
Hunan provinces (Schafer, 1955). A more recent
source in China for orpiment is Yunnan province
(Watson, 1930).

In a traditional Thai painting technique, still in
use today, yellow ink for writing and drawing on
black paper manuscripts is made of orpiment
(Boisselier, 1976).

Although orpiment has not been a common
pigment on European works of art, it was used
from the ninth-century Book of Kells (Sullivan,
1952) to late nineteenth-century impressionist
paintings.

Medieval artists used orpiment imported from
Asia Minor (Thompson, 1956), and it was listed
as an item in African—-Genoese trade in the twelfth
century (Krueger, 1937). Theophilus described its
use in the eleventh century (Hawthorne & Smith,
1963). Orpiment has been identified on Norwe-
gian wooden altar frontals, polychrome sculpture,
and folk art objects, including a crucifix (fig. 1).
Orpiment and realgar were used in twelfth- to
sixteenth-century icons from Bulgaria, Russia,
and the former Yugoslavia (Filatov et al., 1965;
Panev, 1979; Lelekova & Naumova, 1981). It was
found in the early fifteenth-century palette of Jan
van Eyck (Birren, 1965). In Venice, orpiment was
purchased for a Romanian prince in 1600 (Filatov
et al., 1965). Venice was well situated as a Euro-
pean source of pigment supplies as it was a port
for trade with the East and a center of the cloth-
dyeing industry (Plesters & Lazzarini, 1976).
Orpiment and realgar have been mentioned in
seventeenth-century pigment lists (De Mayerne,
1965-1967) and English seventeenth-century
painting treatises (Talley, 1981); orpiment was
used in seventeenth-century miniatures (Mascek,
1977). Thomas Bardwell listed orpiment among
his pigments in 1756 but it has not been found in
his paintings (Talley & Groen, 1975); it was also
noted in Joshua Reynolds’ palette in 1755 (Birren,
1965). Orpiment was used by J.M.W. Turner in
late eighteenth- and early nineteenth-century oil
paintings and oil sketches, but not in his later
works (Townsend, 1993). Orpiment and realgar
were reported in nineteenth-century pigment col-
lections from Germany (Richter & Harlin, 1974)

Fig. 1 Cross section, paint layers from wooden crucifix,
Norway, 1150-1200. Universitetets Oldsaksamling,
Oslo, no. 33267. The orpiment is underpainted with
yellow ocher and covered with black with a
superimposed white line on top from an adjacent area.
From Unn S. Plahter. 230x.

and Amsterdam (Pey, 1987). Kiihn (1973), in a
survey, identified orpiment on European paintings
dating from 1300 to 1900.

Tintoretto (Jacopo Robusti) (1518-1594) made
spectacular use of orpiment as well as realgar on
some of his paintings. He used orpiment and real-
gar in the c. 1580-1585 Portrait of Vincenzo
Morosini (fig. 2) in the National Gallery, London
(Plesters, 1980). The composition of these pig-
ments from Tintoretto’s paintings is discussed in
section 5.3.1.

In the Western Hemisphere orpiment has been
identified on several eighteenth-century American
oil paintings. King’s yellow and “Orpiment, pale
& deep” were listed by a shop in Boston in the
1760s as recent imports from London (Dow,
1927). In the late eighteenth century, Francois
Baillairge in Quebec described an attempt to
make “orpin” using arsenic. In describing orpi-
ment, he used the term patent yellow; this term
usually refers to the lead oxychloride pigment,
and he also used it for that compound (Levenson,
1983). Orpiment has been found on a
seventeenth-century painting from Peru.

Realgar has been identified with confidence on
only a few works of art other than the Tintoretto
occurrences cited above. Single examples are
from an eleventh- to thirteenth-century manu-
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Fig. 2 A. Tintoretto, Portrait of Vincenzo Morosini,
c. 1580-1585, painting on canvas. Reproduced by

script from Central Asia and a fifteenth-century
Armenian manuscript. Realgar has been reported
on Bulgarian icons dating from the Middle Ages
to the Renaissance, and on Indian sixteenth- to
seventeenth-century paintings. It was found on a
painting by Titian (Tiziano Vicelli) (c.1480/
1490-1576), paintings by Jean Chardin (1699—
1779), and on an anonymous seventeenth-century
American portrait painting. The brevity of this list
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permission of the Trustees, National Gallery, London,
no. 4004.

may be some indication of the rarity of the pig-
ment, but it may also reflect the limited identifica-
tion methods available until recently for realgar.

2.3 Dates of Use

Orpiment, both natural and artificial, was used
until the end of the nineteenth century. Because
realgar has been so rarely identified, no definitive
statement can be made about its use. Realgar’s



B. Detail showing the use of orpiment and realgar in
the embroidered stole on the figure’s proper right
shoulder (boxed area in 2A). The distinctive orange
hue of realgar used alone is seen in the two patches of
the narrow border on the proper right edge of the stole
(Plesters, 1980).

last known documented uses are in an eighteenth-
century French painting and in a late-eighteenth-
to nineteenth-century English pastel color box.

3.0 General Pigment Properties

3.1 Color and Spectral Reflectance

Orpiment is usually described as a lemon or
canary yellow or sometimes as a golden or
brownish yellow. Realgar is described as aurora-
red to orange-yellow.

Orpiment is designated brilliant yellow, Mun-
sell notation 4.4Y 8.7/8.9, and realgar is desig-
nated strong orange-yellow, Munsell notation
9.1YR 7.1/11.6 (Kelly & Judd, 1955).

Spectral reflectance curves have been pub-
lished for orpiment and realgar (Barnes, 1939)
(fig. 3).

3.2 Permanence

Early authorities described orpiment as fading
readily (Weber, 1923), or at least to some degree
(Laurie, 1914; Church, 1915) on exposure to light
although Laurie (1967) also noted that the color
of orpiment was unchanged on some illuminated
manuscripts. Arsenic trisulfide is said to be sta-
ble to visible and ultraviolet light when dry; it
decomposes slowly in cold water (faster in hot

Percent Reflectance
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Fig. 3 Spectral reflectance of (A) natural orpiment and
(B) realgar in parchment size. After Barnes (1939).

water) to arsenic trioxide and hydrogen sulfide,
and is decomposed to arsenic trioxide by heating
in air (Pascal, 1958). Orpiment showed severe
color loss after exposure to ozone in the absence
of light, converting to arsenic trioxide (Whitmore
& Cass, 1988). Orpiment painted out in glue
medium has partly altered to white arsenic triox-
ide after exposure to light for fifty years at the
Fogg Museum of Art, Harvard University (Susan
White, personal communication, 1984). Orpiment
used to coat manuscript paper in Nepal to repel
insects often turns white in time (Trier, 1972).
Realgar appears to be less permanent than orpi-
ment and is known to change to orpiment after
long exposure to light, with arsenic trioxide also
forming (Weber, 1923; Palache et al., 1944;
Reclus, 1956; Wells, 1975). The surface of two
Chinese realgar figurines, probably from the eigh-
teenth century, had oxidized to orpiment and
arsenious oxide (Daniels, 1983). This yellow
alteration product on realgar may, however, be
pararealgar (Corbeil & Helwig, 1995). Laurie
(1914) suggested that this change is evidenced by
the presence of particles of realgar sometimes
mixed with orpiment on illuminated manuscripts,
but this realgar may be present as an impurity in
the natural mineral and not because the orpiment
is an alteration product. Museum specimens of
realgar commonly show a yellow-orange alter-

ORPIMENT AND REALGAR 51



ation (Clark, 1970). Heat or the presence of water
vapor can accelerate the change (Pascal, 1958).

It has been reported that a-AsS, the high-
temperature modification of realgar (see section
5.3.1), is considerably more permanent than real-
gar. When exposed to sunlight in both evacuated
and open tubes for two years at 25°C, no change
in the x-ray diffraction pattern was observed
(Clark, 1970).

3.3 Chemical Properties

Orpiment powder darkens when heated. Its melt-
ing point is 300°C (Chemical Rubber, 1980—
1981), although it has been cited as high as 325°C
(Pascal, 1958). When heated in air it burns, pro-
ducing arsenic trioxide (As,0;) and sulfur dioxide
(SO,). It sublimes between 703°C (Pascal, 1958)
and 707°C (Chemical Rubber, 1980-1981). It
decomposes slowly in water (see section 3.3).
Artificial orpiment is more easily brought into
solution than the mineral form due to its smaller
particle size (Wallert, 1984). Orpiment is soluble
in 3N hydrochloric acid (HCl), giving off hydro-
gen sulfide (H,S), in concentrated nitric acid
(HNO,) giving off arsenic (As) and sulfuric acid
(H,S0,), and in 4N sodium hydroxide (NaOH)
(Plesters, 1956). It is also soluble in sulfuric acid
(Larsen & Berman, 1934) and in solutions of
ammonium carbonate and alkali sulfides (Mellor,
1961).

Realgar darkens when heated and returns to the
original color when cooled (Pascal, 1968). When
heated in air, it burns with a blue flame, producing
arsenic trioxide and sulfur dioxide (Mellor, 1961).
Its melting point is 307°C and it sublimes at
565°C (Chemical Rubber, 1980-1981). Realgar
has the same solubilities as orpiment.

3.4 Toxicity

The toxicity of the arsenic sulfide pigments has
been known since early times. Strabo described a
sandarach mine in northern Anatolia where the
mortality of the workers was so high that only
criminals were sent there (Bailey, 1929). Artificial
orpiment is extremely poisonous because of the
presence of arsenic trioxide, a more soluble, and
thus more toxic, compound than the sulfides
(Reclus, 1956).

The toxic properties of orpiment have been
used to advantage to repel insects. A recipe for
treating Chinese book rolls with orpiment for this
purpose is described in a fifth-century treatise
(Van Gulik, 1958). Beginning in the sixteenth
century in the Kathmandu Valley of Nepal, manu-
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Fig. 4 Detail of painting on paper, Firdawsi, The
Envoys of Salm and Tur before Faridun, Iran (Shiraz) c.

1560, showing darkened lead white of face and turban

of figure adjacent to a green background (an orpiment
and indigo mixture) and a yellow robe (orpiment).
Arthur M. Sackler Gallery, Smithsonian Institution,
$1986.184. 22x.

script paper was coated with orpiment and yellow
paper is still produced in the same way in Kath-
mandu (Trier, 1972).

3.5 Compatibility

Orpiment is said to be incompatible with lead- or
copper-containing pigments (Weber, 1923). In the
Mappae Clavicula, a twelfth-century medieval
manuscript, this incompatibility with lead white
and red lead was noted (Smith & Hawthorne,
1974), and fifteenth-century artisans knew that
orpiment and copper-containing verdigris should
not be used together (Thompson, 1956). The
Strasburg Manuscript, however, recommends a
mixture of orpiment and red lead to make golden
flowers (Borradaile & Borradaile, 1966). Darken-
ing of lead white adjacent to orpiment has been
noted on Persian paintings in the Freer Gallery of
Art, Smithsonian Institution, Washington (fig. 4)
and in the Los Angeles County Museum of Art
(Purinton & Watters, 1991).



Orpiment cannot be applied to wet plaster, a
fact known to Pliny in the first century A.D. (Bai-
ley, 1932) and noted by Cennino Cennini in the
fifteenth century (Thompson, 1954).

A mixture of orpiment and indigo has been
commonly used to produce green. This was noted
by an eleventh-century Arab writer (Levey, 1962),
in an Indian twelfth-century document (Coo-
maraswamy, 1934), and was known to Indian
Mughal (1550-1750) painters (Brown, 1924).
Cennini also noted this mixture (Thompson,
1954). It has been found on fourteenth- to
sixteenth-century Indian and Persian paintings in
the Freer Gallery of Art, and is common on thir-
teenth- to nineteenth-century Indian and West
Asian paintings in the Arthur M. Sackler Gallery,
Smithsonian Institution, Washington (FitzHugh,
1988). The orpiment-indigo mixture and orpiment
mixed with red iron oxide to produce various
shades of orange or pinkish brown have been
found on Japanese ukiyo-e paintings in the Freer
Gallery of Art.

Orpiment has been found mixed with azurite
to give green on European late-medieval manu-
script miniatures (Tosatti Soldano, 1980). A
nineteenth-century set of pigments from Amster-
dam included a mixture of orpiment, Prussian
blue, and quartz labeled “Brownswijks groen”
(Pey, 1987). Brunswick green is a term usually
used for basic copper chlorides, but in the
nineteenth century it also applied to mixed greens
such as chrome yellow and Prussian blue (Harley,
1982). Green bice, a name occasionally given to
artificial malachite, in the eighteenth century was
sometimes applied to a mixture of orpiment and

Fig. 5 A layer of the crystal structure of orpiment,
As,S, After fig. 20.12 in Wells (1975).

blue bice (at that time a name for smalt) (Harley,
1982).

3.6 Oil Absorption and Grinding
Properties

No data have been published on the oil absorption
of orpiment. It is difficult to grind because of its
micaceous structure. For this reason orpiment pig-
ment is often quite coarse.

Francisco Pacheco in El arte de la pintura in
1649 mentioned the need to add a drier such as
red lead or ground glass to a paint consisting of
orpiment in linseed oil or to dry pigment (Veliz,
1982). The ground glass also served to facilitate
grinding the pigment (Wallert, 1984).

4.0 Composition

4.1 Chemical Composition

Orpiment is arsenic trisulfide (As,S;) (fig. 5) and
realgar is arsenic sulfide with the formula var-
iously given as AsS, As,S,, and As,S, (fig. 6).

As

Fig. 6 Structure of a realgar molecule, As,S,. After fig.
20.11 in Wells (1975).

Realgar is known chemically as arsenic disulfide
(As,S,). When sublimed in vacuo at temperatures
up to 550°C, the vapor density corresponds to
As,S, and the structure of this molecule, shown in
figure 6, is known (Wells, 1975). The molecular
structure of mineral realgar consists of separate
As,S, molecules held together by Van de Waals
forces (Ito et al., 1952). Orpiment and realgar are
naturally occurring minerals both belonging to
the monoclinic crystal system (fig. 7). Artificial
orpiment (king’s yellow) has the same composi-
tion as the mineral. It appears that other arsenic
compounds can occur with the two more well-
known minerals (see section 5.3.1).
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Fig. 7 Mineral specimens, left: realgar from Manhattan,
Nevada, no. R16948 and right: orpiment from Baden,

4.2 Sources

The mineral orpiment occurs as a low-
temperature product in hydrothermal veins, as a
hot-spring deposit, as a volcanic sublimation
product, and in mine fires. It can be associated
with stibnite, pyrite, fluorite, various lead sulfos-
alts, realgar, native arsenic, calcite, barite, and
gypsum. It is a common alteration product of
other arsenic minerals, especially realgar (Palache
et al., 1944). It is found in Hungary, Romania,
Germany, Austria, the former Yugoslavia,
Greece, Switzerland, France, Italy, Turkey, re-
public of Georgia, Iran, Peru, China, Japan, and
the western United States (Palache et al., 1944).
It is also found in Iraq (Thompson, 1925), Myan-
mar (Burma) (Read & Pak, 1936), and in the
Himalayas (Trier, 1972). According to the
eleventh-century Arab scholar Al-Birani, orpi-
ment came from the Pontus area of Turkey,
Armenia, and Iraq (Hamarneh, 1973).

The mineral realgar occurs as a minor con-
stituent in certain ore veins associated with orpi-
ment and other arsenic minerals, with stibnite,
and lead, silver, and gold ores. It occurs as a hot-
spring deposit, as a volcanic sublimation product,
in certain limestones or dolomites, and in clay
rocks (Palache et al., 1944). It is found in Roma-
nia, the former Czechoslovakia, and the former
Yugoslavia, Greece, Germany, Switzerland, Italy,
Corsica, Japan, and the western United States
(Palache et al., 1944). The world’s largest mineral
deposit of realgar is found in Hunan province,
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Germany, no. 53044. Department of Mineral Sciences,
Smithsonian Institution, Washington.

China (Yu, 1987). It is also found in Iraq (Thomp-
son, 1925), the Caucasus, Iran, and Afghanistan
(Malevanny, 1968) and, according to Al-Birani,
in Nishapur, Iran (Hamarneh, 1973).

The classical writers were aware of many of the
mineral deposits in northern Anatolia, Persia, and
the Ukraine. Pliny also reported the existence of
realgar on an island in the Red Sea (Bailey, 1932).

4.3 Preparation

Naturally occurring orpiment and realgar miner-
als were prepared by grinding and sometimes also
by levigation. The difficulty of powdering orpi-
ment was mentioned by Cennini, although he
appears to have been referring to the artificial
material, which would not have been as difficult
to grind as the mineral (Thompson, 1954).

The Arab alchemists referred to realgar and
orpiment as “the two kings” (Crosland, 1978) but
it is unclear if this is the source of the term king’s
yellow for artificial orpiment. The term king’s
yellow and references to artificial orpiment are
not found in English language sources before the
eighteenth century, although the Dutch used the
artificial material in the seventeenth century
(Harley, 1982). Harley suggested that orpiment
referred to the synthetic and natural material
before the eighteenth century. A paint box from
Ackermann of London, dated to between 1796
and 1827, now in the National Gallery Science
Laboratory, London, contains two watercolor
cakes labeled “King’s Yellow” and “Red Orpi-



ment” (see section 5.3.1). The term king’s yellow
can also apply to chrome yellow or to a mixture of
chrome yellow or cadmium yellow with zinc
white (Weber, 1923; Colour Index, 1971).

Wallert (1984), who summarized methods of
producing artificial orpiment and realgar, sug-
gested the same terminology that is applied to the
making of artificial vermilion. Production of orpi-
ment by heating, with or without sublimation, can
be referred to as “dry-process” methods and pre-
cipitation methods employing materials in solu-
tion can be called “wet-process” methods.

Pliny, in the first century, described orpiment as
a natural pigment, as opposed to being manufac-
tured (Bailey, 1932), evidently the earliest men-
tion of the fact that an artificially prepared pig-
ment existed. Cennini in the fourteenth century,
referred to orpiment as “an artificial material . . .
made by alchemy” (Thompson, 1954). Wallert
(1984) suggested that Cennini may have prepared
orpiment by sublimating the mineral with or with-
out sulfur. Jehan le Begue, in the fifteenth century,
described heating red sulfur and red orpiment to
get a gold color (Merrifield, 1967). Wallert cited
an unpublished early fifteenth-century Italian
manuscript that discussed a preparation method
that involved heating. The seventeenth-century
Paduan manuscript published by Merrifield
(1967), describes heating orpiment followed by
grinding, with no reference to sublimation.

The first definite reference to the dry-process
preparation of orpiment by sublimation appears to
be by Robert Dossie in The Handmaid to the Arts
(1758). He discussed “King’s yellow or pure orpi-
ment,” which “must be prepared by mixing sul-
phur and arsenic by sublimation.” He stated that
king’s yellow can also be obtained by subliming
“comon orpiment” (the natural mineral), which he
said was “very seldom employed in its unrefined
state.” In the nineteenth century, dry-process orpi-
ment was made by sublimation of a mixture of
sulfur and arsenic trioxide (As,0,) (Wallert,
1984).

Little is known about the history of artificial
realgar. The seventeenth-century Paduan manu-
script mentioned above describes melting, cool-
ing, and grinding orpiment to get “red orpiment”
(Merrifield, 1967). George Field noted that there
were native and manufactured varieties of realgar
in England in the early nineteenth century
(Harley, 1982).

Wet-process methods of producing orpiment
have been described, but there appears to be no

evidence that the precipitated material was used
as a pigment (see section 5.1).

At present, synthetic arsenic trisulfide (As,S;)
can be prepared by fusing arsenic or arsenic triox-
ide (As,0;) with sulfur. Heating a mixture of
pyrite (FeS,) and arsenopyrite (FeAsS) will yield
a mixture of orpiment and realgar by sublima-
tion (Mellor, 1961). These methods yield impure
mixtures, which must be further purified (Pascal,
1958). Arsenic trisulfide also results when hy-
drogen sulfide is passed through a hydrochloric
acid solution of arsenic trioxide; this product is
very toxic because some arsenic trioxide always
remains (Reclus, 1956).

Synthetic realgar (AsS) is prepared by the same
sublimation methods by varying the proportions.
It can also be produced by fusion of sulfur and
arsenic in the presence of carbon (Reclus, 1956).
One method of preparation is by heating orpiment
with arsenic (Mellor, 1961). There are other meth-
ods for preparing both compounds, but they are
not used on a commercial scale (Pascal, 1958).

There is an 1846 Japanese reference to orpi-
ment being produced by the burning of “arsenical
stones” and also by heating arsenical ores with
sulfur (Takamatsu, 1879—-1880).

4.4 Adulteration and Sophistication

Mineral orpiment is always remarkably pure
while synthetic orpiment is often contaminated
with white arsenic trioxide (arsenolite), one of the
compounds used in its preparation (see sections
4.3 and 5.3.1).

5.0 Identification and
Characterization

5.1 Optical Microscopy

The refractive indices of orpiment are, o 2.4+,
B 2.81, v 3.02 (Larsen & Berman, 1934). In
transmitted light the color is various shades of
lemon yellow (fig. 8A). It is biaxial negative and
strongly anisotropic. Distinctive yellow internal
reflection masks interference colors (Short,
1964). The distinctive anomalous polarization
colors of green to blue, as seen in figures 8B
and 9, are useful for identification of orpiment
(McCrone, 1982). The color in vertically reflected
light, as seen in cross section, is gray (Short,
1964).

The mineral orpiment belongs to the mono-
clinic crystal system. In habit it is short prismatic
and usually foliated, columnar, or in fibrous
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Fig. 8 Photomicrographs of orpiment from beeswax
layer on Assyrian writing board from Nimrud, Iraq,
eighth century. British School of Archaeology in Iraq.
Mounted in Canada balsam, n=1.53. 230x.

A. By transmitted light.

o e, Q

masses; it can occur as reniform or botryoidal
aggregates and is sometimes granular or pulveru-
lent (Palache et al., 1944). There is often perfect
cleavage on {010} (Larsen & Berman, 1934). Its
luster is pearly on the cleavage surface and
resinous elsewhere. Its hardness is 1.5 to 2 and its
specific gravity is 3.48 (calculated) (Palache et
al., 1944).

Orpiment pigment particles are usually coarse,
of somewhat limited transparency, and their foli-
ated, micaceous structure is readily apparent on
microscopic examination. The flat, shiny surface
of the particles, particularly when coarse, often
gives a glittering, sparkling appearance to the area
where the pigment is used.

There is no objective way to distinguish be-
tween the naturally occurring mineral orpiment
and the dry-process artificial material. Their prop-
erties are identical, except that the artificial mate-
rial is more finely divided; the ground mineral
can, however, include small as well as large parti-
cles. From x-ray diffraction we know that artifi-
cial orpiment may contain arsenolite (see section
5.3.1) and some differentiation might be based on
the presence of this or other impurities. Scanning
electron micrographs can show the structure of
artificial orpiment in detail (see Wallert, 1984)
and possibly further examination of the artificial
material by this method would be productive.

It is presumed that the finely divided crystalline
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B. Same field in crossed polars.

orpiment present in pigments supplied by nine-
teenth- and twentieth-century color makers is dry-
process orpiment and not finely ground natural
mineral. The king’s yellow from the Ackermann
paint box and that supplied by Roberson contain
arsenolite; the smallest particle size in the latter
was 10 pm. The particle size of orpiment used to
color Chinese lacquer ranged from 10 to 12 pm
(Hornblower, 1963); it is possible that this was
artificial material, but no historical evidence
exists that orpiment was prepared artificially in
China. In contrast, in the pigment from a late
nineteenth-century Japanese painting the largest
particle size is about 30 um, suggesting that it is
ground mineral orpiment (see fig. 9).

Wet-process arsenic sulfide was prepared by
John Winter, in the Department of Conservation
and Scientific Research, Arthur M. Sackler
Gallery and Freer Gallery of Art, by passing
hydrogen sulfide through a hydrochloric acid
solution of arsenic trioxide. This arsenic sulfide
has a particle size of about 1 um and did not yield
an x-ray diffraction pattern, because it is amor-
phous and very finely divided. The round, regular
appearance of the particles is typical of a precipi-
tated material (fig. 10). There is no evidence to
date that arsenic sulfide pigments prepared by the
wet-process were ever used.

The refractive indices of realgar are, o 2.538,
B 2.684, v 2.704, slightly lower than orpiment



Fig. 9 Photomicrograph in crossed polars of orpiment
from late ninéteenth-century Japanese painting on silk,
style of Hokusai, Collecting Shellfish at Low Tide.
Freer Gallery of Art 03.2. Mounted in Aroclor 5442,
n=1.66. 360x.

Fig. 10 Photomicrograph in partly crossed polars of
artificial As,S; produced by precipitation. Mounted in
Aroclor 5442, n=1.66. 410x.
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Fig. 11 Photomicrographs of realgar from Pompeii,
slightly crushed for mounting. Mounted in Aroclor
5442, n=1.66. Sample from Selim Augusti. 60x.

A. By transmitted light.
B. Same field in partly crossed polars.

(Palache et al., 1944). In transmitted light the
color is orange-red (fig. 11). Realgar is isotropic
(Short, 1964) and shows distinctive orange inter-
nal reflection. The color in vertically reflected
light, as seen in cross section, is bluish gray
(Short, 1964).

The mineral realgar is also monoclinic. In habit
it is short prismatic and striated. It is usually gran-
ular, coarse to fine, or compact, or as an encrusta-
tion. Cleavage is good on {010}. Small con-
choidal fractures are sometimes seen. Its luster is
resinous to greasy. Its hardness is 1.5 to 2 and its
specific gravity is 3.59 (calculated) (Palache et
al., 1944).
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Little is known about the microscopic proper-
ties of artificial realgar.

5.2 Chemical Microscopy

On heating, orpiment becomes colorless because
of its oxidation to white arsenic trioxide (As,0;).
De Wild (1929) wrote that these crystals of
arsenic trioxide can be condensed and observed
on a microscope slide.

The effect of acids on orpiment and realgar
has been described (see section 3.4). R. J. Gettens
(unpublished) noted that when orpiment is treated
with concentrated nitric acid on a microscope
slide, arsenic trioxide (As,O;) forms as tiny re-
fracting octahedra in little clusters at the edge of
the drop; the clusters do not have the tendency
to dendritic formation shown by lead nitrate
(Pb(NO,),), although they can be confused with
lead nitrate octahedra.

Several tests for arsenic (or arsenate) are possi-
ble by chemical microscopy.

The ammonium molybdate test for arsenic is
sensitive, subject to practically no interferences,
and is not difficult to carry out. Orpiment or real-
gar are decomposed with aqua regia and the
residue is taken up with 1:7 nitric acid (HNO;)
and the solution is evaporated almost to dryness.
A drop of ammonium molybdate solution (1.5%
in 1:7 nitric acid) is added and slowly evaporated.
Tiny lemon-yellow crystals of ammonium arseni-
molybdate form. These crystals are very small
and nearly spherical and therefore their octahedral
shape cannot always be seen; tiny crosses are
common and give the solution a scintillating ap-
pearance before it goes to dryness (fig. 12). If 1:7
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Fig. 12 Test for arsenic with ammonium molybdate. By
transmitted light. 360x.
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nitric acid is added, it will dissolve any excess
ammonium molybdate. The crystals are isotropic
in polarized light. The limit of detection is 0.01%
ammonium arseni-molybdate (Chamot & Mason,
1940; Short, 1964).

In the test with stannous chloride, metallic
arsenic forms (Plesters, 1956). The pigment is dis-
solved in concentrated hydrochloric acid, and a
drop or two of saturated stannous chloride solu-
tion is added. Arsenic precipitates as a blackish
brown solid.

For the test utilizing the formation of silver
arsenate, the unknown is warmed with ammonia
and 10% hydrogen peroxide in a platinum cru-
cible and then acidified with acetic acid and one
to two drops of 1% silver nitrate (AgNO,); red-
brown silver arsenate forms (Chamot & Mason,
1940; Plesters, 1956).

Other tests by chemical microscopy include the
potassium iodide and cesium double-iodide tests
(Chamot & Mason, 1940; Short, 1964), detection
as arsine in an adaption of the Marsh test, or
reduction to metallic arsenic and subsequent oxi-
dation to arsenic trioxide, and various other tests
for arsenate (Chamot & Mason, 1940).

Tests may also be made for sulfur or sulfide,
although these are not generally necessary.

Several spot tests are available for arsenic. The
most sensitive is the detection of arsenic(IIl) with
kairine and ferric chloride. The limit of detection
is 0.005+ arsenic (Feigl & Anger, 1972).

5.3 Instrumental Methods of Analysis

5.3.1 X-ray diffraction.

Orpiment and realgar. Orpiment is readily identi-
fied by x-ray powder diffraction. Identification of
realgar by x-ray diffraction should be carried out
with care, however, because of the possible pres-
ence <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>