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PREFACE

The beauty, mystery, joy, and inspired observation of the human spirit
that paintings evoke result from a complex of intuitive and cognitive
choices made by the artist. An understanding of the genesis of these
choices can be as elusive as the resulting imagery, but great paintings
seem to initiate in us a curiosity about the ideas, methods, and materi-
als used by their creators. In the twentieth century connoisseurship has
been enriched by the application of methods of scientific analysis. The
results of these investigations into the physical properties of paintings
have shed new light on their authenticity and individual histories as well
as on the craft in general. Developments in the fields of physics and
chemistry have allowed us to understand still more about how we per-
ceive and interact with paintings.

This book is intended for those both inside and outside the field of art
who wish to gain insight into the making of paintings. It is directed toward
students, teachers, and scientists in engineering, physics, and chemistry as
well as those in art, art history, and art conservation. This book grew out
of the interdisciplinary undergraduate-level course Art, Isotopes, and Analy-
sis taught at Cornell University by the two authors and supported in lec-
tures and seminars by three of the contributing authors: Dr. Richard
Newman, of the Museum of Fine Arts, Boston; Dr. Dusan Stulik, of the
Getty Conservation Institute; and Prof. Peter Kuniholm, of Cornell Uni-
versity. Students enrolled in the course represented a broad range of ma-
jors and expertise in both art and science (they were not expected to have
taken college-level math, physics, or chemistry). The course gave inspira-
tion and structure to the book, which developed from a student text com-
piled by the authors and other contributors to the course. Much of the
information in the Technical Appendices is derived from these lecture notes.
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The book is divided into two sections: (1) nine chapters describing
the structure of paintings, the differences in painting media, and the
physical properties of painting materials. The nature of light and color
and their interaction lead to a view beyond the eye, enhanced by
x-radiation, infrared radiation, and nuclear radiation, enabling a deeper
penetration into the painting. Analysis of pigments, binders, and support
materials as well as the application of dating techniques is also described;
(2) a list of references and technical appendices that provide, in detail,
the physics and chemistry applicable to the topics covered in the main
text. The problem sets and exams used at Cornell University for the Art,
Isotopes, and Analysis course, as well as a solution set, are available
through the publisher, Springer-Verlag.

The authors acknowledge the help and support of our Cornell Uni-
versity colleagues. Professor Donald D. Eddy, of the Department of Eng-
lish, has for many years taught The History of the Book, a course that
was the inspiration for Art, Isotopes, and Analysis. Eddy also partici-
pated in the organization of Art, Isotopes, and Analysis and presented
lectures on printing, binding, paper, and the history of books. Professor
Peter I. Kuniholm, of the Department of the History of Art and Archeaol-
ogy and director of the Aegean Dendrochronology Project, provided lec-
tures and data on dendrochronology. Professor David D. Clark and
Howard C. Aderhold, of the Department of Nuclear Science and Engi-
neering, and Professor Albert Silverman, from the Department of Physics
and Nuclear Science, gave support in the areas of physics and neutron-
induced autoradiography. Peter Revesz provided proton-induced x-ray
emission (PIXE) analysis of pigments. Debora Mayer, a private art con-
servator in Bedford, New Hampshire, and formerly at the Winterthur
Museum, gave lectures on beta-radiography of works of art on paper and
on paper fibers. We are indebted to the students at Cornell who attended
our course and those who served as our undergraduate teaching assis-
tants. These teaching assistants attended the course, carried out research
projects, and participated as graders, advisors, and assistants.

This book is being used at Cornell University as a text in studio paint-
ing courses and at Arizona State University as a supplemental text in the
course Patterns in Nature, which is intended for teachers of grades K-12.
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THE STRUCTURE AND
ANALYSIS OF PAINTINGS

1.0 INTRODUCTION

This book follows two lines (science and art) that run simultaneously.
Each has been organized independently to explore a particular disci-
pline or body of knowledge. The science component of the book takes
ever closer views of matter and the interactions in nature that allow
us to perceive paintings, from the phenomenon of light to the com-
position and dynamics of the atom. Techniques of analysis, which uti-
lize these scientific principles, are used in an in-depth investigation of
paintings. The book also explores the processes through which paint-
ings are made, the materials to make them, and the information pro-
duced by scientific analysis.

The sequence of examples and topics is designed to give as clear
an explanation as possible of the nature of paintings as objects. The
sequence is also designed to explain the scientific laws that are at work
in making it possible for the object to exist and for us to perceive it.
Despite the differences in motivation on the part of artists, the social,
political, and economic forces at work during the time in which the
works were made, and the consequences of artistic invention, the ob-
jects we are analyzing live as objects and among objects as a part of
our world. It is part of the intention of the book to give some feeling
for the relevance of the works of the past to our lives today. The ob-
jects we will examine are as alive today as they were when they were
made. This is not to say that the conditions under which the works
were made have no consequence in our study of them. Quite the con-
trary. Many of the choices made by an artist were dictated by the cur-
rent state of technology, economics, politics, and many other factors.
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Paintings are also repositories of history. They have been subjected
to the whims of man and the forces of nature. A study of the particular
way time and the elements have affected these objects can reveal to us
a great deal about the properties of the materials, and the way in which
they were made.

1.1 WHAT IS A PAINTING?

Paintings present us with images that either represent things, ideas, or
events familiar to us or that have no connection to our own experience.
In either case, we are often inspired, informed, and given pleasure by
what we see. And what is it that we see? Paintings are essentially two-
dimensional—an image painted on a flat surface. Most typically the sur-
face is rectangular, and we view it hanging flat against a wall. The
three-dimensional volumes of the figure and the deep space of the inte-
rior in The Archangel Gabriel by Gerard David (Color Plate 1) are illu-
sions. The effectiveness of these illusions is dependent upon the skill of
the painter, for despite the complexities of iconography, narrative, and
the attachment of the viewer to the activity being depicted, these are sim-
ply images made with paint. In most cases, the paint is somewhat evenly
distributed across the surface, reinforcing the two-dimensionality of the
painting.

The fact that paintings have a material presence is often overlooked
or is not fully appreciated. This is due in part to the profusion of art re-
productions that, while providing us with the image, cannot adequately
portray the surface or scale of the painting. When we view an actual
painting, its material aspect can become very apparent to us. We see the
image, and simultaneously we may also acknowledge that it is made with
paint. The images in Easter Monday by Willem de Kooning (Color Plate
2) are clearly made of material we associate with paint. The texture of
the paint is an integral part of the image. We may see that areas of color
overlap one another in some way or that some areas of paint may be
thicker than others. The paint may also have different surface charac-
teristics or topography. Some areas may be very smooth and others heav-
ily textured.

The whole surface may be extremely smooth—resembling enamel or
glass. In David’s Archangel Gabriel (Color Plate 1) we are more aware of
the figure in the interior than the surface topography of the paint. We
assume that the images are made with paint, but the character of the
material is not as evident as the illusionistic texture of fabric, hair, and
feathers. The topographical character of the paint—whether smooth, as
in the David, or heavily textured in the de Kooning—is crucial to initi-
ating a response from the viewer.

Paint may be manipulated to produce a wide range of reflective qual-
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ities from shiny to matte. These effects are, for the most part, imper-
ceivable in reproductions, but are an integral part of the painting and
carefully considered by the painter.

Paint, of whatever surface texture or reflective quality, is composed
of the same basic components. The component we perceive as color is
known as pigment, which is most typically a fine powder of organic or
inorganic material. The pigment is dispersed in a liquid, which allows it
to be spread out and which binds the individual powder granules to-
gether and to the surface to which the paint is applied. This liquid, called
the binder, can be one of a number of oils, egg, gum, or a synthetic poly-
mer (acrylic, alkyd). The binder has the characteristic that when it dries
it produces a stable paint film. A third component (sometimes absent)
is the vehicle, or diluent. The vehicle is compatible with the binder: wa-
ter with egg, gums, and acrylic polymers; turpentine or petroleum dis-
tillate with oils. When mixed with the pigment and binder, the vehicle
allows the paint to be spread more easily and makes it a bit more trans-
parent. It may also assist in the drying of the film. In all cases, the ve-
hicle evaporates as the film dries.

The surface upon which the paint is applied is known as the support.
It may be flexible material like cotton or linen canvas (stretched over a
wooden frame, the stretcher, to give it
stability as shown in Figure 1.1), or
rigid panels of wood, metal, glass, or
plastic. The walls and ceilings of
buildings have also served as supports
for paintings. Canvas has a distinct .
texture that in most cases can be eas-
ily recognized in the painting. The na- A ;
ture of the support material influences
the way we see and interpret the paint-
ing. Some materials, such as coarse |
canvas, impart a softness to the sur-
face, whereas a painting on a wooden
or metal panel looks hard and smooth.

The support is first prepared with
an application of size. Size is a diluted
glue, most typically made from ani-
mal skins. The size prevents the
binder in the subsequent layers of the
painting from being absorbed into the
support, thereby weakening the paint-
ing. In addition, the size prevents
the penetration into the support of
binders and vehicles that may have a
deleterious effect on the support ma-
terial. In the case of canvas, size also

frame.

stretcher.

|

Fig. 1.1A,B. Canvas stretched over a wooden “stretcher”

A: the surface that will receive the paint. B: the back of
the canvas, showing how the fabric is attached to the
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oo ) -e— Ground
--— Cgonvas

Fig. 1.2. The ground layer applied to the canvas.

This coating protects the fabric from the adverse effects of the paint. This view is
called a cross section because it cuts across the layers of the painting, perpendicular
to the surface view.

shrinks the fabric to a taut, smooth membrane (held, of course, by the
stretcher).

A coating, or ground, shown in Figure 1.2, covers the sized support
to further protect it from the adverse effects of binders and to block the
absorption of the binder into the support. The ground is essentially a
paint, made of materials compatible with the support material and the
paint to be used over it. Gesso—a mixture of animal glue, chalk (calcium
carbonate), and at times a white pigment—has been used for centuries
as a ground for both wooden panels and canvas. The most common
ground preparation used today is a gesso containing a binder of acrylic
polymer, which replaces the animal skin glue used in traditional gesso.
Traditional gesso grounds produce a white, opaque surface. In addition
to its protective function, the ground also acts as a reflective surface be-
neath the paint film.

The illustration of a painting shown in Figure 1.3 is known as a cross
section, which depicts the layers of a painting as seen from its edge, per-

Incident light Reflected light

[ {

.+") -a— Ground
-a— Canvas

Fig. 1.3. Light passing through a layer of paint and reflected by the ground layer.
Not all paint films allow light to pass to the ground, and the amount of light reflected
is dependent upon the characteristics of the pigment and binder components of the
paint.
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pendicular to the normal surface view. This view allows us to understand,
in this case, how light interacts with the painting. As we will see in dis-
cussing the optical properties of paint films, light passes into the film
and may penetrate as far as the ground. If the light is reflected back by
the dense white surface, we will perceive luminosity in the painting, a
quality cherished by many painters. Some grounds are not white, how-
ever. The painter may decide to add certain colors to the ground mix-
ture to act as a base for overlaying colors. A cool tone (blue-gray or green)
sometimes underlies the warm colors of flesh. A brilliant white ground
may well impart desirable characteristics to the paint film, but to many
painters it is a disturbing surface to face when starting a painting. A thin
layer of color called an imprimatura may be applied over the ground to
act in a way similar to a toned ground, and may also serve to seal a some-
what absorbent gesso. Painters sometimes find these colors useful as the
painting develops. Areas of either toned ground or imprimatura may be
visible in a finished painting.

The painting may be coated after completion with a thin layer of var-
nish. The varnish is a transparent liquid material that performs two pri-
mary functions: It protects the paint film from abrasions, pollutants in
the atmosphere, moisture, and dirt, and it can alter the reflective char-
acteristics of the paint. The painter may find that certain colors have dried
matte while others have dried
glossy. If the desired effect is a
glossy surface, the application
of a gloss varnish will make all
colors uniformly glossy.

Figure 1.4 illustrates how
these components of a painting
fit together. Most paintings
seen in cross section will re-
semble this drawing. The par-
ticular construction in Figure
1.4 has served the needs of
many painters in the history of
Western painting; however,
there exist many variations on
the theme. In an effort to sat-
isfy the demands of the imagi-
nation, artists have experi-
mented with many nontradi-
tional painting materials and
with methods that often stretch
both traditional and nontradi-
tional materials to the limit
(and sometimes perhaps re-
grettably beyond the limit) of

Fig. 1.4A,B,C,D. A typical painting in exploded view.
Overlaying the canvas (A) is a layer of ground (B), followed by
areas of paint (C). Covering the various applications of paint is
a layer of translucent glaze or transparent varnish (D).
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their abilities to produce a stable, perceivable object. Woman with Hat
(1916) by Alexander Archipenko (Color Plate 3) is a very successful ex-
ample of the use of traditional materials applied in nontraditional ways.
It has a rather complex support made of wood, metal, papier-maché, and
gauze. The image is made partly in relief and then painted. Experimen-
tation is an innate part of the painting process and will manifest itself
in more or less subtle ways.

1.2 CHOICES

What we see when we look at a painting—the image and our belief in
it—is the result of choices in painting media, physical components, and
the methods employed prior to and during the painting process. To a
great extent, the number of choices, the way they are made, and the se-
quence in which they are used are influenced by the environment of the
artist. Availability of materials, training, common practice, the demand
of imagery, scale, and placement of the completed painting all influence
these choices. We certainly cannot discount skill and invention as con-
tributing factors in the making of the object, for they guide the use of
materials, and, when the artist is truly inspired, allow us to be trans-
ported into the life of the painting.

The choices made to satisfy the particular requirements of one paint-
ing may well provide the viewer with a distinctly different sensory ex-
perience from a painting requiring different choices. In the late 1520s,
the Florentine artist Jacopo Pontormo painted the Deposition altarpiece
and Annunciation (Color Plates 4 and 5) for the Capponi Chapel in S.
Felicita, Florence. The altarpiece is painted in oil on a panel and has a
glossy, luminous, rich surface. The colors are very intense and range from
very light to very dark. On an adjoining wall in the small chapel is the
Annunciation, a fresco painting much different in character. Fresco is a
method of painting on a wall while the plaster of the wall is still damp,
or “fresh,” as described in Section 2.2. Part of the difference between the
paintings can be attributed to the effects of nature and time on the fresco,
but there is also a significant visual difference resulting from the unique
method used in fresco. The method is determined in large part by the
nature of the materials. Fresco also has a much drier, less reflective, and
somewhat matte surface. In addition, one cannot overlook the fact that
the images are a part of the wall. The Deposition is painted on a panel
and is separated from the architecture of the chapel by an ornate frame.
The panel support does not assert itself, so we are led through the frame
into the space of the painting as through a window. The space is crowded
with figures, and there is very little to indicate the particular environ-
ment they occupy. We are transported from the world of the chapel into
the world of the painting. By contrast, the angel and Virgin of the An-
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nunciation are part of the architecture that surrounds the viewer. These
figures are close to us; we see them as a part of our space. They are in-
timately integrated into the space of the chapel, flanking a window—a
real window, across which the communication between them takes place,
and which operates as a source of light for the chapel.

The life of the painting itself is as dependent upon these choices as
the image. Albert Pinkham Ryder, a much admired American painter
(1847-1917), produced paintings that are often mysterious, full of large
swirling forms depicting strange landscapes or seascapes (Figure 1.5).

Fig. 1.5. Moonlight Marine by Albert Pinkham Ryder, late 1890s, Metropolitan Museum
of Art. Oil on canvas, 11 1/2" X 12”.

Cracks can be clearly seen throughout the surface of Ryder’s painting. His unortho-
dox technique and choice of materials contributed to their presence. Although the
cracks indicate a faulty and often delicate paint film, they somehow do not interfere
with the appreciation of the painting. In fact, because of the prevalence of such crack-
ing in his paintings, we have grown to expect them. A Ryder painting without cracks
would be very surprising.
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Many of the paintings are relatively small, and because of the scale, the
texture and character of the surface are very evident when we view them
either in a museum or in reproduction. Typically, passing across those
painted large forms is a network of cracks. More than likely, the thick-
ness of the paint, the materials used, and the process employed in build-
ing the layers of paint all contributed to the cracking. To the viewer the
pattern of cracks seems to relate to the images; it is difficult to think of
Ryder’s paintings without them. But it is unfortunate at the same time
that the unique qualities that make Ryder’s paintings so compelling (the
rich multilayer glazes, for example) also make them extremely fragile.

Painters over the centuries have been very attentive to the demands
of particular materials. Methods of work have been developed to ac-
commodate the characteristics of the materials used. If a pigment has
proved to be unsatisfactory, it is either abandoned or used with a bind-
ing medium that allows it to remain stable. Often paintings incorporate
more than one binding medium because the artist needs to use a range
of pigments, some compatible with one binder, others compatible with
a different binder. Likewise, the effects resulting from the use of one
medium might be desired in one area of a painting, while the effects gen-
erated by the use of another medium are felt to be more appropriate for
another part of the image.

The determination of what materials are suitable for a given situa-
tion, or indeed, what are suitable for the making of paintings in the first
place, is often made through the study of the work of past masters. The
methods of working and the application of a wide variety of materials
to the process have been well documented. However, the innovations of
painters of the past often fail to meet the demands of an artist’s imagi-
nation.

Many artists have adopted materials designed for industrial appli-
cations. This has at times proved problematic, given the instability or
impermanence of many synthetic materials, but it has also provided the
artist with an ever-expanding source of permanent and easy-to-use ma-
terials. Well-established practices must frequently be modified, and un-
conventional materials or traditional materials used in unconventional
ways may be called for. Experimentation of this sort is an integral part
of the painting process and has advanced the craft steadily throughout
its history. These investigations may also have the effect of liberating the
artist’s imagination. Some ideas lie dormant, waiting for the appropri-
ate material to give them life.

1.3 EXAMINATION AND ANALYSIS

We have described a painting as an object made from a variety of ma-
terials carefully chosen by the painter. But how is it constructed, what
are its materials, and how is our visual response generated by the result
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of their combination? A series of analytical techniques
has been developed to help answer these questions.

The techniques employed in the scientific analysis of
paintings follow a sequence beginning with an external
view with the unaided eye. Much information is avail-
able from this view, and the resulting perceptions both
direct and assess further investigation by other tech-
niques. Assisted by the optical microscope (Figure 1.6)
and various other techniques that aid the eye, we can
begin to look into and through the painting.

The interior view reveals a relationship between the
elemental structures within a particle of pigment, for
example, and the images on the surface of the painting.
The external and internal views are aspects of the same
phenomenon. They reinforce and amplify each other.
The scientific analysis is a window through which we

gain an appreciation of the structure of a painting just
as paintings themselves are windows through which we
may view ourselves and our world.

A thorough scientific analysis is essential in decid-
ing upon a course of treatment for an ailing work of art.
The resulting information may allow one to avoid com-
plications or damage resulting from the treatment itself.
The success of any such treatment is, of course, depen-
dent to a great extent on available technology. With the
development of more sophisticated methods of assess-

Fig. 1.6. Viewing a painting through
a binocular microscope.

The microscopic view reveals as-
pects of the painting’s construction
such as the layering sequences of
paint layers, pigment density, un-
derpainting or underdrawings, as
well as evidence of restoration, over-
painting, losses, and alterations to
the original work. Photo: J. Mayer.

ing the condition of artworks, as well as determining

the component materials and how they have been used,
has come a more informed, restrained, and cautionary
approach to treatment. Art historians have also benefited by the devel-
opment of new applications of analytical technology. Attributions, deat-
tributions, and reattributions are often more easily made after reviewing
x-radiographs, infrared reflectograms, dendrochronological data, and
pigment analyses. This material adds to the general knowledge about
particular artists, their lives, working methods, chronologies of their
work, and interrelationships with other artists.

Another benefactor of this information is the contemporary artist.
Traditionally, artists learn about the craft of painting directly from mas-
ters, contemporary accounts of studio practices written by artists (Gior-
gio Vasari in his Lives of the Artists and The Craftsman’s Handbook by
Cennino d’Andrea Cennini, for example), and from artist’s journals.
The texts most used today were compiled by or with the assistance of
scientists. Rutherford J. Gettens, George Stout, Ralph Mayer, and Max
Doerner are a few of the modern writers on painting materials and tech-
niques whose work is based on scientific investigation.

The techniques used in the analysis of works of art fall into the larger
framework of analysis of the wide variety of materials that make up our
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Fig. 1.7. Detail of painting 4 Squids
by Richard Birkett, 1986.

Paintings (in this case an object com-
posed of oil paint on canvas) are typ-
ically viewed with the unaided eye
and are appreciated with no other me-
diation. Additional information and
an appreciation of different aspects of
the object are achieved through the
use of the same analytical techniques
that are used to study, and therefore
to appreciate, the integrated circuit
shown in Figure 1.8.

Fig. 1.8. A scanning electron micrograph of an electronic circuit.

This degree of detail of the surface typography and texture cannot be perceived with
the unaided eye. Through the use of specialized techniques of analysis we are able to
extend our view and knowledge of the object.




1.3 Examination and Analysis

world today, from coatings on windows to the integrated circuits in our
home computers. The analysis of the layers of paint that produce the im-
age of a squid in the painting shown in Figure 1.7 can be performed us-
ing the same approach used in the analysis of the layers in the metal
lines interconnecting electronic devices in the semiconductor surface
shown in Figure 1.8. From a scientific viewpoint both the squid and the
metal lines of the semiconductor are thin films with defined shapes and
patterns. In terms of scale, they are vastly different, with the squid com-
posed of patterns that are centimeters across and the metal lines thou-
sands of times smaller. The details of the squid can be viewed with the
unaided eye, while the metal lines cannot be seen without the aid of a
high-powered scanning electron microscope. Yet, the analytical tech-
niques developed for unraveling the structure of the components in semi-
conductor transistors have their counterparts in the laboratories of
museum scientists and conservators to assist them in gaining a deeper
understanding of the structures and physical properties of paintings.
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2.0 PAINT

The paint used by artists to project their ideas and observations can
be as simple as a mixture of pigment and binder, with pigment pro-
viding the color and the binder joining the particles of pigment to-
gether and to the support. A paint may also contain a vehicle that
dilutes the pigment/binder mixture, allowing the paint to be spread
more easily. Other materials may be added to the mixture to enhance
the optical or textural characteristics, or to alter the working proper-
ties, by accelerating or slowing the drying of the film or by making it
more or less fluid.

The choice of materials for these various functions is dependent
upon the type of support the painter intends to use, the scale of the
painting, its proposed environment, and the tactile and optical char-
acteristics suitable to the artist’s vision. Although many artists have
experimented extensively in the hope of developing new techniques
(Figure 2.1) or adapting new materials to suit their pictorial needs,
most have followed common practice or historically established pro-
cedures. Innovations generally derive from these historical precedents,
and the adoption of new materials such as acrylic polymers, vinyl, and
alkyd resins, in their most common formulations, mimic to some ex-
tent conventional paints. These synthetic media do offer the painter
an expanded range of textures, consistencies, and optical effects
through the use of a number of additives.

In centuries prior to the Industrial Revolution and the develop-
ment of manufactured paints, a painter was not only an artist, but
also a “formulator of paints.” Painters personally, or with the help of



2.0 Paint

assistants, made their own paints,
mixing pigments with selected bind-
ing media (the material that holds
the pigment together and bonds the
paint to a support). Hands-on expe-
rience with paint preparation gave
an artist a great understanding of
artist’s materials and their proper-
ties. Artists often followed a variety
of traditional paint recipes. Differ-
ences in paint formulas proliferated
as painters experimented with a
multiplicity of binding media, seek-
ing that special combination that
would give their paints the desired
optical and handling properties.
After the introduction of col-
lapsible paint tubes in 1841 and the
development of the paint industry 3
in the eighteenth and nineteenth e ""‘)
centuries, artists became separated :'
from the paint manufacturing pro- H._* T 1 \

cess, and most of them lost the mo-

tivation to learn the details of the Fig. 2.1. Photo of Jackson Pollock, Hans Namuth.

paint-making trade. Artists became Many of Jackson Pollock’s paintings consist of layers of

freer in the creative process, and the
collapsible paint tubes allowed them
to leave their studios and helped

here.
them to develop new styles of paint- e

paint marks produced by dripping very liquid paints onto
canvas. In order to make this kind of image, Pollock
adopted the unconventional application technique shown

ing. We can say that without these

technological advances in artist’s

materials there would not have been such art movements as Impres-
sionism, which brought the painter out into the open air. The techno-
logical advances and diminishing knowledge of artist’s materials by
painters had, on the other hand, some serious negative effects. Using in-
adequate materials, working with poorly tested paints, and experiment-
ing with paint formulas without an intimate knowledge of possible
consequences sometimes had disastrous effects on the longevity of
paintings.

Paint media, no matter how different they are from one another,
share a common characteristic in that they are manufactured in essen-
tially the same way. The pigment must be dispersed, or ground, as evenly
as possible in the binding medium to take full advantage of the proper-
ties of both the pigment and the binder. The grinding process does not
alter the morphology of the individual particles of pigment, but simply
distributes them evenly within the binder (Figure 2.2a,b). Traditionally,
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Fig. 2.2a,b. (a) Pigments (irregularly shaped particles) are combined with a bind-
ing medium into a stiff paste, which is then (b) ground on a flat plate to distribute
the pigment particles uniformly within the binder.

Fig. 2.3. A Dutch Studio in the Sixteenth Century, engraving, Theodor Galle after Jo-
hannes Stradamus, Bibliotheque Nationale, Paris.

In the studio of a successful sixteenth-century painter, apprentices are busy assisting
the master in a number of ways including the grinding, or preparation, of paint,
shown on the far right.
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the pigment and binder are first mixed into a stiff
paste. This is then ground on a flat plate of glass or
stone with a muller, a flat-bottomed glass or stone
instrument held in the hands and pushed in a cir-
cular motion, demonstrated by the apprentices in
the studio of a sixteenth-century painter in Figure
2.3. Although some painters today still grind their
paint by hand, most purchase their paint preground
by machines used by manufacturers to produce
large quantities of paint (Figure 2.4) of uniform con-
sistency and pigment distribution.

2.1 PIGMENT

A leading manufacturer of artist’s paint currently

Fig. 2.4. A modern commercial three-
roll mill producing, in this case, per-
manent green oil paint (Courtesy,
Daniel Smith Artists’ Materials.)

lists at least 108 different colors of oil paint. The

pigments selected for these colors are uniform in

particle size, compatible with oil binders, are rea-

sonably resistant to atmospheric gases and light,

and are for the most part permanent. These modern pigments are also
relatively uniform in consistency, workability, and drying time from color
to color. Even though some of the 108 colors are mixes of two or more
pigments (a flesh color might be a mix of reds, yellows, and titanium
white), this represents an incredibly varied and comprehensive palette
for the contemporary painter.

Modern high-quality artist’s paints are manufactured to such exact-
ing standards that the contemporary artist need not be terribly concerned
about using impermanent or unstable colors. In fact, few painters take
much notice of the pigments used in their paint and rarely have to con-
sider the compeatibility of the colors that they are mixing together on the
palette. It is tempting to believe that whatever use is made of the paint,
the results will be faultless.

By comparison, the options available to artists of the fourteenth
through seventeenth centuries, for example, were very limited. The pig-
ments commonly used during this period of Western painting numbered
about fifteen. The most common were three blues, azurite (copper car-
bonate), ultramarine blue (lazurite), and smalt (cobalt glass); and possi-
bly four reds, red lead (lead tetroxide), vermilion (mercury sulfide), iron
oxide red, and carmine lake (made from the dried bodies of the cochineal,
a South American insect). For many painters not all of these pigments
were available at all times, and some (ultramarine blue, for example,
made from the semiprecious stone lapis lazuli) were so prohibitively ex-
pensive that they could be used only on paintings for which the painter
had received a substantial advanced sum for materials.
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There were other colors available, notably simple earth pigments—
yellows and browns. Dyes of various kinds and minerals were continu-
ally being developed for other industries. These materials were often
tested for use by painters, and in some cases the palette was expanded
significantly by this experimentation. The more common result was that
these pigments turned out to be incompatible with other tried and true
materials. They proved to be unstable in some way, either by changing
color, fading, cracking, or by altering the materials placed in contact with

them.

Fig. 2.5A,B,C. Diagram showing layers of
plaster applied to a masonry substrate in the
construction of a fresco painting.

Each layer is kept damp until after the suc-
ceeding layer is applied, and the colors are
applied to the final layer before it dries, or
within about eight hours. As the compos-
ite of layers dries, some water migrates
from the surface back through the surface
layer or intonacco (A), and arriccio (B) to-
ward the masonry wall (C) while the rest
evaporates into the air at the surface. Car-
bon dioxide is drawn into the plaster,
transforming the calcium hydroxide into
calcium carbonate. During this process,
platelets of calcium carbonate lock the par-
ticles of pigment into the surface of the
plaster. This process acts as the equivalent
of an organic binder found in more con-
ventional paints. See Appendix J for an
analysis of a cross section of the Detroit In-
dustry frescos by Diego Rivera.

Artists tend to be experimental by nature and
are willing to try untested materials or procedures
that suggest an improvement in the capacity of
materials to project their ideas. Along with this
air of curiosity there also exists a concern for
permanence and general high quality. Although
periodic experimentation has been the norm
throughout history, most painters have had a
rather conservative attitude about their choice of
pigments. Powers of invention are focused on
how to maximize through mixing the limitations
of a small number of trusted colors.

What follows are descriptions of several types
of paint and the methods of applying them. There
are nearly as many variations of these methods
and formulations of materials as there have been
painters, but nearly all painters have based their
approach on historical models that still define the
art and craft of painting.

2.2 FRESCO

Fresco is an ancient technique of painting on ma-
sonry walls. The color in Diego Rivera’s murals
at the Detroit Institute of Arts (Color Plate 6) was
applied to damp plaster (hence the term fresco,
or “fresh” in Italian). The material used to paint
frescos does not conform to our usual definition
of a paint, which specifies the presence of a
binder. The pigment is ground in water, which
has no binding strength. Water is a vehicle, or
diluent, which evaporates during the drying
process. The water is used to dilute the pigment,
allowing it to be spread easily over the plaster
and to assist in the drying/binding process.
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The binder is the result of a chem-
ical process, resulting in a mechani-
cal bonding of the particles of pig-
ment. The color mixture of pigment
and water is brushed onto a freshly
plastered surface. The plaster is a
mixture of slaked lime (calcium oxide
in solution with water, forming cal-
cium hydroxide) and an aggregate
(sand, marble dust, or a volcanic
ash called pozzolana). As the plaster
dries, the particles of pigment are
pulled into the surface of the plaster
and locked in place by particles of
calcium hydroxide, which convert to
calcium carbonate as the plaster

dries (Figure 2.5). The plaster acts as  Fig. 2.6. A cross section from the fresco Detroit Industry
ground, support, and binding agent. by Diego Rivera showing the accumulation of pigment par-
Fresco is the one painting medium in  ticles (thin dark band) at the surface of a layer of plaster.

which all of the component parts Although this band appears as a discrete layer, the pig-
merge to form a single unit. A cross ment particles are actually interlaced with crystallites of
section from Rivera’s mural (Figure calcium carbonate in the plaster. See analysis of this

2.6) reveals a simple structure with = €8S section in Appendix J.

pigment particles integrated within
the surface of the lime mixture. (See
Appendix J for an analysis of pig-
ment—plaster integration.) Underlying the apparent simplicity of this
medium, however, is a process complex in its chemical interactions and
demanding in its execution.

Fresco is a marvelous medium for painting large-scale works that
are meant to be assimilated into an architectural space. It is compatible
with masonry and is durable and quickly executed. The difficulties for
the painter are that extensive preparatory work must be done (in the
form of sketches, full-size drawings called carfoons and small-scale color
sketches), large areas must be painted quickly and without alteration,
and the work of assistants and tradesmen must be orchestrated in the
often cumbersome environment of scaffolding and restrictive architec-
tural spaces.

The wall surface is built up of layers of different formulations of lime,
water, and aggregate as shown in Figure 2.5. Each successive layer con-
tains a greater percentage of lime, gradually increasing the binding power
of the plaster. Layering ensures even, slow drying, which reduces the like-
lihood of cracking. Because most frescos are large in scale, the intonacco,
or surface layer, is applied in sections that can be painted in one day be-
fore the plaster dries. These sections are called giornate, or a day’s work.
In addition to making the painting process more manageable for the
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painter, the seams between
giornate act as expansion
joints, alleviating some of the
stresses on the surface that
could lead to cracking. Figure
2.7 shows the arrangement of
giornate for the section Vacci-
nation from the mural cycle
by Diego Rivera at the Detroit
Institute of Arts. The seams
are aligned with the edges of
forms in the image. Complex
color mixtures would need to
be matched from day to day
(nearly impossible to do given
the inconstancy of pigment
and plaster mixtures and the
inevitable fluctuations of at-
mospheric conditions) should
a seam pass through a form
or area of the image. The
schemes for the giornate are
very carefully plotted when
the cartoons are drawn. The
image in the cartoon (Figure
2.8) is transferred directly to
Fig. 2.7. The line drawing superimposed over a photo of Vacci- the damp plaster by means
nation from Detroit Industrv by Diego Rivera indicates the seams of pouncing (charcoal dust or
between giornate, or sections of the fresco completed in one day.
The seams usually follow the contours of forms in the image.

pigment forced through a se-
ries of small punctures along
the lines of the drawing), or
by scribing along the lines in
the cartoon with a pointed wooden or metal tool that incises the line
into the soft plaster.

Painting of the image then proceeds in the prescribed sequence. Each
giornate must be completed in 4 to 8 hours, after which time the plas-
ter has dried too much to permit the adhesion of the pigment particles
within its surface. The painting cannot be revived after the plaster dries
to make alterations or corrections without having to chip away the in-
tonacco and start over again. It is possible to paint over the fresco to
make alterations, but this procedure requires the use of a binder in the
paint (egg, casein, or animal glue have been used), which then produces
a film on the plaster. In addition to making corrections, this technique,
called secco, is sometimes used to apply pigments that are not compat-
ible with lime (pigments containing copper, for example).

The finished state of a fresco has a somewhat dry, nonglossy ap-
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pearance. The surface may be-
come slightly more reflective
with age or from having been
burnished with a fine abrasive,
a practice sometimes employed
on Roman frescos. In most
cases, there is no sense of the
surface being coated with a
layer of paint. The image is
simply a part of the wall
Fresco has the potential to
produce brilliant color as well
as a feeling of monumentality
through its affinities with ar-
chitecture (Figure 2.9).

2.3 TEMPERA

Tempera refers to paint con-
taining a binder of egg. Its
vehicle is water, which dilutes
the paint but evaporates during
drying. Tempera produces a

very durable but somewhat Fig. 2.8. Vaccination, Diego Rivera, 1932. Charcoal with red pig-
brittle paint film. It is usually ment, 2.55 X 2.20 m. Cartoon for south wall of Detroit Industry,

applied to a rigid wooden panel Detroit Institute of Arts.

(Color Plate 7) that has been The cartoon is a full-scale drawing that is transferred to the pre-

. . 1 pri inting.
coated with gesso, a mixture of P el weall i fa paintheg

animal glue, water, chalk, and,

at times, white pigment. The

rigid support (typically made of wood) prevents the paint film from flex-
ing enough to cause cracking or flaking. In order to maintain binding
strength and avoid adhesion problems between layers, the paint must
not be diluted excessively with water. As a result, tempera paint is not
very fluid compared to other media. The paint dries rather quickly to an
unusually luminous and brilliant film.

Tempera has sometimes been used in conjunction with other paint-
ing media. In fresco, it is the secco overlying the fresco when alterations
are required, or it is used in the application of certain pigments (con-
taining copper, such as azurite) that are incompatible with the alkalis in
the plaster. It has also been commonly used as an underpainting, over
which layers of opaque and/or transparent oil paint are applied. Because
tempera dries quickly (within minutes), the painter can establish value
and compositional arrangements without the delays required by the
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Fig. 2.9. Photo of Vaccination in situ. North wall of Detroit industry, Diego Rivera, 1932.
Fresco.

It is only within the context of the architectural space in which they function that
frescos can be fully appreciated. The painted image and the architecture of the space
are fully integrated.

much more slowly drying oil medium, often requiring days of drying be-
fore subsequent layers can be applied. Alterations at this stage of the
painting may be much easier to accomplish using the quicker-drying tem-
pera. Some pigments, usually those containing high concentrations of
copper (azurite or malachite), tend to discolor oil binders, so they have
been ground in egg instead. Resulting paint films may have alternating
layers of tempera and oil paint.

The Annunciation, by Dierick Bouts (Figure 2.10), was painted in a
medium known as distemper. The binder is animal glue, usually made
from the skin of rabbits. This is a very strong glue, used in gesso, and
commonly used as an adhesive in the fabrication of furniture. As in the
case with the egg binder used in tempera, animal glue is diluted with
water. The paint is very brittle and often fragile. It must also be applied
to a rigid support, or when applied to canvas, as in the case of the Bouts
Annunciation, applied very thinly, almost as a kind of stain. When painted
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Fig. 2.10. Annunciation, Dierick Bouts, c. 1450-55. Distemper on canvas, 90 X 74.5
cm, The ). Paul Getty Museum.

Distemper is a paint with a binder of animal hide glue. This example is unusual in
that the paint was applied to a support of canvas. More typically, distemper is applied
to a rigid support in order to compensate for the brittle character of the paint film.
The paint in the Annunciation is extremely thin—almost a stain.

on canvas, the distemper has a very matte surface. It can produce a very
luminous and highly reflective surface (similar to porcelain or enamel)
if applied in layers on a panel.

Other media related to tempera are gouache and casein. Gouache
has a binder of gum arabic, a natural gum produced by the acacia tree.
Sometimes referred to as opaque watercolor, gouache is indeed extremely
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opaque in normal usage. It dries very quickly to a matte surface. This,
too, produces a rather brittle film. It is usually used on panels or paper.
Casein (an example is given in Chapter 3) shares some of the char-
acteristics of tempera and gouache. It is diluted with water and dries to
a matte film. The binder in this case is the solids of skim milk. Casein
glue made from these solids is extremely strong and when dry is insol-
uble in water. Due to the insolubility of the dried film, casein lends it-
self to work requiring layers of color or to artists who rely on making
revisions by overpainting. It produces a film with slightly more luster
than gouache, and like gouache is normally used as an opaque color.
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Fig. 2.11. Portrait of a Woman, Romano-Egyptian, c. A.D.
100-125. Encaustic and gilt on wood panel wrapped in linen,
55 X 35 cm. The J. Paul Getty Museum.

The presence of wax as a binder in the paint gives the
painting a rich, luminous quality. Wax is also a relatively
permanent substance, which accounts for the very good
condition of many encaustic paintings from this period.

2.4 ENCAUSTIC

Wax has been used as a binding
agent in paint since antiquity, and
the most compelling examples of its
use to date remain the famous por-
traits produced at Roman settle-
ments in Egypt during the first and
second centuries A.D. (Figure 2.11
Portrait of a Woman, J. Paul Getty
Museum). The simplest method of
wax painting is called encaustic, a
term derived from Latin and refer-
ring to the use of heat, which is
required to liquefy the colors. In
modern usage, a bleached white
beeswax is combined with pigment
and resin (damar is commonly
used). The heated, liquefied colors
are applied to a rigid support by
brush or palette knife. A wide range
of textures is possible by varying the
consistency of the paint through ma-
nipulation of working temperatures,
both of the colors and the support
material. For some effects, the
painter heats the support panel in
order to maintain liquidity in the
paint for extended periods of time.
Heat is also applied after application
from above the surface to “burn in”
the layers of color, ensuring adhe-
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sion between layers. Encaustic paintings have a unique lustrous, rich,
somewhat translucent surface.

Some of the attributes of wax have been incorporated into other me-
dia as well, through the admixture of wax as a binder or extender, or as
a final coating. Beeswax is soluble in turpentine and compatible with the
binders used in oil paint. To some extent, the admirable qualities of wax
can be utilized when combined with oil paint without the complexities
inherent in traditional encaustic technique. Heat is not required in the
process, and the resulting paint film is much more flexible, making it
suitable for application on flexible supports.

2.5 OIL

Oil paint, long considered the most versatile painting medium, contains
a binder of oil. Typically linseed oil is used, although oils processed from
other plants including poppy seed and walnut oil have also been used.
The binder is diluted with spirits of gum turpentine, derived from sev-
eral species of pine tree. As in the case with water-soluble paint media,
the diluent evaporates as the paint dries. Many different materials, in-
cluding marble dust, waxes, and thickened (polymerized) oils may be
added to paint to produce a diverse range of textures and handling char-
acteristics. Additives may also be used either to accelerate or retard dry-
ing (various oils and resins), to alter the transparency of the paint, as
well as to affect its reflective properties (matte or gloss effects).

The oil is relatively slow drying (usually taking at least a day to dry
to the touch, and sometimes years to dry completely), which can be seen
as an advantage to the painter. Color mixing as well as the development
of a range of textures across the painting surface can be produced by
mixing one color into another before the paint dries (known as working
“wet into wet”). One can detect in Color Plate 8a a very thickly applied
paint surface. The cross section of paint from the same painting, as
shown in Color Plate 8b, reinforces our impression that the colors were
mixed wet into wet.

By applying layers of uniform or different consistencies over one an-
other, effects can be created unattainable by any other medium. Paint-
ing in layers has been for centuries an effective way of mixing colors. An
opaque color may be overlaid with a transparent color, producing a third
distinct color. The transparency of the overlay colors is obtained by ex-
tending the paint with quantities of variously formulated oils and/or
resins.

The film that results is very durable, water resistant, and much more
flexible than many of the tempera-like paints. Oil paint can be applied
both to rigid supports and to flexible supports like canvas or paper. Many
painters of the fifteenth and sixteenth centuries who had adopted the oil
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medium for its handling and optical qualities recognized as well the
paint’s ability to retain enough flexibility in a dry state to be relatively
unaffected by the expansion and contraction of a stretched canvas. The
development of the use of canvas as a painting support has allowed artists
to create large-scale, easily movable paintings.

Traditionally, the procedures used in making an oil painting follow
those common to fresco and tempera painting. Preparatory drawings and
color studies are made, and once the image is resolved, it is transferred
to the prepared support. A drawing of the image may be overlaid by an
underpainting followed by opaque and transparent layers of paint. Al-
though this remains the most meaningful and productive approach to
many painters, other means are utilized by painters whose imagery must
evolve as the painting is made. Preliminary drawings, underdrawings,
and underpainting may not be necessary if a more direct approach is re-
quired. The careful building of the painting from one layer to another
may also be reversed. The wet paint film is often wiped away, scraped,
or sanded (when dry) and repainted—many times, in some cases—
before the artist is satisfied with the result.

2.6 ACRYLIC

Rivaling oil paint in versatility is a modern paint formulated from a syn-
thetic polymer generally referred to as acrylic polymer emulsion. It has
been in use since the 1930s. Widespread use followed commercial man-
ufacture of acrylic paints in the early 1950s. From the beginning of its
use, artists have been attracted by its ability to dry quickly (often within
minutes) and the tough, flexible film it produces. Because acrylic paint
uses water as a diluent, the toxic fumes commonly associated with sol-
vents used with oil paint are eliminated from the painter’s studio. The
use of water also simplifies thinning of the paint and cleanup of brushes
and other equipment.

One of the most compelling qualities of acrylic paint is its uncanny
resemblance (by means of manipulating the formulation of paint, dilu-
ent, and various additives) to the characteristics of a broad range of
traditional paint media. It is sometimes difficult, at first glance, to dis-
tinguish oil paint from acrylic, or watercolor, tempera, and casein from
acrylic. It can be thinned and used in washes on uncoated paper, or thick-
ened and applied to gessoed canvas or panels. Additives can provide a
matte or glossy surface as well as unlimited varieties of textures. The
paint film is tough, flexible, and resistant to moisture. Acrylic also has
unique qualities that artists have used to great advantage. It can be used
as a stain on raw, unprepared canvas or when formulated to a particu-
lar viscosity, applied in very uniform layers producing surfaces that show
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an absence of texture as shown by the painting Superimposed Supremos
by David Diao (Color Plate 9).

For the mural painter, acrylic paints eliminate the complexities of
building up the multilayered masonry support associated with fresco, be-
ing more compatible with modern building materials and methods. Re-
visions can be carried out directly and immediately without altering the
surface of the wall. Images can also (on all supports) be developed by
overpainting many layers. The painter need only wait until each layer is
dry to the touch—a matter of minutes in most cases.

The acrylic polymer emulsion used as a binder is not quite as trans-
parent as some other painting media and as a result produces a slightly
less luminous film than that of oil paint, for example. Another disad-
vantage of acrylic paints (again the result of characteristics of the poly-
mer emulsion) is that the binder cannot hold as high concentrations of
pigment as other binders. The result is a slight reduction in tinting
strength, or the power of a color to influence other colors mixed with it.

Binding media determine to a great extent a paint’s handling, dry-
ing, textural, and optical characteristics. The analysis and identification
of binding media is an essential part of the overall examination of paint-
ings in the laboratory, and therefore we have devoted the following chap-
ter to their description.
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Contributed by R. NEWMAN, Museum of Fine Arts, Boston
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3.0 INTRODUCTION

Paints almost always consist of pigments, which provide the color, and
an adhesive material that binds the pigment particles together and
joins them to the substrate to which they are applied. Rarely, one ma-
terial could serve as both pigment and binder. For example, Paleolithic
cave paintings (Figure 3.1) at least in some cases were probably done
with clay-containing earth pigments; the clay component, when moist-
ened, would have given the earth pigments enough stickiness to ad-
here to the cave walls. But in most instances, even in the earliest times,
the adhesive or binder was a separate material that had to be mixed
with the pigments. Animal fat has been identified as a binder in other
Paleolithic cave paintings.

Traditional binding materials are all natural substances produced
by living things (plants or animals). Some require no processing, while
others have to be extracted from their source by some means. In mod-
ern times, naturally occurring materials have been supplemented by
compounds synthesized in the laboratory, such as the resins used to
bind modern acrylic paints and latex house paints. In this chapter only
the natural organic binders will be discussed; Chapter 2 discusses mod-
ern acrylic paints.

One method of classification of natural binders is by the types of
organic compounds of which they consist, as shown in Table 3.1. An-
other way is to group them by their solubility in water, as in Table 3.2.
Paints that contain water-soluble binders can be diluted with water.
Some paints that contain water-soluble binders remain soluble in wa-
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Fig. 3.1. Black bison of the “Salon Noir” in the Niaux cave.

Upper Magdalenian period (10,500 B.C.) and have been found in a number of caves
in France and Spain. The people who did this painting used a limited range of pig-
ments, probably for the most part, locally available natural earths. At least in some
cases, fatty material (perhaps animal fat) was mixed with the colors to serve as a
binder.

ter after they dry (such as modern tube watercolor paints, which con-
tain gums). Others are quite insoluble after they dry (for example, egg
yolk). The non-water-soluble binders are substances that cannot be put
into solution in water, although many can be dissolved in organic sol-
vents such as turpentine or mineral spirits. It is possible to mix various
binders together, something that has often been done. Even some water-
soluble binders can be mixed with water-insoluble ones to produce emul-
sions that have attractive handling properties or optical qualities that
appeal to artists.

The solubility, application, and handling properties of the different
binders is ultimately related to their general chemical composition, and
thus the scheme of Table 3.1 will be used to group the binders.



Classification of Natural Binders by Composition

CARBOHYDRATE-CONTAINING BINDERS

Binders that contain simple sugars Binders that contain complex sugars
(polysaccharides)
Honey Plant gums

PROTEIN-CONTAINING BINDERS

Animal glue Egg white Egg yolk Casein
| |
also contains if not purified,
lipids (oil) also contains
sugars and
lipids
OTHERS
|
[ | |
Drying oils Beeswax Natural resins
consist of triglycerides contains esters, hydro- most contain complex
carbons, and fatty molecules known as
acids diterpenoids or

triterpenoids

Classification of Natural Binders by Solubility

WATER-SOLUBLE

Occur in water solution May be dissolved in water

[ I T | [ ! 1
Egg white Egg yolk Honey Plant gums Animal glue Casein

| | | | | |
somewhat insoluble soluble soluble soluble in may or
soluble after after after hot water may not
after drying drying drying drying after be soluble

drying after drying

NOT SOLUBLE IN WATER

Beeswax Natural resins Drying oils

| | I
soluble in organic solvents most are soluble in organic solvents; when fresh (liquid), may be
(such as turpentine); may most become less soluble as they age dissolved in organic solvents;
also be melted insoluble thereafter
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3.1 CARBOHYDRATE-CONTAINING BINDERS

Carbohydrates are compounds that contain carbon, hydrogen, and oxy-
gen. The basic building blocks of carbohydrates are simple sugars, or (in
the nomenclature of organic chemistry) monosaccharides. Some simple
sugars contain five carbon atoms, others six. The six-carbon simple sugar
known as glucose is probably the most abundant organic compound on
the earth. Another common simple sugar is fructose, which is found in
honey and many fruit juices. Simple sugars can be bonded together to
form larger molecules. Disaccharides are carbohydrates that consist of
two simple sugars bonded together (for the sake of convenience, we can
call these individual simple sugar building blocks “units”). The most ubig-
uitous example in everyday life is table sugar (sucrose), a carbohydrate
found in many plants. Each molecule of sucrose consists of one glucose
unit and one fructose unit bonded together.

Many simple sugar units can be bonded together to form very large
molecules, known as polysaccharides. Starch, found in grains such as
wheat and corn, is a polysaccharide consisting of many glucose units
bonded together. Like all natural polysaccharides, starch has no fixed
chemical composition, but each “molecule” of starch appears to consist
of from about one thousand to several thousand glucose units bonded
together. Another common polysaccharide is cellulose, the principal
structural material of plants. Like starch, cellulose consists of many
glucose units bonded together, about 1,500 or more per molecule of
cellulose.

3.1.1 Honey: Honey, while not a widely utilized binder, has probably
found use in paintings at many times in the past. It may have been used
in ancient Egypt; nearly 3,000 years later it was described as one of the
binders in use by the painters of medieval European illuminated manu-
scripts. Also mentioned in association with manuscript illuminations
were plant or fruit juices, which owed their stickiness to simple sugars
or disaccharides. Like modern table sugar, honey and the sugars of fruit
or plant juices can be easily dissolved in water. Once the sticky sugar so-
lution dries, it can be readily redissolved in water. It seems likely that
binders containing simple sugars would not have been used on artifacts
that were intended to be subjected to the elements, as the paint layers
they produce are very sensitive to moisture and are quite brittle.

3.1.2 Plant Gums: Plant gums are another example of natural poly-
saccharides. These are exudates from trees of many types. Although vary-
ing considerably in composition from one type of tree to another, they
consist of very large molecules, each probably consisting on average of
several thousand simple sugar units bonded together. In addition to sim-
ple sugars, gums usually contain sugar acids.
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Some plant gums are soluble in cold water, some in hot water, while
some are partly soluble in water and some are completely insoluble.
Those that have been used as paint binders can be put into solution in
water. The behaviors of starch, cellulose, and plant gums when placed
in water are quite variable, and yet all of these materials are polysac-
charides. The extreme variability, from the total insolubility of cellulose
to the complete solubility of some gums, is related to the structure of
the molecules. Simple sugars can be bonded together in several differ-
ent ways, from long, chainlike molecules (as in cellulose) to highly
branched, approximately spherical molecules such as the soluble plant
gums. The polysaccharides with branched structures can be dissolved in
water.

A great many types of plant gums were probably utilized in differ-
ent times and places as binders for paints. Probably the most common
is the material now known as gum arabic, which at this time can be
found as an additive in many foods and is the binder of many modern
commercial artist’s watercolor paints (Figure 3.2). Gum arabic comes

T

Fig. 3.2. Winslow Homer. The Adirondack Guide, 1894.

Watercolor over graphite on paper. Paintings like this one were carried out with com-
mercial watercolor paints, which were sold in pans or tubes. The paints were bound
with natural plant gums, most commonly gum arabic. In this type of watercolor paint-
ing, the paints are usually thinned with water and applied in washes. Bequest of Mrs.
Alma H. Wadleigh. (Courtesy, Museum of Fine Arts, Boston)
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from a particular variety of the acacia, a
shrublike tree of which there are hundreds
of individual varieties that grow in many
parts of the world. Acacia was one of the few
trees that grew in ancient Egypt, and it is not
a surprise that acacia gums were used as
paint medium at that period. Gum arabic
served as a major binder in European me-
dieval manuscript illuminations and in tra-
ditional Indian manuscript paintings (Figure
3.3). Adding a little honey or sugar to a gum
binder was recommended, probably for flex-
ibility of the dried paint. Mixtures of more
than one gum may have been used.

Among other gums that were used are the
gums of fruit trees, such as peach, apricot,
plum, cherry, and almond. All of these trees
belong to the genus Prunus. Among examples
of their applications are Central Asian cave
paintings.

3.2 PROTEIN-CONTAINING
MATERIALS

Proteins are compounds that consist mainly
of carbon, oxygen, hydrogen, and nitrogen;
sulfur is also found in some. Just as simple
sugars are the building blocks (or units) of
carbohydrates, the basic building blocks of
proteins are amino acids. About two dozen
different naturally occurring amino acids are
known. Various types, proportions, and num-
bers of amino acid units can be combined to
form widely varying larger molecules. Indi-
vidual amino acids are soluble in water, as

Fig. 3.3. Ascribed to Bihzad. Garden Scene, late
15% century; Persia; Timuria period.

Ink and colors on paper. Although the binder
used in this painting is not known, it could well
have been a natural plant gum, which docu-
mentary sources indicate was a common binder
for such paintings. Most of the paint here was
applied in fairly thick opaque layers, although
thinner wash-like layers were used in places.
Francis Bartlett Donation of 1912 and Picture
Fund. (Courtesy, Museum of Fine Arts, Boston)

are some of the very large proteins formed by the linking of hundreds
or even thousands of amino acid units. As with polysaccharides, how-
ever, not all proteins are soluble; as with polysaccharides, the differences
in solubility are largely due to the structure of the protein, or the man-
ner in which the amino acids have been bonded together.

Individual amino acids are present in the blood of animals and in
many other natural materials. Among examples of important natural pro-
teins are keratin (found in skin, hair, wool, horn, and feathers), hemo-
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globin, antibodies, and silk. Blood has probably occasionally been used
as binder; however, the most important protein-containing binders are
those discussed below.

3.2.1 Animal Glue: Today “glue” is a word loosely used to refer to many
adhesive materials, natural and synthetic. In the context of traditional
binding materials, glue refers specifically to a substance derived from
boiling skins or connective tissues of certain mammals or parts of some
fish. Whatever the source, the adhesive material is the protein collagen,
which is a major structural material in mammals and fish. It is the ma-
jor material found in the inner layers of the skin of mammals.

This protein has the unusual property of being soluble in hot water,
but gelling as the solution
cools to room temperature.
The purified form of colla-
gen is the familiar gelatin
of “Jello” and other similar
desserts and many food
products. The gelled pro-
tein will go back into solu-
tion when reheated. Be-
cause of this property, as
a paint medium the glue
needs to be used hot. It was
discovered long ago that
this bothersome property
can be circumvented by
allowing the solution to
sit for a few days and dete-
riorate. A medieval text
on manuscript illumination
notes this, and states, “It
may smell bad, but will be
very good.”

If water is allowed to
evaporate out of the gelled
solution, solid glue is left
behind. This solid material
can be put back into solu-
tion by soaking in water

. and heating.
Fig. 3.4. Tibet (Raktayamari). Tanka, 18t century. Of all binding media

This painting was carried out with thin opaque layers of paint bound
with animal glue. Although the animal used to make the glue is not
known, it could well have been the yak. Gift of John Goelet. (Cour-
tesv, Museum of Fine Arts, Boston)
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glue is almost certainly the
one most widely utilized
around the world. For ex-
ample, it was a common
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binder in paints in ancient Egypt. Glues have been important binders in
many cultures. Buffalo-skin glue was used in manuscript paintings in an-
cient India, yak-skin glue in Tibet (Figure 3.4); and glue was probably the
major binding medium of traditional Japanese and Chinese painting.

In medieval Europe, glue (also called size) was widely used in man-
uscript illuminations, and there is evidence that it was the binder in some

medieval wall paintings, particularly
in northern Europe. While painting
on fabric was not as common as
panel painting during the medieval
period, there was a tradition of fab-
ric painting in northern Europe.
Such paintings seem to have usually
been executed in an almost water-
color-like technique, using thin lay-
ers of glue-bound paint.

3.2.2 Egg White and Egg Yolk:
Both the white and yolk of eggs can
be used as binders; probably they
were most often used separately, but
they can be mixed together.

Dried egg white is about 90%
protein by weight. Over half of the
protein is a type known as oval-
bumin. A small amount of another
protein is what gives egg white its
stringy property as it comes from
the egg. Whipping breaks apart the
stringy protein, and the solution be-
low the froth produced by the whip-
ping contains enough of the protein
to be useful as a binder. Egg white
has probably not been widely uti-
lized as a binder. The best known
examples, described by surviving
documents, are medieval European
manuscript illuminations. The term
glair is often used to describe egg
white in this context. After egg white
dries, it continues to be soluble for
the most part in cold water.

Egg yolk is very different in
composition and properties from egg
white. As it comes from the egg, yolk
consists of minute spherical droplets

Fig. 3.5. Barnaba da Modena. Virgin and Child, ltalian
(Modenese), active 1361-83. Tempera on panel.

This painting was carried out with paints bound with di-
luted egg yolk, or egg tempera. Some Italian artists of
around this time had also begun to experiment with oil
paints, and some egg tempera paintings contain passages
actually carried out with oils. Gift of Mrs. W. Scott Fitz.
(Courtesv, Museum of Fine Arts, Boston)
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Fig. 3.6. Bent-corner chief's chest, ca. 1850. Coastal British Columbia, Canada. Yellow
cedar, red cedar, red and black pigments (Chine vermilion and red ochre). H: 25 in.,,
L: 40 in., and D: 25 in.

The low-relief carved designs on this box were painted with pigments bound with
salmon eggs, which were usually chewed before being mixed with the colors. Gift of
a Friend of American Decorative Arts and Sculpture. (Courtesy, Museum of Fine Arts,
Boston)

of oil suspended in a water medium. Dried yolk consists of about one-
third protein and two-thirds other types of compounds. These other com-
pounds are predominantly oil, which is similar chemically to the oils
used for painting that are discussed below.

Salad dressings that consist of oil and vinegar need to be continu-
ally shaken to disperse droplets of the oil in the water phase (vinegar)
to form an emulsion. If let sit, the water phase and oil separate. Egg yolk
is also a mixture of an oily phase and a water phase. Egg yolk is a sta-
ble emulsion of these two insoluble classes of material, naturally stabi-
lized by a compound called lecithin, which also stabilizes such foods as
mayonnaise.

As a medium, egg yolk is usually diluted with some water and mixed
with pigments. After it dries, it can no longer be dissolved in water, a
property that distinguishes it from all of the other, water-soluble, media.
Many proteins that are found in solution in water in nature, such as
those in egg yolk, undergo transformations as they are heated or dried.
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These transformations (called denaturation) mean that once heated or
dried, these proteins can no longer be put back into solution in water.
While egg yolk could have been utilized by many cultures, the best-
known examples of its use are in medieval and Renaissance Europe. Cen-
nino Cennini, in his well-known book on painting, described the practice
of painting with egg yolk paints, which were widely used in Ttaly (Fig-
ure 3.5). This type of painting is usually referred to as egg tempera, or
simply tempera. Paints based on a salmon-egg medium were used by
various groups of Native Americans: An example is shown in Figure 3.6.

3.2.3 Casein: Casein is the name for a mixture of proteins that can be

separated from milk. Milk solids consist of about one-fourth protein. The
other materials in milk solids are milk sugar and oil. Preparation of curds
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Fig. 3.7. William Morris Hunt. Gloucester Harbor, about 1877. U.S., 1824-1879. Oil on
canvas.

Analysis shows that this painting was carried out with casein-bound paint mixed with
oil. Depending on how it is prepared, a casein binder may be nearly pure protein, or
may contain some sugars or oils from the original milk source in addition to the milk
proteins (casein). Milk sugar was found in this painting. Gift of H. Nelson Slater, Mrs.
Esther Slater Kerrigan, and Mrs. Ray Slater Murphy, in memory of their mother, Ma-
bel Hunt Slater. (Courtesy, Museum of Fine Arts, Boston)
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and thorough washing of them can largely separate the protein from the
other components. Mixing curds, or cheese, with lime yields a very strong
adhesive that is virtually insoluble once it sets. Casein glues or adhesives
have been used since ancient times.

Casein has also been used as a paint medium, probably since ancient
times, possibly in many parts of the world, although the early history of
its use for this purpose is not very well known. Paints made from milk
were popular house and decorative paints in early America, and com-
mercially manufactured casein paints became available about the be-
ginning of the twentieth century.

Two large canvas paintings by William Morris Hunt in the Museum
of Fine Arts, Boston, were painted with casein-bound paints (Figure 3.7).

3.3 OILS

There is a large class of diverse natural compounds known as lipids. One
major subgroup of lipids are fats and oils. These are the main con-
stituents of the storage fat cells in plants and animals. Fats are materi-
als that are solid at room temperature, while oils are liquid, but both are
quite similar in chemical composition. Examples are coconut butter, ba-
con grease, and cooking oils such as corn, safflower, and olive. The oil
found in egg yolk and unwashed milk solids is of the same general type.
Most of these oils are “nondrying” or “semidrying” in nature: If spread
in a thin film and exposed to air, they remain liquid or become some-
what solid. A few other types of oils are “drying” in nature; they can form
solid films when exposed to air. The major drying oils are linseed, wal-
nut, and poppy-seed.

That some oils are capable of drying was known as early as classi-
cal antiquity, but their application for decorative and artistic purposes
seems not to have occurred until much later. The earliest documentary
references to such uses for oils are in recipes for varnishes or protective
coatings for wood, stone, etc. These early recipes involve mixtures of oil
and natural resins. It would appear that drying oils were first utilized in
this fashion. Later, in medieval times, they were mixed with colors for
decorative painting, and eventually came to be used by panel painters.

The earliest known European oil paintings are a series of late
thirteenth-century Norwegian altar frontals. There are some indications
that these actually may have been painted with a mixture of drying oil
and egg yolk. Analytical work suggests that linseed oil was the common
oil in these early oil paintings, as well as in the paintings of the fifteenth-
century Netherlandish painters, which are the earliest accomplished Eu-
ropean paintings essentially done with drying oils. An example is St. Luke
Drawing the Virgin, by Rogier van der Weyden, a painting done mainly
with a linseed oil medium (Figure 3.8).



Fig. 3.8. Rogier van der Weyden. Saint Luke Drawing the Virgin and Child, about
1435. Flemish, 1400-1464. Oil on panel.

Like most other early Netherlandish panel paintings, this painting was car-
ried out mainly with oil paints. As here, linseed oil was apparently the most
commonly-used oil. Some early Netherlandish paintings contain passages
carried out with protein-containing paint, or protein-oil mixtures. This seems
to be the case with some of the underpainting on this panel. Glazes used by
early Netherlandish painters sometimes were made from drying oils mixed
with a little natural resin. Gift of Mr. and Mrs. Henry Lee Higginson. (Cour-
tesv, Museum of Fine Arts, Boston)

37
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Linseed and walnut oils seem to have been the most common oils;
the former was pressed from the seeds of the flax plant, a plant that also
was the source of linen, while the latter was pressed from the seeds of
walnut trees. Later, mainly during the later nineteenth century, poppy
seed oil was popular.

All of the drying oils and nondrying oils consist principally of com-
pounds called triglycerides, formed from glycerol (a type of alcohol) and
fatty acids. There are many types of fatty acids, and the types and rela-
tive proportions found in different oils vary, as even do the amounts be-
tween different samples of a particular type of oil that come from
different geographic sources.

The drying of paints with glue, gum, egg white, or egg yolk binders
mainly involves evaporation of the water in which they are dissolved or
dispersed. Drying oils contain no solvent; they dry by a complex series
of chemical reactions involving atmospheric oxygen.

Drying oils do not all dry at the same rate. Painters would naturally
seek faster drying oils. But the same reactions that lead to drying also
result in yellowing as the oil film ages. And unfortunately, faster drying
oils also yellow more than do slower drying oils. The yellowing of the oil
medium would have a quite noticeable effect on white passages (turn-
ing them a dirty white) and blue passages (turning them greenish); ef-
fects of yellowing would be much less obvious in passages of other colors,
such as green, yellow, or red. Apparently, quite early in the history of oil
painting artists were aware of this, and more than one type of oil may
be found in a given painting. The slower drying walnut typically is found
in blue or white paints. The faster drying linseed is more likely to be
found in other passages, where its greater tendency to yellow would not
present much of a problem.

It seems certain that “pure” oil painting was stimulated in Italy by
the example of Flemish oil paintings. One of the Italian artists who first
experimented with oils was Cosimo Tura. His Allegorical Figure, in the
National Gallery, in London, dated to about 1460, is a unique document.
It appears to have been begun in egg tempera, following the traditional
Italian practice. Perhaps a year or two later Tura seems to have entirely
repainted it in oil. The layer structures of the oil painting are quite sim-
ilar to those found in early Flemish oil paintings. The painting may have
been done in Ferrara, where some works by Roger van der Weyden are
known to have been located. Tura used walnut oil in white passages, lin-
seed in passages of other colors.

3.4 WAXES

Waxes are a class of materials that can be of animal, vegetable, or min-
eral origin. For artistic purposes, the most important one historically has
been beeswax. Chemically, beeswax contains some free fatty acids, hydro-
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carbons (compounds consisting only of carbon and hydrogen), and es-
ters formed from alcohols and fatty acids. Beeswax can be dissolved in
organic solvents such as turpentine, and it can also be easily melted.
While wax was known in ancient Egypt, and may have been used as a
binding medium, the major use of this medium in antiquity occurred in
Greek and Roman times. While no examples remain, there are descrip-
tions pointing to the importance of the wax medium, which is usually
known as “encaustic,” derived from the
Latin for “burned in.” Since it is doubtful
that suitable solvents for wax were known
in ancient times, wax paintings were prob-
ably done by melting the wax/pigment mix-
tures and applying them with a heated
metal tool or brushes to panels, which were
also probably heated.

The earliest surviving wax paintings
are a large group of portraits done in the
Fayum region of Egypt, around the second
century B.C. to the second century A.D.
These paintings probably reflect Greek and
Roman practice, not a native Egyptian tra-
dition (Figure 3.9).

Other waxes, some quite different in
composition from beeswax, have been used
in sculptures and for other purposes, but
beeswax has been the only wax of impor-
tance in the history of painting.

In the nineteenth century there was re-
newed interest in painting techniques of
antiquity. That wax had been a common
binder in paintings of classical times was
known, and a number of artists began to
experiment with the material. Some artists

Fig. 3.9. Portrait of a Man, Graeco-Roman (the
Fayum). Painted wood.

Many paintings carried out during the Roman pe-
riod in Egypt were done with the “encaustic” or
wax medium. The wax used was beeswax, which
may have been heated in an alkaline solution,
which would have chemically broken down some
of the compounds found in the pure natural ma-
terial. In order to be used, the wax colors had to
be melted. They could then be quickly applied with
a brush, and reworked locally on the panel with
heated metal tools. Gift of Egypt Exploration Fund.
(Courtesy, Museum of Fine Arts, Boston)
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Fig. 3.10. Arthur Garfield Dove. Square on the Pond, 1942. U.S., 1880-1946. Wax-based
paint on canvas.

Many paintings from the later part of this American artist’s career, such as this one,
were done with a mixed medium that contained wax as well as drying oil, and pos-
sibly smaller amounts of other binders (such as resins and proteins). To make his
medium, Dove heated beeswax in an alkaline solution until it formed a creamy emul-
sion, which was then mixed with some oil. Gift of the William H. and Saundra B.
Lane and Henry H. and Zoe Oliver Sherman Fund, M. Theresa B. Hopkins Fund,
Seth K. Sweetser Fund, Robert Jordan Fund and Museum Purchase. (Courtesy, Mu-
seum of Fine Arts, Boston)

used unusual combinations of materials, such as oils, waxes, and resins.
One example was Arthur Dove, an early twentieth-century American ab-
stract painter, who experimented extensively with wax (Figure 3.10).

3.5 NATURAL RESINS

Natural resins are sticky, water-insoluble substances that exude from a
wide variety of trees. Most consist of compounds known as terpenoids.
The resin that exudes from some types of trees contains copious amounts
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of natural solvents. One example is pine resin, from which turpentine, a
natural solvent is distilled. Resins were known in ancient Egypt, and
quite probably earlier. In Egyptian times, they were used in varnishes
and figured in mummification procedures, among other uses.

A bewildering variety of resins are known. In Egyptian times, per-
haps pine resin and Chios turpentine, a type of resin that came from
trees growing in northern Africa and on the island of Chios, were the
best known. During the early Middle Ages, treatises mention many other
varieties, including sandarac, Venice turpentine (larch resin), and am-
ber. Resins that became popular in furniture varnishes and other appli-
cations during the nineteenth century included copals (of which there
are many varieties), mastic, and damar.

Many of these resins can be dissolved, usually with heating, in oil.
They can also be put into solution in organic solvents such as turpen-
tine, although such simple resin solutions were probably not used until
the eighteenth or nineteenth century. Some resins are only partially sol-
uble in oil or solvents, but can be made more soluble by first heating
them, which partially breaks down their structures. Amber and some co-
pals need to be treated in this fashion in order to be made into varnishes.

Aside from picture varnishes, the major use of resins in oil paintings
was in glazes. An oil-resin medium produces a rich, shiny paint layer,
well suited to glazes. One popular color in European medieval and later
periods is known as copper resinate. It was often made by dissolving a
green pigment (verdigris) in a mixture of oil and resin. Pine may have
been the major resin used for this purpose.
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4.0 COLOR, LIGHT, AND SPACE

In the world around us, color appears to be attached to everything we
see. It changes as the light changes, but usually within predictable lim-
its, or at least we recognize that a color linked to an object appears a
certain way in a certain kind of light. We are conditioned enough by
this that we often identify an object by its color. And we are condi-
tioned enough by the change of light to recognize the same object by
color even though the condition of light has changed the color of the
object.

By sensing space, and locating objects within it, we can move
about within that space in a fairly comfortable way and understand
the relationships between the things that occupy the space. The visual
perception of space is dependent on light, or on how a space or ob-
ject is illuminated. The direction from which the light travels toward
the object, and at what intensity, can make a dramatic difference in
how we place that object in our field of vision. The effect of light on
objects and spaces also tells us a great deal about the source of light.
The relative density of shadows and the intensity of illuminated sur-
faces can indicate a sunlit morning or a night under artificial light
(Figure 4.1a,b).

In the world of paintings we are faced with circumstances much
different from our view of the world around us. Images in paintings
are revealed to us on two dimensional surfaces that in many cases
echo the images that appear before us as we move about in our fa-
miliar environments. We see images of people and objects occupying
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Fig. 4.1a,b. Photographs of a tree under different lighting conditions: (a) on a sun-
lit morning and (b) at night under artificial illumination. The arrangement of light
and dark areas is, for the most part, reversed in these two photographs and indicates
to us lighting conditions typical of different times of the day.

spaces as we occupy spaces. However, we must keep in mind that the
painter has made this experience for us without many of the conditions
that perceptually reveal our environment to us. There is no real spatial
depth in the painting. There is no source of light within a painting. There
is no movement or change of light in a painting. All of these conditions
are implied, and if we are to be led to believe that they exist within the
painting, they must be supplied by the painter.

We have little difficulty believing much of what we see in the world
aided by our perception of space, movement, light, and color. Even at
times when we question what we see, we test the disbelief against other
experiences. Painters have learned to utilize events in nature to help ex-
tend this atmosphere of belief into their paintings. The dove above the
Virgin’s head in Gerard David’s Annunciation (Color Plate 9), presented
in such an extraordinary way, and the halo behind the Virgin’s head ex-
ist within the context of the pictorial space of the painting and are ac-
ceptable to us within that context. The dove occupies space just as the
book, in the painting, occupies space, and both appear to be illuminated
by the same light source. Light is common to paintings and nature, and
is our conduit into the world of the painting. It is not surprising, then,
to see that a study of the dynamics of light and color in nature is the key
to understanding events in a painting.

(b)
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4.1 COLOR CHARACTERISTICS

Homage to the Square—Saturated, a painting by Josef Albers (Color Plate
10), is composed of overlapping red squares. The squares differ from
each other, and these differences can be accurately described by noting
three characteristics: hue, value, and saturation. Hue identifies the color
(red, in this case) as distinct from other hues (yellow, green, or violet,
for example). Value is the lightness or darkness of the hue as it relates
to a scale of white to black (Figure 4.2). We can distinguish one square
from another, in part, by their differences in value; one red appears lighter
or darker than the others (Color Plate 11). Saturation (sometimes re-
ferred to as intensity or chroma) is the purity of the hue. A fully satu-
rated hue is one that is not diluted by the admixture of white. A color
of reduced saturation is said to be neutralized to some degree, with a
fully neutralized color resembling the color gray. These three character-
istics are utilized by scientists interested in a precise identification of
colors as well as by painters assessing color relationships or identifying
an observed color.

Painters are also interested in the designation color termperature, a
property not easily defined. The temperature of a color is purely per-
ceptual; it cannot be quantified in the same ways as hue, value, and sat-
uration. A color may be seen to be warm or warmer (relative to other
colors), or cool/cooler. Most people would acknowledge that yellow is
warm and blue is cool. Orange and red are also considered warm, and
green, purple, and gray are cool. In addition to distinctions between hues,
painters make the distinction between warm and cool varieties of the
same hue. And for the most part, one can identify warm and cool reds,
greens, yellows, etc. Some colors seem to present problems. For exam-
ple, it is sometimes difficult to get wide agreement on what is a warm
blue and what is a cool blue. This determination is largely the result of
informed intuition on the part of the painter. There is, however, a rather
straightforward way of making this judgment. In many cases, when a
cool color is mixed with another cool color, or a warm color with an-
other warm color, the resulting color will be similar in saturation to each
of the components. If a cool color and warm color are mixed, the satu-
ration of the resulting color will be reduced to some extent, tending to
neutralize it. This is, in fact, one of the many ways painters manipulate

Fig. 4.2. The increments of a gray scale illustrate the concept of relative values
arranged in order from white to black.




4.2 Afterimages

or modulate a color. One can produce a purple by mixing a red and a
blue. By mixing a cool blue and a cool red (ultramarine blue and alizarin
crimson, for example) a bright, fully saturated purple will result. By mix-
ing a warm blue (cerulean) and a cool red (alizarin crimson), a grayed
purple results.

To describe a single color is fairly straightforward and can be done
very accurately, but it is a description of a color isolated from all other
colors. Once a color is placed adjacent to another, many variables come
into play, and one begins to see why Josef Albers (in his book The Inter-
action of Color) noted that color is “the most relative medium in art.”
These variables are the “interactions” of colors. The word interaction is
appropriate in that colors do actively influence one another. Colors as-
sume spatial relationships. A color’s apparent position in space relative
to another color is dependent upon the interrelationships of saturation,
value, and temperature. In most cases, fully saturated, light, and warm
colors tend to advance toward the viewer, while neutralized, darker, and
cooler colors tend to recede. Depending upon the proximity of a color
to areas of different hue, value, intensity, shape, and size, these spatial
relationships can be reversed. In some carefully orchestrated situations,
areas of color of different hue, value, and saturation may be made to re-
side in the same position in space. This positioning of colors in space
can occur without the colors being attached to recognizable images, as
we can see in purely abstract, nonobjective works of art. The visual ac-
tivity in Piet Mondrian’s painting Composition 1916 (Color Plate 12) is
as dependent upon the spatial relationships among the colors as on
changes in value, intensity, and size of the shapes. The gray field acts
primarily as space, with the more intense yellows, pinks, and blues dis-
placed forward and backward against the black linear elements as the
eye moves across the surface.

LINE OF SIGHT

4.2 AFTERIMAGES

If one’s attention is focused on an area of a sin-
gle color for thirty to sixty seconds and then
shifted to a field of white (Figure 4.3), the eye
will sense a color other than the first one cov-
ering the white field. The second color is com-
plementary to the first color. For example, red
will produce an afterimage of green, and blue
will produce an orange afterimage. The com-
plementary afterimage appears as a luminous
transparency. The effect is similar to that ob-
tained by viewing the white surface through a complement of A.
colored filter. Because the color does not reside

Fig. 4.3A,B. Color A is viewed for 30 to 60
seconds. The eye then focuses on a spot some
distance away. A different color will be per-
ceived in the same shape as A. Color B is the
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Fig. 4.4A,B. Color A is located on a white
field. Retinal fatigue produces the color B halo
surrounding A. Color B is the complement
of A.

LINE OF SIGHT

Fig. 4.5A,B. Two areas of color A and B,
a complementary pair, are viewed adjacent
to each other. Complementary afterimages
A’ and B’ are also present due to the effect
illustrated in Figure 4.4.

on the white surface, we can assume that it is a
sensation generated in the eye (See Section 5.6
The Eye and Color Sensation).

The afterimage phenomenon affects many of
the choices made by a painter. An optically gen-
erated complementary color will not only fill a
prescribed white field; it will spill out in all di-
rections from the primary color source (Figure
4.4). If two areas of color, one the complement
of the other, are placed adjacent to each other,
an optically generated complement of some de-
gree of intensity will overlie each of the areas
(Figure 4.5). Think again of the afterimage as a
color filter suspended before the eye. Since the
overlay will be of the same color as that lying be-
neath it, and because the afterimage appears as
a colored light, we will sense that the field of
color has become more luminous and intense.
Complementary colors are always more intense
when they are in close proximity to one another
than when they are isolated or surrounded by
other colors. Note how the complementary col-
ors red and green in van Gogh’s La Berceuse
(Color Plate 13) amplify each other to create a
brilliant, intense, and massive foreground.

Value relationships are affected in the same
complementary way as hue relationships. White
will look lighter and black darker if they are
placed next to each other. When colors that are
not complementary are placed adjacent to one
another, the same optical behavior will bring
about a different effect. An area of yellow in a
field of red will appear more greenish than the

same yellow residing in a field of blue-violet. The yellow is being altered
by the complement of red, which is green. The blue-violet intensifies the
yellow with the overlay of its complement, which is yellow. The manip-
ulation of one color by another through complementary overlay is known
as simultaneous contrast.

4.3 SIMULTANEOUS CONTRAST

Included in Aristotle’s book On Sense and the Sensible is a description of
the three primary ways of mixing colors. One approach is to mix a quan-
tity of one color of paint with a quantity of another color, producing a
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third, distinctive color of paint, ready to be applied to the painting sur-
face. A second is to place a transparency of one color over an area of an-
other color. In most cases, the transparency is accomplished by adding
binder or diluent to the paint to disperse the particles of pigment. Light
is then allowed to pass through the transparent layer to interact with the
area of color beneath. Color signals from both the transparency and the
underlying color mix as they are reflected to the eye, producing a third
color sensation (see Section 5.5). The third way to mix colors is to in-
tersperse many small areas (dots or small brushstrokes) of two different
hues. Viewed from a distance, the small areas of color appear to blend
together to form a third color. The mixing in this case is known as opti-
cal mixing. Signals from each color are transmitted simultaneously to
the eye. The amount of optical mixing is dependent on the size of the
individual areas of color (the small dots used in commercial color print-
ing cannot be sensed as individual dots without magnification, for
example).

Throughout the centuries, artists have benefited from their close
association with the scientific community, incorporating for their own
purposes developments in optics, chemistry, and physics. In the mid-
nineteenth century scientific investigations into the fundamental prop-
erties of light and matter had a direct influence on the work of some of
the most innovative artists of the period.

In 1839, the French chemist Michel-Eugeéne Chevreul published a
book titled The Principles of Harmony and Contrast of Colors. Chevreul
worked at the tapestry workshop Les Gobelins in the dyeing department.
Here he carried out experiments with various dyes in an attempt to in-
crease or alter the intensity of colors. Tapestries are made by weaving
colored yarns together to form images. Masses of color, areas of modu-
lation of color, gradations of value, are all made up of thousands of tiny
loops of colored wool (Color Plate 14). They are essentially small single-
color dots that, when carefully organized, mix at a distance to create the
desired modulation. Because of the relatively small scale of the color
dots, our eyes cannot perceive individual color sensations. The separate
color signals merge, or optically mix, into larger areas of color, shape,
and image.

Chevreul realized that optical mixing was not the only dynamic at
work when colors were placed adjacent to one other. He found that by
utilizing the phenomenon of simultaneous contrast, he could alter the
perception of a color by the choice of adjacent colors. He could even in-
crease the perceived saturation of a color. More could be done, in fact,
through juxtaposition than through the development of new dye colors.
One of the remarkable things about his discoveries was that the effects
were predictable.

The Principles of Harmony and Contrast of Colors was directed as
much to painters as it was to scientists and dyers of wool. Chevreul gave
the advice to painters that they be observant of the effects of various



48 CHAPTER 4 THE PAINTER’S COLOR AND LIGHT

kinds of light or shade on local color (the inherent color of an object) in
the world around them. Although he seems to have been oriented toward
a realist view of painting, that is, that the painter should faithfully repli-
cate what is perceived in nature, he does suggest that some liberties be
taken at times to accommodate an aesthetic ideal. Tt was the particular
combination of his views on painting and observations on the percep-
tion of color that struck a chord with painters of his time.

Chevreul’s work suggested to painters that color could be thought of
as independent of the objects and elements of nature. One could see that
by understanding the dynamics of simultaneous contrast, many of the
perceptual functions within a painting that were performed by pictorial
description (drawing), could be
performed by color, or at least the
use of color could reinforce other
means of description. The illusion
of space, for example, could be
created simply by placing one
color against another. One color
could make an adjacent color ap-
pear more intense and therefore
advance spatially toward the
viewer. Because the principle of
simultaneous contrast effects dif-
ferences in value as well as hue,
darks could be made to seem
darker, and lights, lighter. These
perceptual characteristics have
offered the painter a much ex-
panded visual vocabulary with
which to construct paintings.

Perhaps the most dramatic
manifestation of the laws of si-
multaneous contrast as described
by Chevreul can be found in
the work of the French painter
Georges Seurat (Color Plate 15).
Seurat applied dots of color in a
nearly uniform distribution over
the entire surface of the painting
(sometimes even including the
frame). Small brushstrokes of
color (often fully saturated pri-
mary and secondary hues) were
applied to the painting in combi-
nations that served a number of
functions. The combinations of

Fig. 4.6. Judith with the Head of Holophernes, Artemisia Gen-
tileschi, c. 1625. Oil on canvas, Detroit Institute of Arts.

One of the more conventional ways to suggest luminosity in
a painting is to offer clues to the viewer through images of
light and their effects on the spaces and objects around them.




4.3 Simultaneous Contrast

separate dots of color mix optically to produce in the eye the sensation
of masses or gradations of more complex color. He mixed purple, for ex-
ample, by distributing dots of red and blue evenly over the surface, some-
times layering the colors as well (Color Plate 16). Fully saturated as well
as more complex and modulated colors were combined to produce in
the eye a very full range of sensory response, from intense fields of dense,
uniform color, to grayed, neutralized fields of color. The resulting color
fields can be as simple as a fully saturated purple made of red and blue
components, or as complex as a purplish-gray containing blue, pink, si-
enna, green, and yellow (Color Plate 17). Warm and cool colors could be
combined in this way along with complementary colors to produce neu-
tral or grayed tones. In the case of grayed optically mixed color, there is
an undertone of intensity due to the presence of relatively saturated color.
We see and understand the area as neutral, but we sense the intensity
within it.

Another function of Seurat’s technique was to produce the sensation
of luminosity. Afterimages generated by the small dots of color produce
the sensation of many small colored light sources distributed across the
painting surface. The more traditional (and often as effective) approach
is to suggest luminosity through depiction: The viewer senses the light
conceptually as the mind accepts the image as a real experience as in
Artemisia Gentileschi’s Judith with the Head of Holophernes (Figure 4.6).
A light source is given within the pictorial space of the painting, and its
effect is clearly shown on the surfaces adjacent to it.

Not all painters place so much importance on the implication or rep-
resentation of light in their work. However, the light that surrounds the
work is of critical concern to all painters. It is the medium by which the
color, image, message (in fact, nearly all that the painting has to offer)
is transmitted to the eye of the viewer.
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5.0 INTRODUCTION

Painters rejoice in colors, and their palettes reflect their exuberance.
Robert Delaunay’s use of color in his painting Homage a Blériot (Color
Plate 18) echoes the spectral colors found in nature, i.e., the rainbow.
It shows light interacting with objects that appear outlined in a spec-
tral halo. In order to fully understand the work of the painter,
the viewer must sense the color within it. Here we ask how color is
sensed by the viewer. To answer the question we need to specify how
color is described and how color information is received by the eye.
The starting point for an understanding of color is a description of
light.

We see a red object as red when light strikes and reflects from that
object and then triggers a response in the photoreceptors in the eye.
The response from the eye is sent to the brain, where the signal is
processed and identified as “red.”

What we sense as the normal ambient or “white” light that sur-
rounds us carries the signals that contain color information. When we
view a red object, the light reflected from the object carries the signal
that triggers the “red” response in the eye. All color sensation is initi-
ated by strengths of the signals contained in the light incident on the
eye.

In conditions of low light intensity (at night or in interior unlighted
spaces) very little color response is noted. Objects appear in various
shades of gray. That is, an object that appears red in daylight now ap-
pears gray. This effect can be experienced in an enclosed room with
a variable intensity light source illuminating a red object. As the light
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intensity is decreased, a vividly colored red object is perceived as losing
its “redness.” The object has not changed, only the light intensity. The
“red” object is now “gray” because the light intensity is not high enough
to trigger a “red” response in the eye.

5.1 LICHT: PHOTONS AND WAVES

The starting point for a description of color is a description of light. For
that, we start with a beam of white light (Color Plate 19). When the beam
of white light passes through a prism, the white light is split into many
colors. As will be decribed later in detail, the beam of white light con-
tains spectral color signals from red through violet. The prism separates
the signals into the individual components.

Isaac Newton demonstrated in 1672 that light could be split into
many colors by a prism, and he used this experimental concept to ana-
lyze light. The colors produced by light passing through a prism are
arranged in a precise array, or spectrum, from red through orange, yel-
low, green, blue, indigo, and into violet. The order of colors is constant,
and each color has a unique signature identifying its location in the spec-
trum. The signature of color is the wavelength of light.

Somewhat less than one hundred years after Newton’s discoveries,
James Clerk Maxwell showed that light is a form of electromagnetic ra-
diation. This radiation includes radio waves, visible light, and x-rays. Fig-
ure 5.1 shows electromagnetic radiation as a spectrum of radiation
extending beyond the visible spectrum to include at one end radio waves
and at the other end gamma rays. The visible light region occupies a very
small portion of the electromagnetic spectrum. The light emitted by the
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Fig. 5.1. The electromagnetic spectrum, which encompasses the visible region of
light, extends from gamma rays with wavelengths of one hundredth of a nanometer
to radio waves with wavelengths of one meter or greater.
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Fig. 5.2. A wave representation of three different light hues: red,
yellow-green, and violet, each with a different wavelength A, which
represents the distance between wave crests.

sun encompasses the visible
region of the electromagnetic
spectrum and extends beyond
the red (into the infrared) on
one side and beyond violet
(into the ultraviolet) on the
other with a maximum inten-
sity in the yellow range of vis-
ible light.

When we consider light
as an electromagnetic wave,
a color’s spectral signature
may be identified by noting
its wavelength. We sense the
waves as color, violet being
the shortest visible wave-

length and red the longest.
Visible light is the range of
wavelengths within the electromagnetic spectrum that the eye responds
to. Although radiation of longer or shorter wavelengths is present, the
human eye is not capable of responding to it.

Three typical waves of visible light are shown in Figure 5.2. The wave-
length is the distance from one wave crest to the next, and is represented
by the Greek letter lambda, A. The violet light depicted in the figure is
electromagnetic radiation with wavelength of 410 nanometers, and the
red light has a wavelength of 680 nanometers.

The nanometer is a unit of distance in the metric scale and is ab-
breviated as nm. One nanometer (nm) equals one thousand millionths
of a meter (m), or 1 nm = 10~? m. One nanometer is a distance too small
to be resolved in an optical microscope, but one micron (um), which is
one thousand nanometers, can be resolved (1 micron = 1000 nm). The
view of three red blood cells shown in Figure 5.3 includes a one-micron
marker superimposed on the bottom cell to the right. The wavelength of
blue-green light is about one-twelfth the width of a blood cell. The wave-
lengths of visible light are smaller than common objects such as the thick-
ness of a sheet of paper or the diameter of a human hair. Both of these
are about one hundred microns thick, which translates to distances
greater than one hundred wavelengths of visible light.

As we move through the visible spectrum of violet, blue, green, yel-
low, orange, and red, the wavelengths become longer. The range of wave-
lengths (400-700 nm) of visible light is centrally located in the
electromagnetic spectrum (Figure 5.1). Infrared and radio waves are at
the long wavelength side, while ultraviolet (UV), x-rays, and gamma rays
lie at the short wavelength side of the electromagnetic spectrum. Radi-
ation with wavelengths shorter than 400 nm cannot be sensed by the eye.
Light with wavelengths longer than 700 nanometers is also invisible. In
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the analysis of works of art, the regions
of the spectrum encompassing x-rays
and infrared radiation are of great
interest. Radiation in these regions is
used to examine the structure of paint-
ings much the same way that x-rays are
used in medical diagnostics, ultraviolet
(UV) rays in forensic analysis, and in-
frared in nighttime reconnaissance. We
can use this broad region of the elec-
tromagnetic spectrum to look beyond
the visible appearance of a painting.

For example, by use of equipment
sensitive to infrared radiation we can
look beneath the layers of paint. The in-
frared reflectogram of the Portrait of a
Man shown in Figure 5.4a reveals an ex-
tensive underdrawing (Figures 5.4b and
5.4c) otherwise not visible to the un-
aided eye. The use of infrared tech-
niques is described in more detail in
Chapter 7, “Beyond the Eye.”

We can describe light as electro-

magnetic waves with color identified by Fig. 5.3. A scanning electron microscope image of
its wavelength. We can also consider three red blood cells. The black bar overlying the blood
light as a stream of minute packets of  cell on the bottom represents a distance of 1000
energy called photons, which create a nanometers {(or 1 micron), which is approximately
pulsating electromagnetic disturbance. 2 wavelengths of the yellow-green light shown in Fig-

A single photon of one color differs — ure5.2.

from a photon of another color only by
its energy.

In the analysis of art and in the description of light, the most conven-
ient unit of energy to use is the electron volt, abbreviated eV. The electron
volt is the energy gained by an electron that moves across a positive volt-
age of one volt (V). For example 1.5 electron volts is the energy gained by
an electron moving from a negative metal plate to a positive plate, both
of which are connected to the terminals of a common 1.5 volt “C” battery.

Visible light is composed of photons in the energy range of around
2 to 3 eV (Figure 5.5). As the energy of the light increases, the wave-
length decreases. Orange light with a wavelength of 620 nanometers is
composed of photons with energy of 2 eV. It is light with energies in the
range of 1.8 to 3.1 eV that triggers the photo receptors in the eye. Lower
energies (longer wavelengths) are not detected by the human eye but can
be detected by special infrared sensors. Higher energies (shorter wave-
lengths) such as x-rays are detected by x-ray sensitive photographic film
or again by special devices.



(b)
54

Fig. 5.4a,b,c. Portrait of a Man,
attrib. Jan Mostaert, c. 1473-
1555/6,41.9 X 33.1cm, The Saint
Louis Art Museum.

Infrared reflectography reveals
(b and ¢) underdrawings that do
not conform to the image of the
man in the painting as we would
view it with the unaided eye (a).
The painter chose to alter the lo-
cation of various contours as the
painting progressed on top of the
underdrawing.
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Light rays are composed of photons Energy | Wavelength
whose energy corresponds to a color from (electron (nanometers)
red to violet. The intensity or brightness volts) 5
of the light is defined by the flux, which is 250
the number of photons passing through a i 1 Ultraviolet
unit area in a unit time, for example, the 4 300
number of photons per square centimeter
per second. A more detailed description of 1 i
light energy and wavelength is given in Ap- 37 3.1—Violet -400
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light of only one wavelength. Graphically, 21 E‘iﬂﬁ;’e / é_/‘g: 600
this would be displayed as a solid line lo- 4_"8_Red ~700
cated at a point along the wavelength scale Infrared 1000
(Figure 5.6). The height of the line indi- 17 '
cates its flux, or intensity. For comparison, ] ~2000

the dashed line indicates a “pure” green
light whose intensity is less than that of
the red light. Colors are seldom spectro-
scopically pure, that is, composed of a sin-  Fig. 5.5. Diagram showing the visible region of
gle wavelength of light. A sensed color the electromagnetic spectrum in terms of wave-
such as green or red will be composed of  length and corresponding energies. The visible re-
a number of photons whose wavelengths gif)n extends from 400 nm to 700 nm (wavelength)
are closely spaced around that of the pure with corresponding energies of 3.1 to 1.8 electron
. . . volts (eV).
color. Figure 5.7 shows an intensity versus
wavelength diagram for two groups of
photons, one group for a particular green
light and the other for a particular red light. For example, the green light
is composed of photons with maximum intensities around wavelengths
of 520 to 530 nanometers. Other green lights would have different in-
tensity versus wavelength distributions. In Figure 5.8, a smooth curve is
drawn through the points of maximum intensity at each wavelength. The
curve for the red light is higher than that for the green light, indicating
that the red light is more intense (possesses greater photon flux) than
the green one.
The spectral range of the red color in Figure 5.8 indicates that this
specific red color cannot be represented by a single wavelength. How-
ever, if we specify a wavelength in the visible range on the electromag-
netic scale, we can attribute a color to it. That is, laser light with a single
wavelength of 650 nanometers looks red. Optical instruments can be used
to measure the intensities and wavelengths of the components of light.
In carrying out these measurements one finds that a given color can be
produced by light of two or three wavelengths; for example, yellow can
be produced by a combination of red light and green light. Most, but not
all colors can be produced by mixing lights of three “primary” colors—
red, green, and blue.

o-1— 10,000
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Fig. 5.6. The intensity vs. wavelength of a pure red light (solid
line) at 670 nm. The height of the line indicates the intensity, or
number of photons per second. A pure green light at 520 nm is
shown with less intensity (lower height of dashed line) than that
of the red light.

We show the major spec-
tral colors in Figure 5.9a as
a linear sequence from red at
700 nm to violet at 400 nm.
A circular sequence of these
same spectral colors, the
color wheel first attributed to
Isaac Newton, is shown in
Figure 5.9b. The progression
of colors from red through
violet is identical to that on
the linear scale. The circular
wavelength scale outside the
color wheel shows the wave-
length connection between
the linear and circular se-
quences. The purple region
in the color wheel represents
a notable difference between

the two sequences. Colors in this purple portion of the color wheel are
composed of mixtures of wavelengths and cannot be represented by a

single wavelength.

No single wavelength exists for the color purple. Purple can be cre-
ated with a mixture of wavelengths in both the red and the violet. In the
text, purple is also referred to as magenta (Figures 5.15 and 5.17).

Red
Intensity

11

Him—
o it (L
400 500 600 700
Wavelength (nanometers)

Fig. 5.7. Red light as perceived by the eye is composed of a num-
ber of pure red lights of different intensities and wavelengths as rep-
resented by the five solid lines. Green is represented in the same
way. Any color of light perceived by the eye is composed in a sim-
ilar way.

5.2 THE COLOR
OF OBJECTS

As we look at a painting, the
color we see exists due to
light illuminating the paint-
ing, interacting with the lay-
ers of pigment and varnish
and reflecting back to the
eye. In the previous section
we described color as light of
specific wavelengths and in-
tensities. Here we consider
the color of an object illumi-
nated by white light. Color is
produced by the absorption
of selected wavelengths of
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Fig. 5.8. By connecting the heights of the lines in Figure 5.7, an envelope (curved
line) is generated that represents, in this illustration, the colors green (dashed line)
and red (solid line) as they are perceived by the eye.

light by an object. Objects can be thought of as absorbing all colors ex-
cept the colors of their appearance, which are reflected as illustrated in
Figure 5.10. A blue object illuminated by white light absorbs most of the
wavelengths except those corresponding to blue light. These blue wave-
lengths are reflected by the object.

White light is considered to be a mixture of all wavelengths at uni-
form intensity. A white object illuminated by white light reflects 100%

A
0 700 Red
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§ Yellow
700 nm
g Yellow-green
< Green
o
& Blue-green
]
3 Blue
= 4004 Violet
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Fig. 5.9A,B. The region of visible light in wavelengths shown as a linear arrange-
ment (A) and as a circle (B) as conceived by Sir Isaac Newton. The color purple shown
in the color wheel (B) is composed of a mixture of light in the red and violet regions
of the spectrum. Purple cannot be represented by a single wavelength of light.
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Fig. 5.10. White light composed of all wavelengths of visible light incident on a pure
blue object. Only blue light is reflected from the surface.
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Fig. 5.11. This blue object reflects 60% of the incident blue light of 470 nm and ab-
sorbs 40%. Different blue objects will reflect and absorb light in different ratios.
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of the illuminating, or incident,
light at all wavelengths. Colored
objects never reflect 100% of inci-
dent white light. Varying amounts
of light of wavelengths within the
visible spectrum are absorbed by
the object. The amount of re-
flected light can be measured one
wavelength at a time through the
sequence of wavelengths within
the visible spectrum. Figure 5.11
shows the measurement concept
of incident blue light of 470 nm.
For the measured blue object,
60% of the incident blue light is
reflected, and therefore 40% is ab-
sorbed. The relationship between
reflectance and wavelength is
given in Figure 5.12. The single
line shows that the light is mono-
chromatic with one wavelength at
470 nm. The height of the line
shows the intensity of the re-
flected light (60%). The remainder
of the light (40%) is absorbed.

A blue object illuminated by
white light will reflect a mixture
of wavelengths. The dominant
color is blue, but other wave-
lengths in the green and red can
also be reflected. This is illus-
trated by the curve in Figure
5.13, which shows the reflect-
ance versus wavelength for a
blue object. This curve is called
a spectral reflectance curve. At a
wavelength of 470 nm (in the
blue portion of the visible light
spectrum), 60% of the light
would be reflected back from the
blue object. There is a significant
amount of light reflected at
wavelengths corresponding to
the green, yellow, and red por-
tions of the visible spectrum. For
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Fig. 5.12. The reflected light from the blue object in Fig-
ure 5.11 is shown graphically as reflectance vs. wavelength.
The vertical height of the solid line indicates a reflectance of
60% for blue light at a wavelength of 470 nm.
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Fig. 5.13. The reflectance of the particular blue object in
Figure 5.11 when illuminated by white light can be described
by a reflectance vs. wavelength curve. Although the domi-
nant reflectance (60%) is at 470 nm, reflectance at smaller
intensities occurs at all wavelengths. Even though the object
is perceived as blue, there is a 10% reflectance in the red re-
gion at 600nm.
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example, 10% of 600 nm wavelength light (yellow) would be reflected,
and the remaining 90% would be absorbed.

5.3 COLOR: ILLUMINATION AND METAMERISM

Colors that match in one set of viewing conditions but not in others are
said to be metameric. Such colors are called metamers, and the phe-
nomenon is called metamerism. The spectral reflectance curves of
metamers are different, but they intersect, usually at three or more wave-
lengths, between 400 and 700 nm. The greater the differences between
the reflectance curves, the more readily the metamerism will become ap-
parent when viewing conditions are changed.
Different colors have different reflectance curves; blue objects have
a higher reflectance in the blue region of the spectrum, red objects in
the red. White objects have a high reflectance over all wavelengths. These
spectral reflectance curves are determined by directing a beam of light
of a given wavelength and known intensity on a layer of pigment and
measuring the intensity of light that
is reflected back. The measurements
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are repeated at different wavelengths
from 400 to 700 nm.

Even colors that appear the same
may not have the same spectral re-
flectance curve. For instance, there is
a difference in the spectral response
of traditional and modern pigments
of the same hue. In Figure 5.14 we
compare the reflectance of a tradi-
tional blue pigment, smalt (dashed
line), with its modern counterpart,
cobalt blue (solid line). Smalt is
made of powdered glass colored with

0
400

cobalt oxide. Cobalt blue, discovered
in 1802, is made with a mixture of
cobalt oxide and aluminum oxide.

i
500 600 700
Wavelength (nanometers)

Fig. 5.14. A graph of the reflectance versus wavelength
of two blue pigments considered to be the same hue: the
traditional blue pigment, smalt (dashed line), and a mod-
ern blue pigment (cobalt blue), which has a higher re-
flectance in the red than smalt. These results indicate that
these two blue pigments have different reflectivities at dif-
ferent wavelengths. Consequently, the pigments will ap-
pear different under different illumination conditions
(daylight, artificial illumination).

Cobalt blue has a higher reflectance
in the red than smalt. These differ-
ences in reflectance mean that the
blue pigments will have a different
appearance to the eye when viewed
under different illumination condi-
tions. Metamerism becomes an im-
portant consideration in the restora-
tion of older paintings that require
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in-painting with modern pigments to replace areas of loss of original
paint.

Metamerism is also of consequence to the painter. A painting pro-
duced under one lighting condition but viewed under a very different
one will reveal color relationships unintended by the painter. The main-
tenance of very subtle tonal shifts and color resonances, effected (often
catastrophically) by this change of illumination, is of great interest. The
contemporary painter Avigdor Arikha (see “Duncan Thomson talks to
Avigdor Arikha” in the journal Modern Painters, Spring, 1990), dedicated
to working from observation, is particularly discriminating about the
condition of light that reveals his subject and therefore his painting.
“Tonal painting, or any painting painted in daylight, must be viewed in
daylight, for which there is no replacement yet. Imagine a concert hall
whose acoustics falsified pitch: Schubert off by a fraction. What an of-
fense to the ear!” A meaningful interpretation of a painting is often de-
pendent upon such subtle distinctions. Certainly, the painter takes great
pains to leave a painting in a particular state. For a certain color to dis-
appear, or appear as another hue or value, is to ensure that the painting
will be read in a much different way than was intended.

5.4 ADDITIVE COLOR

White light is a mixture of all wave-
lengths of the visible spectrum. We can

select three individual color lights from Incident
the visible spectrum that in combination
or by themselves will produce the com-

plete range of colors including white.
These three specific colors of light are
red, blue, and green.

Any two colored lights may be mixed
on a white substrate to produce a third /
distinct color. Incident primary red and ’
blue lights produce the color magenta ,
(Figure 5.15). Similarly, superimposed
beams of primary blue and green pro- 4 Magenta
duce cyan (blue-green). Superimposed
beams of primary blue, green, and red

—————

Incident

will produce white light. This production
of white light is just the reverse of the
production of a spectral array resulting
from white light incident on a prism. In
Figure 5.16 the region occupied by all
three beams is white (W). The region oc-

White Substrate

Fig. 5.15. The color magenta (purple) is produced
by the addition of red and blue light incident on a
white substrate.
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Blue @ Red
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White Substrate

Fig. 5.16. The colors blue (B), cyan (C), green (G), yellow (Y), red (R), magenta (M),
and white (W) are produced by the addition of beams of blue, green, and red light
incident on a white substrate. This shows that white can be produced by the additive
mixtures of these three pure colors, referred to as additive primaries.

Green

Blue Magenta Red

Fig. 5.17. The color triangle with the primary additive colors (blue, green, and red)
at the corners and the secondary additive colors (cyan, yellow, and magenta (purple))
at the edges.
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green is yellow (Y); of green and blue is cyan
(C); and of red and blue is magenta (M). An-
other representation of these relations is White
given as a color triangle in Figure 5.17. Red,
blue, and green are primary additive colors.

cupied by overlapping beams of red and %

a

Green

\

The addition of these three colors produces [ Cyan \ N\
white, represented by the open circle in the y s

i

[ Yellow N7 NG

center of the triangle. Cyan, yellow, and ma-
genta, also in a triangular relationship and \

White Substrate

=

represented by the dashed line, are sec-
ondary additive colors.

Fig. 5.18. Subtractive color is illustrated by
white light incident on a translucent cyan layer

(red absorbed), on a translucent yellow layer
(blue absorbed); and then the remaining (nonab-

5.5 SUBTRACT]VE COLOR sorbed) green light is reflected from the white

substrate.

Just as additive color mixing refers to the
process of adding colored lights, the sub-
tractive process refers to the removal of certain wavelengths of light as
a result of absorption. This is the condition when we observe light re-
flected from objects. It is the mixing of subtractive primary colors that
determines the observed colors in painting media.

Subtractive color mixing can be illustrated by illuminating with white
light superimposed layers of translucent color on an opaque white sub-
strate. In Figure 5.18 a layer of translucent cyan is superimposed over a
layer of translucent yellow. As the incident white light passes through
the cyan layer, red wavelengths are absorbed. Blue wavelengths are ab-
sorbed in the passage through the yellow layer. The light reflected from
the white substrate is green. This is an example of how painters are able
to mix colors through the use of translucent glazes.

5.6 THE EYE AND COLOR SENSATION

So far in this chapter we have discussed light and colors measured by
optical instrumentation. Color identification as used by the painter de-
pends on the response of the eye. Our perception of color arises from
the composition of light—the energy spectrum of photons that enter the
eye. The retina, located on the inner surface of the back of the eye (Fig-
ure 5.19), contains photosensitive cells. These cells contain pigments that
absorb visible light. Of the two classes of photosensitive cells, rods and
cones, it is the cones that allow us to distinguish between different col-
ors. The rods are effective in dim light and sense differences in light
intensity—the flux of incident photons—not photon energy. So in dim
light we perceive colored objects as shades of gray, not shades of color.
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Iris

Light enters
eye through
pupil

Cornea

Optic nerve

Fig. 5.19. A cross-sectional representation of the eye showing light entering through
the pupil. The photosensitive cells, cones and rods, are located in the retina: Cones
respond to color, and rods respond to light intensity.
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Fig. 5.20. The response of the three cones to incident light: Cone R (pigment R)
has a maximum sensitivity in the orange-red, cone G (pigment G) in the green-
yellow, and cone B (pigment B) in the blue portions of the visible spectrum. The sen-
sitivities of the three cones overlap, and the perceived color is due to the relative re-
sponse of the three cones.
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Color is perceived in the retina by three sets of cones, photorecep-
tors with sensitivity to photons whose energy broadly overlaps the blue,
green, and red portions of the spectrum. Color vision is possible because
the sets of cones differ from each other in their sensitivity to photon en-
ergy. The sensitivity of the cones to light of the same intensity (the same
photon flux) but different wavelengths (energy) is shown in Figure 5.20.
The maximum sensitivity is to yellow light, but cone R has a maximum
in the red-orange, G in the green-yellow, and B in the blue. The sensi-
tivities of the three cones overlap. For every color signal, or flux of pho-
tons, reaching the eye, some ratio of response within the three types of
cones is triggered. It is this ratio that permits the perception of a par-
ticular color.

The afterimage phenomenon discussed in Chapter 2 is due to fatigue
in the cones. If we stare at a blue object on a white background, the
cones in the retina are activated by the photon flux from the blue color.
The red, blue, and green pigmented cones respond to the mix of pho-
tons of various wavelengths in a proportion representing that color. Af-
ter a period of time, these cones become fatigued. If the blue object is
removed, an image appears on the white background. The cones that are
not fatigued signal the image color response, and consequently the af-
terimage is in the complementary color of the real object.
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6.0 INTRODUCTION

Our perception of a painting depends on the interactions between light
and the layers of paint. The interaction of light with the surface of a
painting allows us to sense the texture (smooth or rough), the paint
thickness, and the transparency or opacity of the paint. Light does
more than interact with the surface. Light penetrates into the paint
film, and the colors become visible due to the interaction of light with
pigments, binders, varnishes, and other components of a painting.
Whether a painting is made of a single layer or multiple layers of paint,
there is a common basis that describes the interaction of light. Light
is reflected, absorbed, and transmitted by the paint film. In Holy
Women at the Sepulcher by Peter Paul Rubens, (Color Plate 20), the
light illuminating the women acts as a significant component of the
narrative. The effect of the image of light in the painting is reinforced
by the use of transparent layers of color allowing light to penetrate
deeply into the paint film.

In the next sections we discuss the behavior of light in terms of
reflection, refraction, and absorption. These optical interactions de-
termine to a great degree how we interpret a painting.

6.1 REFLECTION

Polished metal surfaces reflect light much like the silver layer on the
back side of a glass mirror. A beam of light incident on the metal sur-
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Normal

Reflected ray

Incident ray

e ZPolished metal surface é

Fig. 6.1. Light ray reflected from a metal surface with angle of incidence i equal to
the angle of reflectance i’. The dashed line (normal) is perpendicular to the sample
surface.

face is reflected. Reflection involves two rays—an incoming, or incident,
ray and an outgoing, or reflected, ray. In Figure 6.1 we use a single line
to illustrate a light ray reflected from a surface. The law of reflection re-
quires that the two rays be at identical angles but on opposite sides of
the normal, which is an imaginary line (dashed in Figure 6.1) at right
angles to the mirror surface at the point where the rays meet. We show
in Figure 6.1 that the angles of incidence i and reflection i” are equal by
joining the two angles with an equal sign. All reflected light obeys the

Incident Reflected Incident i
rays. rays rays ,'
/

=

{b} Rough surface

G e T
)

(a) Smooth surface

Fig. 6.2a,b. Light reflection from (a) smooth surface (specular reflection) and (b)
rough surface (diffuse reflection). In both cases the angle of incidence equals the an-
gle of reflection at the point that the light ray strikes the surface.
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Fig. 6.3a,b. Cross sections of paintings with (a) varnish-covered surface and (b)
rough paint surface without a varnish overlayer. The rough surface (diffuse reflec-
tion) will appear matte.

relationship that the angle of incidence equals the angle of reflection.
Just as images are reflected from the surface of a mirror, light reflected
from a smooth water surface also produces a clear image. We call the
reflection from a smooth, mirrorlike surface specular (as shown in Fig-
ure 6.2a). When the surface of water is wind-blown and irregular, the
rays of light are reflected in many directions. The law of reflection is
obeyed, but the incident rays strike different regions that are inclined at
different angles to each other (Figure 6.2b). Consequently, the outgoing
rays are reflected at many different angles, and the image is disrupted.
Reflection from such a rough surface is called diffuse reflection.

The surface of paint layers reflects light in much the same way as
water. The smooth varnished surface of the painting shown in cross sec-
tion in Figure 6.3a causes specular reflection and appears shiny, while
the rough surface of the painting in Figure 6.3b has diffuse reflective
properties and appears matte, or dull.

Light is reflected when it is incident on a surface or

P interface between two different materials such as the

/ surface between air and water, or air and paint, or var-

’ nish and paint. The reflection of light from varnish and
4 paint layer interfaces is sketched in Figure 6.4. The ray

ya
2 Varnish \/\/\ § of light incident on the layer of varnish is partially re-

(Paint ot T

Fig. 6.4. Aray of light incident on
a transparent varnish layer is both
reflected from the air/varnish sur-
face and transmitted through the
layer, where it is reflected at the
varnish/paint interface. The outgo-
ing ray at the varnish/air surface is
both reflected and transmitted.

flected and partially transmitted through the transpar-
ent material. At the interface with the paint layer, the
transmitted incident ray is reflected and transmitted
through the varnish to the varnish/air interface. This ray
is then partially reflected internally and partially trans-
mitted into the air. Each time a ray of light strikes a
boundary between two materials, such as air/varnish or
varnish/paint, some of the light is reflected. The laws of
reflection are obeyed at all interfaces. The amount of
reflected light at the interface depends on the differences
in refraction between the two adjoining materials.
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6.2 REFRACTION Normal
Refrlg-:;fed

Optical properties of materials are char-
acterized in part by their refraction of
light. Light incident at the interface be-

tween two materials has a transmitted Glass

component whose direction changes as it y/2mn A
passes the interface. For example, rays of r

light change direction, or are “refracted,” Refracted

when passing from air into glass. As ray

shown in Figure 6.5, one component of
light is reflected, while the other compo-
nent is refracted. The refracted beam  Fig. 6.5. Light in air incident on a glass surface
changes direction at the interface and de- where it is partly reflected at the interface and partly
viates from a straight continuation of the trajmsmitted.into the glass. The Qil‘ection of the trans-
incident light ray. A similar effect can be triitted 2y Is Ch.angeq ot the aivplass Su