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Introduction
Analytical techniques based on physical principles are widely used to study
engineering materials, and advanced imaging methods are used in diagnostic medicine.
Similar methods are used in art conservation. Since most students tend to have favorable
impressions of museums and art objects, scientific analysis in an art context can serve as a
vehicle for introducing students to the fundamental science which underlies the analysis.
The Worcester Art Museum (WAM) is a readily-accessible resource for the many
educational institutions in the area. Since many of the paintings and other objects in the
permanent collection have been studied using physical methods, one can use a museum tour
as an observational laboratory experience, to show students how physical principles are used
to solve interesting problems. In our case, the tour complements hands-on experiments in an
instructional laboratory which is part of a physics course.
The following is a tour of nine objects at the Worcester Art Museum which have been
studied using multi-spectral imaging, optical analysis, and a nuclear isotope technique.
Each discussion begins with a small image of the object and a map of its location, followed
by a brief description of the object. We then present data arising from a prior analysis by
museum staff or other researchers. Analytical techniques such as infrared imaging are
described the first time they are referred to in the tour. A list of the physical techniques
which we discuss is given in the table of contents.
All of the objects could be viewed in one hour, with highlights of the analytical
results presented briefly. This quick version of the tour would be suitable for students in a
variety of introductory physics courses, following classroom discussions of imaging
techniques. A more detailed version of the tour with in-depth discussion and study of each
object would take much longer, and could perhaps serve as the basis of a mini course.
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Second Floor, European Galleries

Fig. 1. The Holy Family and Saints,
Niccolo di Bartolomeo Pisano, active 1484-1538
Worcester Art Museum, bequeathed by Mary G. Ellis as part of the Theodore T. and Mary G.
Ellis Collection, 1940.64
oil on panel
Discussion Topics: Analysis by infrared reflectography, visible wooden panels.
Description of the Painting1
... a male saint, who can hardly be other than S. Joseph, holds in his arms the
Infant Christ (Who grasps a lily) and seems to offer Him to the standing Virgin.
... the landscape, where there are some apparently unimportant pentimenti,
seems well preserved.

Pentimenti
The pentimenti referred to by Martin Davies (Ref. 1) are images which can be seen
through the upper paint layer. As defined by Kirsh and Levenson,2
Pentimenti are signs of reworked areas in the paint layer, places where the artist
covers original paintwork with a revision. Art historians find pentimenti interesting...
... they demonstrate that the artist actively developed the design during the painting process
and suggest that the painting is not an exact copy of another work... Pentimenti may be
visible initially or may become apparent in ordinary light as a painting ages. ...
Pentimenti become visible for several reasons: ... the upper layer of paint may become
increasingly transparent over time...

1

Martin Davies in “European Paintings in the Collection of the Worcester Art Museum,” Worcester Art
Museum (1974).
2
Andrea Kirsh and Rustin S. Levenson in Seeing Through Paintings, Yale University Press (2000).
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Wooden Panels
Paintings require a physical support, which could be cloth, wood, or masonry.
Typically a ground layer made of a material such as gesso was applied to the support. In
many cases the outline of the composition was sketched on the ground layer using charcoal,
or transferred using a cartoon, or incised using a stylus. Next, paint was applied to the
ground layer.2 Analysis of the support is an important part of the analysis of a painting.
The support of The Holy Family and
Saints consists of horizontal wooden panels.
In the photograph at the right, the boundary
between two panels reflects the light and is
visible as the bright line indicated by an arrow.

Fig. 2. Photograph of The Holy Family
and Saints taken in overhead light.

The painting was originally located within a circular arch in a church. At some point
the upper (rounded) part of the painting was removed and the top of the painting was made
square. According to Ref. 1,
Narrow wedgelike new pieces of wood added on each side at the top corners indicate
that the picture originally had a rounded top.
The wedge-shaped pieces of wood are clearly visible to the naked eye.
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Infrared Imaging
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Fig. 3. Electromagnetic radiation near the visible portion of the spectrum.

Visible light is a type of electromagnetic radiation which consists of waves with a
wavelength λ ranging from 400 to 700 nm. Images of objects such as paintings can be
produced using visible light, or using light waves with wavelengths outside of the visible
spectrum. In some cases an image formed by using non-visible wavelengths can reveal
features which are not apparent when viewing the object with the naked eye.

The materials used in paintings
have different optical properties in the
infrared portion of the electromagnetic
spectrum. For example, many paint
pigments transmit infrared light (a),
white gesso in the ground layer
reflects infrared light (b), and the lines
in a charcoal drawing on the ground
layer tend to absorb infrared light (c).

(a)

(b)

(c)

Fig. 4. (a) Transmission, (b) reflection, and
(c) absorption of infrared light.

Due to these differences in the optical properties of the painting materials,
conservation scientists, curators, and art historians can use infrared imaging to
study charcoal underdrawings beneath some paintings, as shown schematically in the
following figure.
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(a) Underdrawing.

(b) Visible surface layer.
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(c) Infrared image.

Fig. 5. Schematic representation of a charcoal underdrawing covered by paint and then
imaged using infrared light.

In this hypothetical example, the artist made a preliminary charcoal sketch (a) with
the moon close to the square tower, and subsequently the moon was painted farther to the
right (b). Assuming that some of the pigments are partially absorbing in the infrared, an
infrared image of the painting could look something like (c). The image shown in (c)
represents the case where the blue paint is transparent, the earth-colored paint used on the
tower and the yellow moon pigment are partially absorbing, and the dark green below the
tower is more strongly absorbing. It is assumed that the ground layer reflects infrared light.
The original and final positions of the moon can be seen simultaneously in the
infrared image, showing that in the preliminary composition the moon was located closer to
the tower.
Infrared images are produced by illumination of a painting with an infrared light
source such as an incandescent bulb. A camera with a detector which is sensitive to infrared
light is used to record an image of the painting, and visible light is excluded from the image
by using a filter which only allows infrared light to reach the detector. Since the light which
is imaged by the infrared camera is reflected from the painting, the imaging process can be
called infrared reflectography.
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Infrared Image of The Holy Family and Saints

Fig. 6. Portion of Fig. 1 and infrared image3 of the area indicated by the rectangle.

A detailed underdrawing is visible in the region above the Virgin. It is possible that
the underdrawing is associated with the pentimenti referred to in Ref. 1. The underdrawing
contains a clearly-visible sketch of the Virgin's face (above) and what appears to be another
version of Her veil (in the center). That is, the composition of the painting appears to have
changed at least twice.

3

From an advertisement for the Hamamatsu C2741-03 infrared camera. The image was recorded by Paul
Haner at the Worcester Art Museum.

8
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Second Floor, European Galleries

Fig. 7. Saint John the Baptist,
Andrea del Sarto, 1486-1530
Worcester Art Museum, museum purchase, restricted funds, gifts from Louise I. Doyle,
Britta D. Jeppson, The Reverend and Mrs. DeWolf Perry (in memory of Harriette Brooks
Hawkins), the Worcester Art Museum Members’ Council, and anonymous donors, 1984.38
oil on panel, transferred to canvas
Discussion Topic: Analysis by infrared reflectography.
Description of the Painting
... a long-neglected work by one of the great masters of the Italian High
Renaissance...4
[Leonardo’s painting] the Gioconda, may have left its impress on Andrea’s Baptist in
its type and in expression.5
Originally a painted wooden panel, transferred to canvas:
Sometime in the middle of the nineteenth century, the Sarto underwent restoration
work, as documented by a stencil on the back “Transferred From Panel to Canvass by G.
HOWORTH.” 4
A lead layer makes analysis by x radiography (p. 18) difficult if not impossible:
When the painting was transferred in the nineteenth century, it was adhered to its
new support by white lead, which inhibited learning anything through radiography.
However, infrared photographs revealed an underdrawing...4

4

James A. Welu, “The Worcester Andrea del Sarto: the Ups and Downs of Saint John,” Worcester Art
Museum Journal, vol. 7, p. 3 (1983-84).
5
S. J. Freedberg, “A Recovered Work of Andrea del Sarto with Some Notes on a Leonardesque Connection,”
The Burlington Magazine, vol. 124, p. 281 (1982).
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Visual Indications of Sub-Surface Layers
Even before cleaning, the picture showed two evident major pentimenti: the first in
the drawing of the uppermost part of Saint John’s back and the rear contour of his right
shoulder, the second in the drawing of the upper contour of his right hand and the top joint
of its thumb.5
Infrared Image of Saint John the Baptist

Fig. 8. Enlarged copy of Fig. 7 (left) and its infrared image (right, from Ref. 4).
Infra-red examination has discovered other quite assertive differences between the
underdrawing and the visible surface. The design of the knot that holds the Baptist’s
garment at his right shoulder has been considerably changed. To the other side, the drapery
on the saint’s left shoulder was initially drawn about an inch below its present place; in the
drapery above John’s left hand the lines of underdrawing conform no more than roughly
with the pattern that we see.5
Note that the red garment appears white in the infrared image, while the upper part of
the chest, adjacent to the garment, appears quite dark. This example shows that the relative
darkness of two pigments in a visual image may be reversed when viewing the image in the
infrared.
The vertical dark line in the center of the infrared image presumably coincides with
the joint between two vertical wooden panels which served as the original support of the
painting.
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Fig. 9. Woman at her Toilette,
French, School of Fontainebleau, 1550-1570
Worcester Art Museum, museum purchase, 1932.23
oil on panel
Discussion Topics: Reflection in a mirror, chirality, magnification.
Description of Painting
She is dressed in a diaphanous mantle, revealing her almost nude to the waist.
Wearing a collar of pearls and a rich coronet of jewels, she rests her right arm on a richly
embroidered cushion, her right hand holding a ring picked up from a jewelry box. Her left
hand fingers a chain which may once have held a small wooden cross. On the foreground
ledge a comb, flowers and at the right a jeweled mirror with caryatids reflecting a part of the
woman’s face. Behind, to the right, a glimpse of another room with tiled floor. Here a
maidservant kneels at an open chest. In the upper left a vase of flowers.6
Image in the Jeweled Mirror: Two Puzzles
The perspective of the painting seems realistic. That is, the positions, orientations,
and sizes of the various objects in the painting seem accurate. On the other hand the image
in the mirror may at first glance seem peculiar for two reasons:
(i)

The mirror image appears to represent the right side of the woman’s face, that is, the
side which is facing the viewer, rather than the side which is facing the mirror.

(ii)

The image in the mirror seems quite small, approximately one-third the size of the
woman’s face. This would not be the case with an ordinary plane mirror, but the
mirror in the painting appears flat.

6

Daniel Catton Rich in “European Paintings in the Collection of the Worcester Art Museum,” Worcester Art
Museum (1974).
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Reduced Size of the Image: Effect of a Curved Mirror Surface
Images in convex mirrors are smaller than the objects in front of the mirrors. The
magnification M is the ratio of the sizes of the image and object. The positions of the object
and image (relative to the mirror) are given by the equation
1
1 1
(1)

 ,
do di
f
where do is the object distance, di is the image distance, and f is the focal length of the
mirror. The magnification is given by the ratio of image and object distances
d
(2)
M  i ,
do
and the focal length is related to the radius of curvature of the mirror R by the relation7
R
(3)
f  .
2
If the image in Woman at her Toilette is one-third as large as the object, Eq. 2 becomes
d
1
(4)
 i  .
do 3
One can rearrange Eq. 1 so as to obtain the ratio
d
f
.
(5)
 i 
do f  do
Combining Eqs. 3, 4, and 5 one can obtain the relation do = | R | . That is, one obtains an
image which is one-third as large as the object when the object distance is equal to the
radius of curvature of the mirror.
In the painting, the object distance (from the woman’s face to the mirror) is roughly
0.5 m and therefore the radius of curvature of the mirror is approximately 0.5 m. This is
relatively large. One can show8 that if the mirror is 10 cm tall the outward projection of the
center of the mirror would be approximately 2.5 mm. Such a small departure from flatness
would not be obvious when looking at the mirror from the point of view of the artist; it is not
surprising that the mirror in the painting appears flat.
“Wrong Side” in the Image
At first glance it appears that the mirror image is showing the right side of the face,
which is turned away from the mirror. This puzzle is explained as follows.
The left side of the face is closest to the mirror, so the image that we see is an image
of the left side. Mirror images have a chirality (or “handedness”) which is opposite to that of
the object. For example, the image of a left hand is a right hand. Similarly, the image of the
left side of the face looks like the right side of the face, exactly as shown in the painting. A
laboratory demonstration of an image in a convex mirror is shown in Fig. 10.

7
8

We adopt the sign convention where the focal length and radius of curvature are negative for a convex mirror.
The relation between the mirror projection h, the radius of curvature R, and the size of the mirror L is

h  R  R 2  L2 / 4 .
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Demonstration of a Reduced Image Using a Convex Mirror

Fig. 10. The photograph shows a toy bear placed before a convex
mirror with a radius of curvature of approximately 65 cm. The object
distance is approximately 50 cm. The image of the bear
(shown enlarged to the right) is reduced by a ratio approximately
equal to that which is seen in Woman at Her Toilette. In the image,
the right side of the bear’s face appears to be facing the viewer,
but this is actually an image of the left side of the bear’s face.
Convex Mirrors and Sixteenth-Century Paintings
Convex mirrors were probably more common than flat mirrors
during the 16th century. They were produced by applying a reflective
metal coating to the inside of blown glass spheres, whereas plane mirrors required a
relatively difficult flattening process.9,10 There are many 16th century paintings with
prominent convex mirrors, for example Massys’s The Moneylender and His Wife (1514),
Parmigianino’s Self Portrait in a Convex Mirror (1524), Furtenagel’s Portrait of Hans
Burgkmair and His Wife Anna (1529), and Caravaggio’s Martha and Mary Magdalene
(1598).11 In these four examples the mirrors have obvious convex shapes, whereas the
curvature of the mirror in Woman at Her Toilette is deduced on the basis of the reduced
image size. We have estimated the radius of curvature to be approximately 0.5 m. It would
appear to be impossible to blow a glass sphere with a diameter of 1 m, however one could
make a mirror with a relatively large radius of curvature by slumping (heating a glass sample
over a mold with the required curvature), or by deforming a smaller sphere.
9

The Encyclopaedia Britannica, 11th Ed., vol. 18 (1911).
Gordon Campbell, The Grove Encyclopedia of Decorative Arts, Oxford University Press (2006).
11
The role of mirrors in paintings of this period is discussed by Eileen R. Doyle in Art in the Mirror:
Reflection in the Work of Rauschenberg, Richter, Graham and Smithson, PhD. Dissertation, The Ohio State
University (2004).
10
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Fig. 11. The Calling of St. Matthew,
Bernardo Strozzi, 1581-1644
Worcester Art Museum, museum purchase, 1941.1
oil on canvas
Discussion Topics: Rendering of collimated light through a window, raking-light
illumination.

Description of the Painting
The two most prominent figures are occupied with coins, the business of the place of
toll. Behind, the seated S. Matthew breaks off his work to attend to the summons of Christ,
Who on the right makes clear by His gesture His command to depart and follow Him.1

Illumination / Lighting
The figures are shown in a room illuminated by sunlight which is incident through a
window at the left. Sunlight is fairly collimated, that is, the light rays from the sun are
nearly parallel. This type of lighting produces high contrast for objects which are not smooth
and flat, for example the sleeve of the man in the right foreground.
The opposite of collimated light is diffuse light, where light rays are incident from
many different directions. If the sleeve in the right foreground was illuminated with diffuse
light, the folds would not be visible with such high contrast.
Collimated light is used to enhance the visibility of surface textures in the analytical
technique known as raking-light illumination, where the surface of a painting is illuminated
with light which is almost parallel to the surface.
Raking light is a simple and invaluable method for examining paintings. This
involves placing a lamp to the side so that the illumination falls at a sharp angle,
highlighting any textural changes in a painting’s surface.2
The sleeve in the right foreground can be thought of as a macroscopic object viewed
in raking light, where the collimated source is the sun and the “raking” effect occurs because
the rays are almost parallel to the surface of the sleeve.
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Fig. 12. The Astronomer,
José de Ribera, 1591-1652
Worcester Art Museum, museum purchase, 1925.116
oil on canvas
Discussion Topics: Depiction of a scientist and scientific tools, Ptolemy's Almagest,
x radiography.

Description of the Painting
A bearded scholar gazes upwards thoughtfully, as he seems to calculate with a
compass the measurements of the terrestrial globe. At the right upon the slate are geometric
diagrams and below them the signature Jusepe de Ribera F. 1638.
... the appearance of geometric diagrams involving circles on the slate at the right
suggests the probability that the person represented is Ptolemy, the astronomer, geographer,
and mathematician who lived in Alexandria in the middle of the second century A.D.12
More specific comments on the geometric figures in the painting are given in a
letter13 from Derek J. de Solla Price to Louisa Dresser:
... the figures are taken from an early edition of Ptolemy, from perhaps the 1543
Editio Princeps.
The left-hand diagram with the main circle, an eccentric circle and an epicycle, is
probably that from Book 3, Chapter 3 of the Almagest where it illustrates the eccentric
hypothesis, and the lower right diagram is from Book 4, Chapter 6, on the theory of the
moon.

12

Harold E. Wethey in European Paintings in the Collection of the Worcester Art Museum, Worcester Art
Museum (1974).
13
Curatorial files, Worcester Art Museum. Derek J. de Solla Price was the Avalon Professor of the History of
Science at Yale University and Louisa Dresser was the Curator at the Worcester Art Museum. The letter is
dated September 16, 1968.
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The Almagest referred to by Derek de Solla Price is Ptolemy's book of mathematical
astronomy, described by David Pingree as follows.
The Syntaxis mathêmatikê of Claudius Ptolomaeus is one of the most influential
(though seldom read) books on a scientific topic ever written. During the first millenium and
a half of its existence it dominated the Greek/Byzantine, the Islamic, and the medieval Latin
traditions in mathematical astronomy...14
Comparison to Figures from Ptolemy’s Almagest
In his letter, Prof. de Solla Price refers to two specific figures from Ptolemy’s
Almagest. We can understand his comments by making a direct comparison.

Fig. 13. Detail from Ribera’s Astronomer compared to a figure from The Almagest, Book III,
Chapter 3: On the Hypothesis Concerning Regular and Circular Movement.15
In Ribera’s painting the circles appear elliptical because they lie on a slate which does not
face the viewer directly. We have flipped and rotated the figure from the printed Almagest in
order to match the figure in the painting. There is mirror symmetry between Ribera’s figure
and the printed version. The change in symmetry may have been introduced by Ribera or it
could arise in different published versions of the figure. It does not affect the geometrical
analysis.

14

David Pingree, Ancient Philosophy 5, 348 (1985).
The Almagest, by Ptolemy, translated by R. Catesby Taliaferro, in Great Books of the Western World, vol. 16,
edited by R. M. Hutchins, Encyclopedia Britannica, Inc. (1952).
15
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We can also check de Solla Price’s second statement with a direct comparison, as
shown in Fig. 14.

Fig. 14. Detail from Ribera’s Astronomer compared to a figure from The Almagest, Book
IV, Chapter 6: Demonstration of the Moon’s First and Simple Anomaly.15

As in Fig. 13, the printed figure has been flipped and rotated in order to match the painted
figure. It is interesting to note that Ribera’s figure seems to include symbols which label the
intersections of the lines with the circle (marked by arrows).
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The x-Radiography Technique

Fig. 15. An x–ray source,
a partially-absorbing sample, and
a sheet of x-ray-sensitive film.

Radiography is used to reveal features which are hidden by the visible paint layer,
such as underpaintings, which are present when an artist modifies a composition or reuses a
canvas or a wooden panel. In x radiography, a painting is irradiated with a point source of
x rays and the transmitted x rays are detected using photographic film or an electronic
detector.
No lens is used in the formation of the image. The image will be sharp if the source
size is small and the absorbing layer is close to the film.16 The source in this case is the point
at which an electron beam strikes a metal target within the x-ray tube, and a small source is
produced by focusing the electron beam to a small spot at the target.
The absorption of x rays depends upon which chemical elements are present within a
paint layer. The atomic number Z is the number of protons in the nucleus of an atom.
Elements with a relatively low atomic number (such as carbon or oxygen) absorb weakly,
and elements with a large atomic number (such as mercury and lead) absorb strongly.
Absorption of x rays is very strongly dependent on the atomic numbers of the chemical
elements in the paint layers,16 since the mass absorption coefficient is approximately
proportional to Z 3. An example of a strongly absorbing layer is a paint containing lead,
given that lead has atomic number Z = 82. Charcoal underdrawings are invisible in a
radiograph, because charcoal consists of carbon, which has a small atomic number (Z = 6).
In Fig. 15, x rays are emitted by an x-ray source at the left. The sample contains a
stripe of absorbing material across its center. x rays which are incident upon the top and
bottom of the sample are transmitted and reach the detector at the right.
An x radiograph provides an image of those regions of a painting which are strongly
absorbing. The absorbing elements could occur in the visible painting, the structural support
of the painting, or in an underpainting, if one is present. The technique is most revealing
when the visible painting is weakly absorbing and the underpainting is strongly absorbing, as
shown in the following model.

16

V. E. Cosslett and W. C. Nixon, X-Ray Microscopy, Cambridge University Press (1960).
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(a)
(b)
(c)
Fig. 16. Model of an underpainting revealed by x radiography. Suppose the underpainting
(a) contains an object on the left, painted with a thick layer of lead white, and the surface
painting (b) contains an object on the right, painted with a thin layer of lead white, or no lead
white. In this case the x radiograph (c) would show the underpainting much more clearly
than the surface painting. If both paint layers contain appreciable quantities of absorbing
paints, both will appear simultaneously in the radiograph.
Radiograph of The Astronomer

Fig. 17. Rotated copy of Fig. 12 and its x radiograph.17
At the left side and top the edges of the canvas are torn. The radiographs show this
clearly and reveal the use of a painted fabric to fill in the losses. Two figures may be seen on
the canvas used for relining the top edge. Unmistakably of very high quality, these figures
are S. Catherine and S. Sebastian, copied from saints on the right side of Correggio’s
“Mystic Marriage of St. Catherine” in the Louvre.12
17

Radiograph from the curatorial files, Worcester Art Museum. The radiograph was probably taken prior to
1965 by Edmond de Beaumont, who joined the Worcester Art Museum in 1936. See Morwenna Blewett, “The
History of Conservation Documentation at the Worcester Art Museum,” AIC Paintings Specialty Group
Postprints, American Institute for Conservation of Historic and Artistic Works, vol. 18, p. 94 (2006).
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The radiograph of The Astronomer and the Correggio painting referred to by Harold
Wethey12 are compared in Fig. 18. The left hand which can be seen in the radiograph is
quite similar to the left hand of Saint Catherine in the Correggio painting. The sword hilt
near Saint Catherine’s left hand is also visible in the radiograph.

Fig. 18. Radiograph of Ribera’s Astronomer (Fig. 12) compared to Mystic Marriage of Saint
Catherine with Saint Sebastian, Antonio Allegri, known as Correggio (1489? – 1534),
Musée du Louvre, acquired by Louis XIV in 1665, Inv. 41.
The wooden stretcher is visible in the radiograph, and one can also see the metal tacks
used to attach the canvas to the edges of the stretcher. Wood is primarily composed of
chemical elements with low atomic numbers (such as carbon, nitrogen, oxygen, and
hydrogen) and therefore it has a relatively low mass absorption coefficient. Nonetheless, the
total x-ray absorption of the stretcher is substantial, since it is much thicker than the paint
layers.
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Fig. 19. Old Woman Praying,
Nicolaes Maes, 1634-1693
Worcester Art Museum, museum purchase, 1924.14
oil on canvas
Discussion Topic: Analysis by x radiography.

Description of the Painting
Facing right, an old woman seated at a table, her hands folded in prayer.
... On the table, which is covered in a vermillion cloth, are books, spectacles, a pen, an
inkwell, a red hourglass, and a skull.
... Signed, near the center of the right edge: NICO... / MAES.18

x Radiography and Old Woman Praying
x rays were discovered by Roentgen in 1895. Radiography with x rays was quickly
applied in medical imaging and within several decades the technique had been applied in the
investigation of numerous paintings.19, 20
Old Woman Praying provides a striking example of the revelation of an
underpainting by x radiography. The radiograph is dramatic because it is dominated by the
underpainting, with only a few features from the surface painting visible in the foreground.
This effect occurs due to the use of different pigments and/or much thicker paint layers in the
underpainting. In addition, there is a strong contrast between the subject of the underpainting
(a young woman who faces the viewer directly) and the surface painting (an older woman
facing right).

18

Seymour Slive in European Paintings in the Collection of the Worcester Art Museum, Worcester Art
Museum (1974).
19
Alan Burroughs, Art Criticism from a Laboratory, Little, Brown and Company (1938).
20
Julius S. Held, The Art Bulletin, vol. XXII, p. 37 (1940).
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Comparison of the Surface Painting and the Underpainting

Fig. 20. Enlarged copy of Fig. 19 and its x radiograph.21
The underpainting is predominant in the
radiograph, but some features from the visible
painting can be seen, such as the quill pen, the
white page of the open book, and the hourglass.
As with the radiograph of The Astronomer
(Figs. 17 and 18), one can see the wooden
stretcher and the nails which attach the canvas.
After one has seen the underpainting
in great detail in the x-ray image, one can look
for its traces when viewing the painting with the
naked eye. It appears that the face of the
woman in the underpainting is visible as the
light area to the left of the flowers in the
surface painting.
Fig. 21. A Woman Holding a Pink,
Rembrandt Workshop, 1656,
National Gallery of Art, Washington,
Andrew W. Mellon Collection,
1937.1.75.
21

Radiograph from the curatorial files, Worcester Art Museum. This radiograph was taken in 1941 by Edmond
de Beaumont. It is a composite image using multiple x-ray negatives; the white lines in the radiograph are gaps
between negatives.
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According to Seymour Slive,18
It is frustrating to know that under the surface of the painting there is an impressive
portrait of a young woman which can be seen only in the radiographs. ... a firm attribution
cannot be given to the concealed portrait. ... Yet, nothing about the portrait contradicts an
ascription to Maes.
... One expects an early portrait by Maes to bear a strong resemblance to Rembrandt’s
mature portraits. This one does. The unusual frontal pose and the symmetrical arrangement
of the figure are strikingly similar to Rembrandt’s “Young Woman Holding a Pink,” dated
1656, now at the National Gallery, Washington. Moreover, the heavy impasto and the
pattern of the brushwork are similar to radiographs of other work done by Maes during this
phase of his career.
... Radiographs also reveal that the visible painting was done in a different style than the
hidden portrait. ... Maes’ characteristic impasto has become less heavy. ...thinner paint was
used to model the light areas on her face, the skull, the sculptured head, and the highlights of
other objects in the niche.
Slive’s description of Old Woman Praying was published in 1974. Twenty years
later art historians decided that A Woman Holding a Pink should be assigned to Rembrandt’s
workshop, rather than Rembrandt himself.22
Comparison of Fig. 20 and Fig. 21 shows (as Slive pointed out) that Old Woman
Praying’s underpainting is indeed very similar to A Woman Holding a Pink. Given that
Maes was a student of Rembrandt,23 it is reasonable to assume that the similarity between
these paintings arises from the interaction of artists within Rembrandt’s workshop.
According to Horst Gerson,24 it is even possible that Maes painted A Woman Holding a Pink
and the underpainting below Old Woman Praying.

22

Carol Vogel, New York Times, January 28, 1994.
Walter Liedtke in The Age of Rembrandt: Studies in Seventeenth- Century Dutch Painting, Roland E.
Fleischer, Susan Scott Munshower, and Susan C. Scott, eds., Pennsylvania State University Press (1988).
24
Horst Gerson’s revision of A. Bredius, Rembrandt: The Complete Edition of the Paintings, 3rd ed., Phaidon
Press (1969).
23
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Second Floor, European Galleries

Fig. 22. Portrait of the Artist’s Daughters,
Thomas Gainsborough, 1727-1788
Worcester Art Museum, museum purchase, 1917.181
oil on canvas
Discussion Topic: Analysis by x radiography.

Description of the Painting
The elder daughter, Mary, is seated at the right. On her lap is a portfolio and she is
holding a porte-crayon. The younger daughter, Margaret, stands beside her, her left arm
resting on the back of her sister’s chair. ... The original pose of the younger sister, in reverse
to her present position, is visible in pentiment.
... The canvas has been extended by an irregular addition of approximately two
inches at the top.25
The pentimento referred to by St. John Gore25 is the faint image of the younger
daughter on the left side of the painting. Much greater detail in Margaret’s original pose is
visible in the x radiograph, as shown below.

25

St. John Gore in European Paintings of the Worcester Art Museum, Worcester Art Museum (1974).
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Radiograph of Portrait of the Artist’s Daughters

Fig. 23. Enlarged copy of Fig. 22 with an x radiograph26 of a small region superimposed on
the image of the surface layer. The radiograph is enlarged on the right.
Referring to the radiograph, St. John Gore25 points out the following:
... in the area of the head a pronounced craquelure. The explanation may be that
while the right-hand figure was painted directly on the priming, the second figure was
superimposed upon an already existing painted background which provided a smooth
surface and lacked the absorbent qualities of the priming. Moreover if the paint had not
dried thoroughly – a process which might have taken a year from the time of its original
application – there would have existed the potential cause of a craquelure such as is
apparent here. At about the same time or soon afterwards Gainsborough may have made his
final emendation by reversing the pose of his younger daughter.
In their description of craquelure, Kirsh and Levenson2 explain that
... The current rule for artists is “fat on lean” – meaning that slower-drying thicker paint
should be applied over thinner and leaner paint. When an artist ignores this rule the rapidly
drying upper paint can pull apart the still tacky paint below, causing disfiguring cracks
known variously as traction craquelure, drying craquelure, shrinkage craquelure...
26

Radiograph from the curatorial files, Worcester Art Museum. This radiograph was most likely taken by
Edmond de Beaumont prior to cleaning the painting in 1946.
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Third Floor, American Galleries

Fig. 24. Sarah Wentworth Apthorp Morton, (Mrs. Perez Morton),
Gilbert Stuart, 1755-1828
Worcester Art Museum, gift of the grandchildren of Joseph Tuckerman, 1899.2
oil on canvas
Discussion Topic: Analysis by infrared reflectography, opacity of white pigments.

Description of the Painting
Gilbert Stuart was a successful and widely-known portraitist in the period after the
Revolutionary War. The image of George Washington on the one-dollar currency note is
based on a portrait by Stuart. Stuart also painted John Adams, Thomas Jefferson, James
Madison, James Monroe, and John Quincy Adams.
... an extraordinary, almost impressionistic portrait sketch of Mrs. Perez Morton...
No wonder Stuart kept this portrait in his studio until his death! 27
Stuart painted Morton with both arms raised, as if adjusting the sheer veil that covers
her head, but this spontaneous gesture was not his first intention. The thin application of
paint does not completely conceal Stuart’s initial underlying pose, in which the sitter’s
proper left arm crossed over her stomach and rested on top of her proper right wrist.
... Worcester’s Sarah Wentworth Apthorp Morton (Mrs. Perez Morton) is ... atypical
of Stuart. At first glance, the head in the Worcester portrait appears ... finished ... but her
eyes, nose, and especially her mouth are blurred. ... Stuart captured a very spontaneous
gesture of the sitter adjusting her veil. Is Morton dressing to go out, or removing her veil to
greet the viewer? The gesture is enigmatic. The viewer is glimpsing a private and personal
moment, which contributes to the success and uniqueness of the portrait.28

27

Traute M. Marshall, Art Museums Plus: Cultural Excursions in New England, University Press of New
England (2009).
28
Worcester Art Museum web site:
http://www.worcesterart.org/Collection/Early_American/Artists/stuart/sarah/discussion.html, accessed 7/8/13.
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Infrared Image of Sarah Wentworth Apthorp Morton (Mrs. Perez Morton)
The original pose in the painting is directly visible as a pentimento, but it can be seen
more clearly in an infrared image.

Fig. 25. Two enlarged copies of Fig. 24, with an infrared image29 superimposed on the right.

Transparency of Aged Lead-White Paints
In order to understand the transparency of the surface layer, we first need to consider
the optical aspects of white paint. Paint consists of small particles in a binder. In oil paints
the binder is a drying oil such as linseed oil. In white oil paint, light is reflected at the
interfaces between clear non-absorbing particles and the oil, in the same way that light rays
are reflected by a clear glass window. Relatively weak reflections occur at each particle, but
there are many particles in the paint layer. The many weak reflections add up to produce a
bright appearance of the paint. All colors are scattered equally in this process and therefore
the paint appears white. A similar effect occurs when clear glass is ground in a mortar – the
glass powder appears white. Similarly, a polished block of ice is transparent but snow is
white.
The strength of the scattering at individual oil/particle interfaces depends on Δn ,
the difference in indices of refraction between the particles and the oil, where

29

The infrared image is from the Worcester Art Museum web site:
http://www.worcesterart.org/Collection/Early_American/Artists/stuart/sarah/technical.html, accessed 7/9/13.
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(6)

The greater the value of Δn, the greater the scattering. When Δn is reduced, there is less
scattering, an increase in transparency, and the hiding power of the paint decreases.30
Increased transparency due to a decrease in Δn is easily demonstrated by adding a drop of
water to ground glass. Ground glass has an index of refraction, n = 1.5. When ground glass
is in air (n = 1), Δn = 1.5 – 1 = 0.5 . When ground glass is in water (n = 1.33),
Δn = 1.5 – 1.33 = 0.17. The ground glass is much more transparent in water, since the value
of Δn is lower.
In the early 19th century, white oil paints often consisted of lead-white particles in a
linseed oil binder. Lead white consists of basic lead carbonate, with chemical formula
2PbCO3.Pb(OH)2. Using Eq. 6, we see that the transparency of the paint would increase if
the index of the basic lead carbonate decreased, or if the index of the linseed oil increased.
The increased transparency of oil paintings over time has been extensively studied
by Annelies van Loon. She notes that
There are countless pictures where increased transparency of lead-white containing
paint films allow underdrawing, underpainting or artist alterations to become more visible
than originally intended (most pentimenti involve the use of lead white).31
Relatively fresh linseed oil has an index of refraction of approximately 1.48. Basic
lead carbonate is birefringent,32 with indices of refraction 1.94 and 2.09.33 If we choose the
index of refraction of basic lead carbonate to be 1.94, then Δn = 1.94 – 1.48 = 0.46 for
fresh lead-white paint. As linseed oil ages over many years, its index of refraction increases
to approximately 1.57. Therefore one would expect Δn = 1.94 – 1.57 = 0.37 for aged white
paint. This would lead to increased transparency of the white paint, however the effect is not
large enough to account for the observed transparencies of aged lead-white paints.31
An alternate explanation for the increased transparency was given by A. Eibner in
1909, and has been extensively studied from 1998 to 2007.31 Over time, basic lead carbonate
particles react with fatty acids in the linseed oil and form amorphous lead soaps. The indices
of refraction for lead soaps have been recently measured31 to be 1.5 – 1.55. These values are
very close to those of linseed oil, therefore Δn becomes very small. That is, individual basic
lead carbonate particles which react to form lead soaps become nearly transparent. Over
time, the white paint layer as a whole becomes more and more transparent, revealing
underlying features such as the original pose in Gilbert Stuart’s portrait of Mrs. Perez
Morton.

30

See, for example, Thomas Brill, Light – It’s Interaction with Art and Antiquities, Plenum Press (1980).
Annelies van Loon, Color Changes and Chemical Reactivity in Seventeenth-Century Oil Paintings, PhD
Thesis, University of Amsterdam (2008).
32
A birefringent crystal has two indices of refraction, corresponding to the propagation of light along different
directions in the crystal.
33
Artists’ Pigments, A Handbook of Their History and Characteristics, Vol. 2, ed. Ashok Roy, (Oxford
University Press, Oxford, 1993).
31
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1936.35

1936.30

Fig. 26. The Antioch Mosaics: Hunt mosaic and Kticic mosaic.
Unknown artists, fifth and sixth centuries, C.E.
Worcester Art Museum, 1936
1936.30: Hunt mosaic, House of the Worcester Hunt, Daphne, sixth century,
20 ft. 6 in.  23 ft. 4 in.
1936.35: Kticic mosaic. House of Ge and the Seasons, Daphne, fifth century,
9 ft. 4in.  9 ft. 1 in.
Discussion Topic: Stable isotope ratio analysis.

Background and Description
... But they had the satisfaction of living
the notorious life of Antioch,
delectable, in absolute good taste.
Constantine Cavafy
At sites other than Antioch, inscriptions were found that name a designer as well as
the person responsible for laying out the tesserae (tiny cut pieces of stone, usually limestone
or marble gathered from local sources such as quarries or beaches, and glass, used
primarily for highlights). ...The discovery of a few sinopia, or red line underdrawings,
indicates a preparatory process for the laying of the pavements. Great skill was needed to
work directly on the site, laying the tesserae into wet plaster beds.34

34

This description of mosaic construction and the Cavafy quote are from Christine Kondoleon, Antioch: The
Lost Ancient City, Princeton University Press and the Worcester Art Museum (2000).
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Nuclear Isotopes
An atom contains a nucleus at its center and electrons towards the outside. The
nucleus contains neutrons and protons. The atomic number Z is the number of protons in the
nucleus. The neutron number N is the number of neutrons. The nucleon number A is the
sum of the number of protons and neutrons, that is, A = Z + N .
A chemical element is defined by the atomic number, for example hydrogen has Z = 1
and carbon has Z = 6. The atomic number governs the position of a chemical element in the
periodic table.
A given chemical element always has the same atomic number but can have different
neutron numbers. Atoms with the same atomic number but different neutron numbers are
called nuclear isotopes. For example, three isotopes of carbon are 12C, which has 6
protons and 6 neutrons, 13C, with 6 protons and 7 neutrons, and 14C, with 6 protons and 8
neutrons. Some nuclear isotopes are unstable and change form through radioactive decay,
but other isotopes are quite stable and do not decay. In this example 12C and 13C are stable
and 14C is unstable. Similarly, two stable isotopes of oxygen are 16O, with 8 protons and 8
neutrons, and 18O, with 8 protons and 10 neutrons.
Sculptures and mosaics contain minerals such as marble. Marble contains CO3
(carbonate) groups. The carbon and oxygen atoms in CO3 can occur with different mixtures
of stable isotopes, depending on where they were mined. The stable isotope ratios which are
commonly used in studying marble are 13C / 12C and 18O / 16O. Geologists and
archeologists have measured isotope ratios for marble samples from quarries used in the
production of sculptures and mosaics. If one measures the isotope ratio for a given marble
sample (such as a sample from the Antioch mosaics) it is in principle possible to identify the
geographic source of the marble.
Stable isotope ratio analysis (SIRA) is carried out by taking a small carbonate sample
and treating it (typically with phosphoric acid)35 so as to produce CO2 . The carbon dioxide
molecules are then introduced into a mass spectrometer, where the molecules are ionized.
The masses of the ions are measured and the ratios of different isotopes are calculated.
Consider, for example,
13

R

n (13C )
n (12C )

(7)

which is the ratio of the numbers of 13C and 12C nuclei in a given sample. Given a
measured ratio for a marble sample 13Rsample , the deviation in isotope ratio relative to a
standard 13Rstd is defined as



13
13

C

Rsample 13Rstd
13

 1000 ,

(8)

Rstd

with a similar definition for the oxygen isotope ratios.35 This definition gives the deviation
of the sample in parts per mille (‰).
35

James D. Ball et al., Rapid Communications in Mass Spectrometry, vol. 10, p. 987 (1996).
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SIRA analysis was recently carried out for individual tesserae samples from the
Antioch mosaics at the Worcester Art Museum.36 A plot of the isotope ratios for these
samples is shown in Fig. 27.

Fig. 27. SIRA data for individual tesserae samples from the Antioch mosaics.
(Fig. 35 from the Archambeault thesis.36) The axis labels refer to δ13C and δ18O
relative to the PDB (Pee Dee Belemnite) international standard. As an example,
consider sample 6626 from the Kticic mosaic (within the oval). This sample has
δ13C ≈ −6 ‰ and δ18O ≈ −2 ‰.
The SIRA analysis was not able to establish definite source quarries for the stones
used in the Antioch mosaic, in part due to a very limited existing database for colored marble
and limestone from the Mediterranean region.37 Nonetheless it serves as a useful trial study
in a field which is evolving.
The quantitative data obtained from carbon and oxygen SIRA in this study provide
the archeological community with the beginnings of an artifact database for both mosaics
and colored marble.36

36

Marie Jeanette Archambeault, Sourcing of Marble Used in Mosaics at Antioch (Turkey), M. A. Thesis,
University of South Florida (2004).
37
Most of the existing database is for white (rather than colored) marble.
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