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The origins of this new technical periodical 
long predate my tenure as director of The 

Metropolitan Museum of Art. At least thirty 
years ago, Tony Frantz and Dick Stone—then 
conservator in charge and conservator, respec-
tively, in the Department of Objects Conserva-
tion—often bemoaned the demise, decades 
earlier, of the Fogg Art Museum’s Technical 
Studies in the Field of the Fine Arts. Opportu-
nities for publishing scholarly work on the 
manufacture and materials of works of art have 
remained relatively limited ever since. Like that 
groundbreaking journal, and unlike most of 
the technically inclined periodicals that were 
subsequently established, Metropolitan Museum 
Studies in Art, Science, and Technology has 
the distinction of being published by an art 
museum, with the goal of representing the 
interests and concerns of all museum scholars.

In the many ways we experience works of 
art—in our appreciation of their beauty and in 
the thrilling sense of their connection to ear-
lier epochs of history—we sometimes overlook 
the importance of their physical nature. During 
the earliest years of the Metropolitan Museum, 
as the first article in this volume reminds us, 
art history, material studies, craft traditions, 
preservation strategies, and the natural sciences 
were less rigidly defined and divided. We hope 
here and in future issues to support and honor 
collaborative, interdisciplinary approaches to 
our collections. In this first volume, color, on a 
material level—the pigments and the binding 
media or, in the case of enamels, colorants in a 
glassy matrix—is a significant aspect of several 
contributions. The discovery of two previously 

unreported blue pigments on works from 
ancient Egypt underscores the element of 
experimentation in a culture better known for 
its conservatism. Elemental analysis of enam-
eled glasses from Mamluk Egypt and Syria 
allows us to recognize several combinations 
of different enamel types that may prove indic-
ative of date or origin. The identification of 
pigments and their stratigraphies on three 
allegorical paintings by Paolo Veronese, along 
with insights offered by X-ray radiography, 
supports recent art historical research suggest-
ing that the three works and a fourth painting, 
which have long been considered to be a group, 
were in fact conceived as independent works. 
Form is not neglected: a study of French 
Romanesque sculpture tests theories on the 
role of polychromy in the definition or denial 
of volume, proposed in an art historical dia-
logue reaching back some sixty years. Finally, 
an investigation of early northern Chinese 
bronze Buddha figures considers the interac-
tions between local casting traditions and 
imported style and content.

I join the Editorial Board in thanking Carl 
B. Hess, a long-standing member of The Sher-
man Fairchild Center for Objects Conserva-
tion Visiting Committee, for his generous 
funding of this volume.

thomas P. CamPBEll
Director
The Metropolitan Museum of Art

director’s foreword
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The Editorial Board most gratefully 
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AbstrAct 
Given the importance of conservation to the 
mission of The Metropolitan Museum of Art, it 
is of interest to trace and document the begin-
ning and evolution of conservation practices, 
philosophical approaches to collections care, 
and specific methodologies employed for treat-
ment and study. The development of conserva-
tion practice at the Museum owes much to the 
scholarly interests of the earliest directors, three 
of whom were archaeologists at a time when 
large numbers of excavated objects requiring 
stabilization and restoration were entering the 
collection. Building upon the efforts of a diverse 
assemblage of craftsmen and artisans, restor-
ers, scientists, directors, and curators, the field 
of conservation gradually attained professional 
stature in the Museum, culminating in the 
establishment of a Sub-Department of Conser-
vation and Technical Research in 1942. Integral 
to this transition was an increased knowledge 
of artists’ materials and their aging properties, 
together with an expanded repertoire of inves-
tigative techniques. Perhaps of even greater 
significance has been the development of a phil-
osophical framework that asserts the primacy 
of an artist’s intent and the importance of a 
thorough understanding of the context, history, 
and material nature of works of art.

T he early history of objects conservation at 
The Metropolitan Museum of Art is unevenly 

recorded and the overall responsibilities and day-
to-day routines of the first restorers sometimes 
difficult to reconstruct. Any chronicle of the 
period preceding the establishment of the Muse-
um’s first conservation department in 1942 
focuses by necessity on prominent figures and 
events, presenting a selective picture of those 
years. Nonetheless, certain trends clearly emerge.

Since the Museum opened its doors in 1870, 
there have been individuals associated with the 
institution who were knowledgeable about art-
ists’ materials and who were as mindful and 
concerned as we are today regarding the chem-
ical, physical, and biological processes that can 
undermine them. The major difference is not 
one of knowledge of materials and artistic intent, 
although certainly that has increased over time, 
but one of approach to treatment. Changes in 
aesthetic sensibilities and a greater emphasis on 
the value of original, as-excavated, or historical 
surfaces have accompanied a generally more 
conservative approach to treatment. While the 
role of science has increased markedly over the 
years, the notion that treatment, particularly 
cleaning, could be governed and measured 
according to objective scientific criteria  —  an 
idea prominent in conservation circles through the 
middle of the last century  —  no longer holds sway. 

The Practice of Objects Conservation 
in The Metropolitan Museum of Art 
(1870–1942)
◆

Lawrence Becker and Deborah Schorsch

metropolitan museum studies in art, science, and technology 1  
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Robinson and Winlock played pivotal roles in 
the gradual but uneven transition from reli-
ance on artisan restorers with little status in 
the Museum, working in so-called repair 
shops, to the establishment of conservation 
studios and laboratories housing professional 
conservators. This began with the founding of 
the Sub-Department of Conservation and 
Technical Research by Taylor in 1942 and pro-
gressed during the tenures of subsequent 
directors to reach today’s complement of more 
than ninety conservators and conservation 
scientists specializing in objects, paintings, 
textiles, paper, books, and photographs, work-
ing in dedicated laboratories throughout the 
Museum.

In 1879, the year the Museum moved to its 
current location on Fifth Avenue, Charles Bal-
liard (d. 1916) was hired to restore the Cypriot 
sculpture and objects recently excavated by and 
purchased from Cesnola (Figure 1).1 For this 
purpose a workroom was set up for Balliard 
and others under his supervision (Figure 2). 
Born in France, trained in Geneva as a watch-
maker, and first employed in New York by  
Tiffany & Co. as a repairer of watches and 
“objects of art,” Balliard is the first truly rec-
ognizable figure in the history of restoration 
at the Museum.2 He soon became embroiled in 
controversy when, in August 1880, accusations 
appeared in the press that the Museum’s newly 
installed Cypriot sculptures had been restored 
in an excessive or deceptive manner or were 
pastiches assembled from unrelated fragments 
(Figure 3). The Museum’s responses to these 
allegations ranged from the heights to the 
depths of technical investigation. The high 
ground was taken by the Barnard Commis-
sion, composed of two trustees, one of whom 
was the sculptor John Quincy Adams Ward, 
and three independent members, including 
Frederick Barnard, president of Columbia 
University, who served as chairman. The 
Commission’s approach to the problem 
accords well with the course that would be 
followed today. As their report written in early 
1881 states: 

The Museum’s early directors participated 
in the material study and preservation of the 
collection to a striking degree. This involve-
ment was a product of their particular back-
grounds and of the more intimate character of 
the Museum. Three of the first four directors   
— Luigi Palma di Cesnola (1832–1904), Edward 
Robinson (1858–1931), and Herbert E. Winlock 
(1884–1950)  — were trained to one degree or 
another as archaeologists, a discipline inevita-
bly concerned with material studies. Winlock’s 
successor, Francis Henry Taylor (1903–1957), 
came from the Worcester Art Museum, part of 
the early conservation network centered at 
Harvard University’s Fogg Art Museum, while 
the Museum’s sixth director, James J. Rorimer 
(1905–1966), was first exposed to materials 
research as a Harvard undergraduate and went 
on to publish technical studies of medieval  
ivories as a junior curator in the 1920s. 

Figure 1 ◆ Luigi Palma di 
Cesnola during his tenure 
as director of The Metro-

politan Museum of Art 

Figure 2 ◆ “The Work-
Room,” from Harper’s New 

Monthly Magazine 60,  
no. 360 (May 1880): 877 



the practice of oBjects conservation in the metropolitan museum of art ◆  13 

truthfulness of archaeological objects” to 
examine the sculptures and carry out tests to 
determine for themselves the truth or falsity of 
the accusations.5 For five or six weeks the works 
remained there and were examined by thou-
sands of visitors who, according to contempo-
rary accounts, rubbed, scraped, pounded, 
probed, chiseled, and cut the sculptures, and 
subjected them to caustic potash, acids, and 
other chemicals.6 The sculptures did not emerge 
unscathed from this experiment in democratic 
technical investigation, and never again has the 
museumgoing public been invited en masse to 
arbitrate issues of authenticity or attribution. 

Called as a witness in a subsequent libel suit 
brought by the director, Balliard maintained 
that he worked strictly “under the direction of 
Di Cesnola, who gave him the pieces that he 
said belonged together.”7 There is no reason to 
question Balliard’s testimony, given Cesnola’s 

We have invited and received the valuable 
assistance of well-known sculptors and 
practical stone cutters and carvers, have 
taken the opinion of scholars, have made 
microscopic, chemical, and other examina-
tions of the surfaces, and have subjected 
some of the repaired objects to prolonged 
baths, taken them to pieces, and verified 
the relation of the fractured surfaces. We 
have had before us original photographs of 
the objects, taken at the place of discovery, 
and at later periods, and abundant evidence 
of their history down to and during the 
process of repairing and arranging for exhi-
bition in the present Museum building.3

The nadir was reached as influential art 
critic Clarence Cook and others continued 
their campaign in the press despite the Com-
mission’s conclusion that the charges made 
were “without foundation.”4 In response, on 
March 28, 1882, Cesnola and the Executive 
Committee of the Board of Trustees placed 
two of the suspect sculptures, Aphrodite and 
Eros (74.51.2464; Figure 4) and Male Votary 
Holding a Bull’s Head (74.51.2463), in the cen-
ter of the Great Hall and invited “members of 
the Museum, the public, and especially editors 
of public journals, sculptors, workers in stone, 
scholars, and all persons interested in the 

Figure 4 ◆ Aphrodite and 
Eros. Cyprus, said to 
be from the temple of 
Golgoi, Cypro-Classical 
period (ca. 330–320 B.c.). 
Limestone, H. 126.4 cm 
(493/4 in.). The Metropoli-
tan Museum of Art, The 
Cesnola Collection, Pur-
chased by subscription, 
1874–76 (74.51.2464)

Figure 3 ◆ View of the 
Museum from the 
Cesnola Galleries in 1882
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and studied freely.”16 Myres applauded the 
result, writing that removal of the stone-wash 
revealed the “delicate cream color of the soft 
Cypriote limestone” along with “copious traces 
of color” and details of ancient stone-working 
techniques formerly hidden by restoration.17

Before the cleaning was undertaken, Myres 
had feared that the exposure of “cracks, break-
ages, and scars” might detract from the 
sculptures but argued that “this drawback 
is more than compensated by the increased 
scientific and artistic value which the collec-
tion will possess for the student, when the 
details of the ancient work can be seen without 
obstruction.”18 Myres’s comments reflect an 
ongoing debate at the Museum on the best way 
to present the Cesnola sculptures, a discus-
sion no doubt colored by the cloud hanging 
over the collection virtually from the time of 
its acquisition. The specifics of the Cesnola 
conundrum aside, Myres’s concerns show an 
early awareness of the need to minimize the 
visual effects of damages or losses that com-
promise a work’s original appearance and the 
often conflicting goal of not obscuring evi-
dence that reflects its history.

From today’s vantage point, the appreciation 
of original or as-excavated surfaces, implicit in 
the 1909 approach, seems unusually progressive 
for the period, as does Myres’s emphasis on 
“both the artistic and scientific” gain to the 
collection,19 but perhaps it is our impression of 
early conservation practice that needs modifi-
cation. While evidence shows that objects, as a 
rule, were more extensively restored a century 
ago than they are today, the 1909 campaign 
reveals at least one notable instance when a 
more restrained approach was chosen. 

Balliard remained at the Museum until 1908 
as a general restorer and, after 1894, he also 
served as museum photographer.20 He treated 
many important objects in the Museum’s collec-
tion and was responsible for the cleaning, reas-
sembly, and photography of the Etruscan bronze 
chariot (03.23.1) after its acquisition in 1903.21 
Metal appears to have been Balliard’s special 
interest, and according to an article in the New 

imperious nature and firsthand knowledge of 
the objects and Balliard’s own limited experi-
ence with ancient stone statuary and excavated 
finds in general. Balliard joined the fragments 
as instructed and “covered up the points of 
fracture” with a mixture of “milk, glycerine, 
shellac and powdered stone.”8 This mixture, 
sometimes described simply as “stone-wash,” 
was also “used to cover weather stains, even on 
unbroken surfaces.”9 Cleaning involved “baths” 
and the removal of incrustations with “a bit of 
hard cherry wood.”10 Balliard testified that in 
some cases he took apart sculptures assembled 
in Cyprus, or in New York by carpenter Feodor 
Gehler prior to the Museum’s relocation to 
Central Park, and rejoined the fragments more 
accurately under the director’s supervision.11 

While Cook’s accusation that both “an Aph-
rodite and Eros and a Figure holding a Horned 
Head” (referring to Male Votary Holding a 
Bull’s Head) were “a fraudulent patchwork of 
unrelated parts”12 seems greatly exaggerated,  
if not totally without foundation, other allega-
tions are more difficult to assess. For example, 
it is unclear whether Balliard added a mirror 
de novo to a statuette of “Venus,” now known 
as Draped Female Figure (74.51.2558), or whether 
outlines of a mirror, extant but covered with 
incrustations, were overzealously cleaned to 
the point of recarving.13 In any event, there is 
little doubt that some works were incorrectly 
restored or permanently altered, such as a 
sculpture of Herakles (74.51.2455).14 Recent 
studies of the collection have identified a num-
ber of instances in which heads are joined to 
likely unrelated bodies.15 

Interestingly, in 1909, in preparation for the 
redesign of the Cypriot Galleries, the decision 
was made to reverse or modify Balliard’s treat-
ment of some sculptures and significantly 
change their presentation. According to John 
L. Myres, an archaeologist and Oxford profes-
sor and author of the 1914 Handbook of the 
Cesnola Collection of Antiquities from Cyprus, 
the stone-wash was removed, with the recently 
retired Balliard acting as consultant, “so that all 
details of the ancient work [can] now be seen 
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under the jurisdiction of the Buildings Depart-
ment (Figures 5–7) or as part of the emerging 
curatorial departments (see Figure 8). Winifred 
E. Howe described these repair shops in the 
second volume of her history of the Museum, 
published in 1946, as places where “ingenious 
gadgets are devised for the display of objects 
large and small, and miracles of restoration are 
daily performed.”24 

York Times, he treated “a number of bronzes to 
prevent oxidation.”22 Although some criticism 
in the press was leveled at the artificial patina-
tion of Cypriot bronzes,23 it is unclear what 
was done and whether Balliard was involved. 

During the first decades of the twentieth 
century, restoration, mount making, and 
installation fell largely to in-house studios or 
repair shops staffed by local craftsmen, either 

Figure 5 ◆ “Repair Shop,” 
November 4, 1936, with 
anthropoid coffin of  
Harmose (36.3.172) 

Figure 6 ◆ “Repair Shop 
Wing B Room 135 Base-
ment Floor,” January 
30, 1928, detail. In this 
overcrowded staged pho-
tograph, only two tasks 
can be clearly identi-
fied: drilling a relief (far 
right) and reassembling a 
ceramic vessel (front, left). 
An Attic volute krater 
(27.122.8), acquired one 
year earlier, is in front of 
the window at left.
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Restorers from Europe and Japan who had 
special skills were also enlisted. Japanese 
craftsmen K. Okabe and R. Rokkaku treated 
the Museum’s collection of Japanese metal, lac-
quer, and wood sculpture in 1908.25 A Japanese 

Figure 7 ◆ “Repair Shop 
Wing B Room 135 Basement 

Floor,” October 6, 1926, 
showing Classical stone 

sculptures being fitted  
for mounting

Figure 8 ◆ “Armor Repair 
Shop Wing E Room 105 

Basement Floor,” January 13, 
1937, with armorers Harvey 

Murton (far left) and  
Leonard Heinrich (second 

from right) 

ivory carver, Mikumasa Miki, working for the 
Department of Egyptian Art from 1919 to 1920, 
“mended” Sithathoryunet’s large and small 
ebony caskets (16.1.1, 16.1.2).26 

In 1906, Bashford Dean (1867–1928) joined the 
Department of Decorative Arts as honorary cura-
tor of arms and armor. The Museum’s collection 
had been maintained by Jacob Merkert (d. 1933) 
since 1894, but Dean, an important collector, 
quickly recognized the need for more spe-
cialized craftsmen. Daniel Tachaux (1857–
1928), trained by Ludwig Klein (1825–1888), 
armorer to Napoleon III, was hired in 1909.27 
Tachaux remained at the Museum until 1919, 
working part-time for the Department of Arms 
and Armor, established in 1912, and part-time 
for Dean and other collectors in Dean’s private 
armory, attached to his home.28 After Dean’s 
death, armorers Harvey Murton (1907 –2004), 
Leonard Hugel (1877–ca. 1935), and Leonard 
Heinrich (ca. 1900–1966) came to work full-
time in the Museum (Figure 8).29 

Not all treatments were carried out at the 
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and elimination of soluble salts. In a depart-
ment largely staffed with field archaeologists, 
material studies naturally assumed impor-
tance, reinforced by the presence of Herbert 
E. Winlock, who joined the curatorial staff in 
1906, was named curator in 1929, and director 
in 1932.33 An early participant in the Museum’s 
excavations at Lisht, directed by Arthur C. 
Mace (1874–1928), and field director at Thebes 
from 1910 to 1932 (Figure 9), Winlock showed 
great interest in conservation and preservation 
issues. His 1916 publication of the tomb of Sen-
ebtisi, coauthored with Mace, is an early model 
for technical study and documentation of con-
servation treatment.34 Another notable figure 
of this era was Caroline Ransom Williams 
(1872–1952; Figure 10), assistant curator from 
1910 to 1916, whose interest in and aptitude for 
technical issues are evident on every page of 
her 1924 volume on ancient Egyptian gold and 
silver.35 

Mace and Winlock’s Senebtisi volume pro-
vides valuable information on field treatments 
carried out during Museum excavations. They 
described in detail “the means adopted in this 
tomb both for the preservation and restoration 
of the objects found . . . in the hope that the 
results of our experiments may prove of service 
to others who find similar material which has 
suffered from a like process of decay.”36 
Whereas infiltration of water into the tomb 
damaged the outer cedar coffin beyond the 
point of retrieval, the second coffin (08.200.45), 
also of cedar, survived in a better state. Water 

Museum: important bronze antiquities, 
including the Early Classical Diskos Thrower 
(07.286.87) and the Roman period Statuette of 
a Philosopher on a Lamp Stand, then known 
as “Hermarchos” (10.231.1), as well as the two 
Etruscan Archaic bronze tripods belonging to 
James Loeb on loan to the Museum, were sent 
to the Parisian firm of Léon André for cleaning 
and restoration.30 The so-called Antioch Chal-
ice (50.4) was also restored by André’s firm in 
1913, thirty-seven years before its acquisition 
by The Cloisters.31 

Much of the early development of objects 
conservation centered on the Egyptian col-
lection and the growing influx of objects as 
the Museum established excavations at Lisht 
(1907), Khārga Oasis (1909), Thebes (1910), and 
other sites.32 Excavated objects taken from 
burial to surface environments often require 
conservation treatments such as consolida-
tion, reassembly of fragments, removal of 
accretions, stabilization of active corrosion, 

Figure 9 ◆ Staff of Metro-
politan House, 1925, with 
Herbert E. Winlock (back, 
third from left). Photo-
graph from “Guest Book 
of Mrs. Harry Burton 
from the Metropolitan 
Museum’s Expedition 
House, Thebes 1923–1939.” 
The Metropolitan 
Museum of Art, Gift of 
Mr. Charles K. Wilkinson, 
1976 (1976.200)

Figure 10 ◆ Caroline 
Ransom Williams, 1936. 
Photograph from “Guest 
Book of Mrs. Harry Bur-
ton from the Metropoli-
tan Museum’s Expedition 
House, Thebes 1923–1939.” 
The Metropolitan 
Museum of Art, Gift of 
Mr. Charles K. Wilkinson, 
1976 (1976.200)
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painted surfaces found on most Egyptian wood 
coffins and can entrap dirt. Whereas it is rela-
tively easy to remove wax from nonporous sur-
faces, such as the gilding on Senebtisi’s coffin, 
in most other cases, once applied, it is difficult 
or impossible to remove. Generally speaking, 
when coffins were treated with wax in the field, 
reapplication of wax was the only option if 
they needed further treatment after their 
arrival in the Museum. Winlock was well 
aware of the disadvantages of wax and noted 
the darkening it caused on the painted wooden 
canopic box of Senebtisi,39 but he had little else 
available to him as an alternative, and its use 
undoubtedly preserved much that might oth-
erwise have been lost. 

Winlock was involved in the hands-on treat-
ment of objects made from a broad range of 
materials, and from the field he corresponded 
with Alfred Lucas (1867–1945), consulting 
chemist to the Department of Antiquities in 
Cairo,40 on preservation issues such as the suit-
ability of different consolidants for reattaching 
fragile paint to stone substrates. On Lucas’s 
recommendation, Winlock used a 1 percent 
solution of celluloid in amyl acetate to consoli-
date painted surfaces on granite and sandstone 
sculpture. Although concerned about eventual 
yellowing of the celluloid, Winlock wrote to 
Lucas, “without it, there wouldn’t be any paint at 
all; so it is quite worth while doing.”41 Winlock 
also sent samples to Lucas for analysis and 
identification.42 After the 1922 discovery of the 
tomb of Tutankhamun by Howard Carter and 
Lord Carnarvon, Mace and other members of 
the Museum’s staff were “loaned” to the Carter-
Carnarvon team. A temporary workshop was 
set up in the nearby tomb of Seti II, where Mace 
assisted Lucas in the stabilization and restora-
tion of the Tutankhamun finds (Figure 13).43 

The first Egyptian antiquity to appear in the 
annals of the Museum  —  and one that has 
periodically occupied and perplexed the 
Museum’s staff ever since — has never been 
part of the collection. A granite obelisk of 
Thutmose III, commonly known as Cleopatra’s 
Needle, was given to the City of New York in 

had substantially undermined or dispersed the 
ground layer beneath the gilded decoration and 
hieroglyphs, but most of the leaf itself, although 
poorly adhered and in some areas completely 
detached, had remained in place.  

According to Mace and Winlock, the gold 
was re-adhered “inch by inch” using two meth-
ods (Figure 11). In areas where

the gold was strong enough to stand it, it was 
lifted bodily off and then glued with a solu-
tion of white shellac and alcohol. In many 
places, however, the gold was in much too 
crackled and tender a condition to be 
touched. In such cases boiling paraffin wax 
was poured over it, which, penetrating 
through the minute cracks in the gold, fas-
tened it firmly down to the wood of the coffin. 
Any excess wax that was left on the surface of 
the gold was afterward cleared off, either by 
the application of heat or by benzine.37 

Wax consolidation was commonly carried 
out in the field and at the Museum, as docu-
mented in numerous files and on archival film 
footage that shows Winlock working on what 
appears to be the inner coffin of Menkheperre 
(25.3.8), applying wax with a brush and remov-
ing the excess with an iron (Figures 12a, 12b).38 
However, wax consolidants are problematic, as 
they generally saturate and alter the matte 

Figure 11 ◆ “The second  
coffin, after clearing, 

with the gold leaf on its 
edges and lid put back in 
place. . . .” Arthur C. Mace 
and Herbert E. Winlock, 

The Tomb of Senebtisi at 
Lisht, Publications of the 

Metropolitan Museum of 
Art Egyptian Expedition I 

(New York: Gilliss Press, 
1916), pl. VII C
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Although Cleopatra’s Needle captured the 
headlines, the condition of the obelisk is hardly 
unique. Movement of salts in response to envi-
ronmental changes and consequent damage to 
ancient surfaces due to recrystallization are 
endemic to porous archaeological materials, 
and over the years these processes have 
affected many works in the Museum’s collec-
tion. In 1909, William E. Kuckro (d. 1961) was 
hired as consulting chemist,47 working under 
the supervision of Caroline Ransom Williams, 
to conduct experiments on desalination of 
Egyptian limestone and to develop better 
methods for its consolidation. 

1880 and placed in Central Park behind the 
newly relocated Museum.44 Beginning soon 
after its installation, a succession of conserva-
tion treatments were attempted in order to 
stabilize the obelisk. In 1885 it was estimated 
that 780 pounds of stone had already fallen 
from the monument, and additional fragments 
became dislodged that year during examina-
tion and mapping of the hieroglyphs. In an 
effort to prevent further loss, the obelisk was 
consolidated to a depth of approximately one-
half inch with paraffin and creosote dissolved 
in turpentine, a treatment known as the Caf-
fall process after Robert M. Caffall, who super-
vised the project (Figure 14).45 Caffall’s treat-
ment did nothing to alleviate the underlying 
cause of deterioration, which is the periodic 
dissolution and recrystallization of soluble 
salts.46 In fact, his use of hydrophobic materi-
als such as paraffin probably promoted recrys-
tallization and subsequent spalling at the 
interface of stone and consolidant. 

Figures 12a and 12b ◆ Her-
bert E. Winlock in Thebes, 
Egypt, (a) applying wax and 
(b) removing the excess 
during the consolidation of 
a wooden coffin. Stills from 
archival film footage, 1924 

Figure 13 ◆ Arthur C. Mace 
and Alfred Lucas (seated) 
treating a procession  
figure from the tomb of 
Tutankhamun, 1924
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transparent on glass. 1% of yellow lead oxide 
added when oil comes to 250° C.” The solvent 
was “white oil,” probably mineral spirits.48

After stones had been consolidated with 
Lithol, Kuckro generally immersed them to 
remove salts, but sometimes this step was 
omitted (Figure 15). In 1913, he applied Lithol 
to Cleopatra’s Needle—where soaking, of 
course, was not an option—and in 1914 and 
1915, Kuckro consolidated but did not desali-
nate 690 limestone blocks, many with surviv-
ing paint, from the recently purchased Fifth 
Dynasty tomb of Perneb from Saqqara.49 Egyp-
tian objects were not the only ones treated. In 
1913, Kuckro applied Lithol to a number of 
painted limestone grave stelae in the Depart-
ment of Classical Art, including six of Helle-
nistic date from Alexandria (04.17.1–6).50 

The work begun by Williams and Kuckro 
led to the establishment of the “Egyptian tank 
room,” where objects that could withstand 
immersion were soaked to remove soluble salts. 
Typically, objects were soaked until the salt 
concentration was reduced to approximately 
0.2 percent. The expense of distilled water and 
the large volume of the tanks led to the use of 
tap water for most purposes. Relief blocks with 
painted or otherwise fragile surfaces were not 
completely immersed but rather positioned 
with the decorated face about one-half inch 
above the waterline.51 The tank room also con-
tained a vat for wax consolidation, a treatment 
employed not only on archaeological finds but 
also on other works in the Museum (Figure 16).

While Kuckro believed in the full efficacy of 
the Lithol treatment to “bottle up salts” even if 
consolidation was not followed by soaking, 

After experimenting with various consoli-
dants, Kuckro came to rely on his own propri-
etary mixture composed primarily of China 
wood oil, more commonly known today as 
tung oil, and later marketed under the name 
Lithol by his company, the Techno Chemical 
Corporation. In late 1912, Williams recorded 
the procedure for preparing Lithol “solution #5” 
as follows: “China wood oil heated in a vacuum 
for 24 hours to 250° Celsius in order to render 
some of the glycerides insoluble (which would 
otherwise be soluble); this also renders the oil 

Figure 14 ◆ Cleopatra’s 
Needle, 1885, being 

treated with the Caffall 
process 

Figure 15 ◆ Relief lintel. 
Egypt, from Lisht, Middle 

Kingdom, Dynasty 12, 
reign of Amenemhat I  

(ca. 1991–1952 B.c.). Lime-
stone, paint, L. 172.7 cm 

(68 in.). The Metropolitan 
Museum of Art, Rogers 

Fund, 1908 (08.200.5). 
According to catalogue 

cards in the Department 
of Egyptian Art, this lintel 
was treated by William E. 
Kuckro. The obverse was 

sprayed with a #3 solution 
of Lithol. The lintel  

had not been soaked 
beforehand to remove 

soluble salts. 
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his respect for Watt’s estimable skills: “Watt is 
coming along very well with the statue consid-
ering the size of the pieces he’s playing with. 
He has made some perfectly amazing fits. I 
myself should go crazy if I were trying to do it.”55 

The practice of sending important antiquities 
to Léon André’s studio was adopted by the 
Department of Egyptian Art for the treatment of 
precious metals. Works sent to Paris in about 
1919 included gold and silver objects from the 
burials of three wives of Thutmose III, as well as 
silver vessels, a gilded silver statuette of Har-
pokrates (07.228.23; Figure 19a), and other mate-
rial from the Tell Basta Treasure, a hoard of 
objects of late New Kingdom or early Third 
Intermediate Period date found in the Nile Delta 
(07.228.15–23, .181–259, 30.8.369–371).56 By today’s 
standards, the silver works treated by André  
are overcleaned: the surface of the Tell Basta  
Harpokrates is pitted and eroded and appears to 
have suffered losses to its fingers (Figure 19b), 
and many of the vessels are overpolished. André, 
however, was simply following the accepted 
practices of his day, and the Tell Basta hoard suf-
fered no more than other archaeological silver in 
the Museum’s collection, most of which also 
appears unsatisfactory to the modern eye. 

Williams was less sanguine. In a 1917 letter to 
Berthold Laufer, curator of anthropology at the 
Field Museum of Natural History in Chicago, 
she indicated that although Lithol treatment 
had been successful on stones that were subse-
quently desalinated, it was “not proving suffi-
ciently permanent” on those that had not been 
soaked. Indeed, in 1916, one year after the treat-
ment was completed, it was necessary to apply 
two more coats of Lithol to the facade of Perneb’s 
tomb, and Williams feared that the continued 
application would darken the stones.52 

In addition to Lithol, paraffin often appears 
in the records as a consolidant used prior to 
soaking. After desalination of the stone, the 
paraffin was melted out, at least from deco-
rated surfaces, but not always with complete 
success. Williams’s notes relating to a Coptic 
Period limestone relief indicate that its surface 
remained “yellowed and darkened” after treat-
ment. She attributed this to residual paraffin 
and possibly also to alteration of the stone, 
which had been heated both prior to applica-
tion of the molten wax and after consolidation 
to remove the excess.53

Kuckro and Williams set the treatment 
guidelines, but “repairers” performed much of 
the actual work. Perhaps most prominent was 
Chris Watt (dates unknown), cited in Museum 
records as a highly respected and dedicated 
craftsman. Watt seems also to have been 
largely responsible for the reassembly of the 
Museum’s monumental stone representations 
of Hatshepsut, which had been reduced almost 
to rubble by her son and successor Thutmose 
III. Fragments of the shattered sculptures were 
sorted and partially reassembled in the field at 
Thebes. Then, starting in 1923, fifteen works 
were brought to the Museum, where Watt did 
the final assembly over a period of many years 
(Figures 17, 18). In 1930, Winlock wrote to asso-
ciate curator Ambrose Lansing from the field: 
“I am glad that Watt got his raise. . . . Watt’s 
work for us at the present time is extremely 
important. A good deal of the future success of 
our statue hall will be directly due to him.”54 
Several months later, Lansing also expressed 

Figure 16 ◆ “Egyptian Tank 
Room Wing A Room 104 
Basement Floor,” October 7,  
1926, detail, showing wax 
being added to consolida-
tion tank
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It was during the tenure of Edward Robinson 
as director (1910–31; Figure 20) that the prac-
tice of objects conservation as we know it 
today began to take form.57 Trained as a Classi-
cal archaeologist, Robinson brought to the 
Museum a real interest in and commitment to 
issues of technical investigation and museum 
environment. As stated in his still-instructive 
introduction to the Museum’s 1925 volume  
The Restoration of Ancient Bronzes and Other 
Alloys: 

It is a general impression among visitors to 
museums that once a work of art has been 
properly installed, once it has been set on a 
pedestal or hung upon a wall, and more 
especially if it has been protected by glass, 
its life is assured for an indefinite future. So 
far is this from being the fact, however, that 
exactly the con trary might almost be said to 
be true. Many objects bring with them the 
germs of deterioration if not of actual 
destruction, others though sound when 
they are received are highly sensitive to rel-
ative degrees of heat and cold, moisture and 
dryness, and to the atmospheric impurities 
of our modern cities, never so serious a 
menace as they are today. These dangers are 
not confined to any one material or class of 
materials, indeed there are very few — if 
any — which can be regarded as immune 
from one or another of them.58

Science became intimately involved in both 
the study and treatment of the collection while 
Robinson was director. Analytical and imaging 
tools were brought to bear on questions of 
authenticity, dating, and the extent of prior 
restoration. The expanding role of science  
can be seen in Robinson’s call in 1925 for a 
national laboratory to ensure the highest qual-
ity scientific treatment of works of art.59 Begin-
ning with Alan Burroughs’s work at the Fogg 
Art Museum, X-ray radiography rapidly 
became an indispensable study tool. As early as 
1926, Burroughs had begun to study paintings 
in the Museum’s collection using a portable 
radiography unit.60

Figure 17 ◆ “Wing A Room 
104 Basement Floor, 

Egyptian Tank Room,” 
October 24, 1930, detail, 

showing Chris Watt with 
a granite figure of Hat-
shepsut (29.3.1) during 

restoration 

Figure 18 ◆ Reconstruction 
of a granite figure of  
Hatshepsut (30.3.1), 

March 1932. The man 
in the photograph is 

unidentified.
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or some other dehydrating agent.”65 Potassium 
hydroxide and sodium hydroxide continued  
in use until they were phased out with the 
introduction of silica gel in the early 1960s. 
Along with environmental control, more active 

Both Gisela M. A. Richter (1882–1972; Fig-
ure 21), curator of Classical art, and James J. 
Rorimer (see Figure 33), while assistant cura-
tor of decorative arts, published on the use of 
ultraviolet fluorescence to detect forgeries 
and restoration.61 Encouraged by Robinson,  
Rorimer was a pioneer in this area of study.  
His research begun in 1928 led to the Muse-
um’s 1931 publication Ultra-Violet Rays and 
Their Use in the Examination of Works of Art 
(Figures 22, 23).62

Another focus of scientific study at the 
Museum was the technical investigation and 
conservation of archaeological metalwork, par-
ticularly copper-alloy sculpture and vessels. In 
her 1915 catalogue Greek, Etruscan, and Roman 
Bronzes, Richter included technical notes in 
many of the entries and a lengthy chapter on 
ancient bronze manufacture, alloying, and pat-
ination. In that volume, Richter advances some 
technical criteria for distinguishing ancient 
objects from later works or forgeries. In par-
ticular, she notes that the detection of zinc in 
purportedly Greek or Etruscan objects is suf-
ficient grounds to question their authenticity, 
whereas Roman works of brass might be genu-
ine. Drawing on Classical texts, contemporary 
technical research, and her detailed examina-
tion of the collection, Richter’s work illumi-
nates the state of bronze studies in the first 
decades of the twentieth century.63 

The corrosion of copper alloys reacting with 
chloride salts, a condition commonly known 
as “bronze disease,” was a matter of consider-
able concern for those charged with collec-
tions care at the Museum and elsewhere. Early 
on, it was recognized that a dry environment 
inhibited corrosion, and in a 1910 letter to 
Henry Walters (1848–1931), the prominent col-
lector and member of the Museum’s Executive 
Committee who later established the Walters 
Art Gallery, Robinson recommended potas-
sium hydroxide as a desiccant in exhibit cases.64 
In the same vein, in her 1915 catalogue, Richter 
advised that bronzes be kept “either in cases 
which are absolutely air-tight or which contain 
sticks of hydrate of potassium (caustic potash) 

Figures 19a and 19b ◆ 

Harpokrates. Egypt, from 
Tell Basta, Late Dynasty 
19–Third Intermediate 
Period (ca. 1188– 712 B.c.). 
Cast silver with gilding, 
H. 13.3 cm (51/4 in.). The 
Metropolitan Museum of 
Art, Rogers Fund, 1907 
(07.228.23). Departmental 
catalogue cards, showing 
condition (a) before and 
(b) after treatment by 
Léon André

Figure 20 ◆ John Singer 
Sargent (American, 1856–
1925). Edward Robinson, 
1903. Oil on canvas,  
143.5 x 92.1 cm (561/2 x 
361/4 in.). The Metropoli-
tan Museum of Art, Gift 
of Mrs. Edward Robinson, 
1931 (31.60)
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Figure 21 ◆  

Gisela M. A. Richter

Figure 22 ◆ Frontispiece 
and title page from James 

J. Rorimer, Ultra-Violet 
Rays and Their Use in the 
Examination of Works of 
Art (New York: Metro-

politan Museum of  
Art, 1931) 

Figure 23 ◆ “Ultra Violet 
Ray Room Wing F Room 

107 Basement Floor,”  
July 2, 1931, detail 

renowned chemist and Columbia University 
professor of electrochemistry. In addition to 
engaging in groundbreaking research with 
widespread industrial applications, notably the 
production of inexpensive tungsten filament 
lightbulbs, Fink investigated metal corrosion 
processes affecting archaeological artifacts, 
and he was among the first researchers to apply 
metallographic methods to the study of ancient 
metalwork.67 He was contracted to develop a 
program for treating archaeological copper 
alloys, and the Museum published his research, 
coauthored with Charles H. Eldridge, with 
Robinson’s introduction, in the volume The Res-
toration of Ancient Bronzes and Other Alloys.68

In the same year, a headline in the New York 
Times proclaimed, “Acid Baths Given to 
Museum Relics; Fink Process, Which Exposes 
Fakes, Used to Test Bronzes at the Metropoli-
tan: Rust of Ages Cut Away.”69 The method 
advocated by Fink entailed electrolytic reduc-
tion of superficial corrosion products, followed 
by lacquering with Zaponlack, a German cellu-
lose nitrate–based product. In fact, Fink’s so-
called test for detecting forgeries was actually 
based on the indiscriminate stripping of archae-
ological corrosion and modern patination layers 
to reveal bare metal (Figures 25a, 25b). Aware 
of aesthetic issues, but in keeping with the  

measures were employed when objects dis-
played outbreaks of corrosion. By 1908, the 
Museum’s method for treating bronze disease 
was to dry out the affected objects in an oven 
with jewelers’ sawdust, excavate powdery areas 
of active corrosion with a needle, and then 
apply Palestine bitumen to the excavated 
areas.66 

In 1923, seeking to put the treatment of met-
als on a sound scientific footing, Robinson 
hired the Museum’s second consulting scientist, 
Colin G. Fink (1881–1953; Figure 24), a world-
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When Winlock became director in 1932, he 
hired Fink’s assistant, Arthur H. Kopp (1900–
1938; Figure 26), a graduate in chemistry from 
Cooper Union, to perform analyses and con-
duct experimental research on the preservation 
of works of art. Kopp continued Fink’s research 
into electrochemical methods for stabilizing 
archaeological bronzes. He also devoted much 
time to finds from the burials of Senebtisi and 
Sithathoryunet, restoring and analyzing objects 
of metal, stone, faience, and other materials. 
His research and restoration activities, which 
are documented in a series of laboratory note-
books now housed in the Objects Conservation 
library, encompassed works from all of the 
Museum’s curatorial collections. 

As noted earlier, Alan Burroughs of the 
Fogg Art Museum carried out radiographic 
examinations on paintings in the Metropolitan 
Museum starting in 1926. The Museum had 
received offers of radiographic services from 
Bellevue Hospital in 1920 and from the West-
inghouse Electric Company in 1930, the latter 
specifically for investigating Egyptian mum-
mies.71 In spite of Winlock’s response to the 
second offer — “For goodness sake, get them 
to do the mummy of Wah from the tomb of 
Meketre, and also the two mummies from 
Meir”72— the work was not carried out until 
1936, when Kopp radiographed several of the 
Museum’s mummies using a portable unit 
with David Rosen, a paintings restorer and 
director of conservation and technical 
research at the Walters Art Gallery. Although 
Winlock’s interest in all matters Egyptological 
included mummification practices and 
pathology, the primary appeal for him was 
the prospect of what might be discovered hid-
den within the funerary wrappings. Kopp’s 
radiographs of Wah’s mummy (20.3.203; Fig-
ures 27, 28) did reveal the presence of jewelry, 
some of which was suspected to be of precious 
metal, and led to the unwrapping of the 
mummy several years later (40.3.12, 40.3.19; 
Figures 29, 30).73 A 1937 letter from the Muse-
um’s executive assistant to Winlock refers to 
plans to purchase a radiography unit “to be 

viewpoint of his era, Fink placed chemical sta-
bility above artistic or archaeological consider-
ations. He understood that surface details might 
be retained only in mineralized layers but  
still advocated reduction of all corrosion prod-
ucts rather than relying on environmental  
controls or investigating less destructive means 
of stabilization. In the final analysis, Fink 
attempted to standardize a process that 
requires a strong dose of practical skill, experi-
ence, and aesthetic sensibility and that must be 
tailored to suit the condition of the specific 
object at hand.70 

Figures 25a and 25b ◆  

Harpokrates. Egypt,  
Ptolemaic–Roman Period 
(332 B.c.–a.d. 330).  
Copper alloy, H. 29.0 cm 
(113/8 in.). The Metropoli-
tan Museum of Art, Gift 
of Mrs. S. W. Straus, 1925 
(25.184.19). Showing con-
dition (a) before and (b) 
after treatment by Fink

Figure 24 ◆ Colin G. Fink, 
1949 
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Figure 27 ◆ Mummy of 
Wah. Egypt, from Thebes, 
Middle Kingdom, Dynasty 
12, reign of Amenemhat I 
(ca. 1991–1952 B.c.). Linen, 
painted and gilded carton-
nage, and human remains, 
L. 167.0 cm (653/4 in.). The 
Metropolitan Museum 
of Art, Rogers Fund and 
Edward S. Harkness Gift, 
1920 (20.3.203)

On November 7, 1938, Kopp died tragically in 
a laboratory fire at the Museum. He was appar-
ently preparing varnish when the mixture over-
flowed into an open flame, engulfing the room 
in fire. Kopp was pulled from the burning labo-
ratory by Museum guard Frank Falson, at great 
risk to his own life, and was rushed in critical 
condition to the hospital, where he died that 

mounted on a truck so that it can be moved 
to various parts of the building as required” 
and to build a darkroom with tanks sizable 
enough to develop large-format films next to 
Kopp’s laboratory. Accor ding to the same 
letter, Kopp had until this time developed 
negatives of photomicrographs in the  
Museum’s attic.74

Figure 26 ◆ “Metal Repair 
Shop Wing B Room 131 

Basement Floor,” October 
26, 1936, detail. The man 

pictured here is almost 
certainly Arthur H. Kopp.
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Figure 28 ◆ X-ray radio-
graph of the mummy of 
Wah, detail of neck area 
showing three ball-bead 
necklaces (gold, silver, 
and faience) and faience 
wesekh (broad collar)

Figure 29 ◆ Ball-bead 
necklace found on the 
mummy of Wah. Egypt, 
from Thebes, Middle 
Kingdom, Dynasty 12, 
reign of Amenemhat 
(ca. 1991–1952 B.c.). Sil-
ver, linen cord, L. 64 cm 
(251/4 in.). The Metro-
politan Museum of Art, 
Rogers Fund and Edward 
S. Harkness Gift, 1920 
(40.3.19) 

Figure 30 ◆ Scarab seal 
found on the mummy of 
Wah. Egypt, from Thebes, 
Middle Kingdom, Dynasty 
12, reign of Amenemhat 
(ca. 1991–1952 B.c.). Silver, 
electrum, glazed steatite, 
linen cord, L. 3.8 cm 
(11/2 in.). The Metropolitan 
Museum of Art, Rogers  
Fund and Edward S. 
Harkness Gift, 1920 
(40.3.12) 

evening at the age of thirty-eight.75 The after-
shock of Kopp’s sudden death was felt for 
decades, and it was not until the appointment 
of physicist Pieter Meyers thirty-one years 
later that the Museum hired another scientist.76 
Kopp’s detailed notebooks remain an invaluable 
reference for the Museum’s conservators and 
scientists. The scope and depth of his achieve-
ments show Kopp as the first true conservation 
professional employed at the Museum, and if not 
for his premature death, he surely would have 
played a major role in the transformation of 
the field that took place in subsequent decades.

In 1925, John D. Rockefeller purchased the 
contents of Barnard’s Cloisters, the private 
museum established by sculptor and antiquar-
ian George Grey Barnard (1863–1938) at West 
190th Street and Fort Washington Avenue 
(Figure 31). Barnard’s collection of medieval 
architectural monuments, sculpture, and other 
works of art, supplemented with works from 
the Rockefeller collection, was open to the 
public from 1926 to 1936 as a branch of the 
Museum. The collection was later incorpo-
rated into the Museum’s showcase for medi-
eval art, The Cloisters, which opened in Fort 
Tryon Park in 1937. 

After the death of Joseph Breck (1883–1933), 
curator of decorative arts, who also served as 
the first curator of The Cloisters, Rorimer took 
over the planning for the new building. He had 
started as an assistant to Breck in 1927 at age 

twenty-two, newly graduated from Harvard, 
where he studied with Paul J. Sachs.77 Rorimer’s 
father, Louis, was a founding partner of Rorimer-
Brooks Studios, a nationally prominent furnish-
ings design and manufacturing firm in Cleve-
land.78 Rorimer senior was trained as a designer 
and from his extensive travels had a close 
acquaintance with European decorative arts. 
He was also a craftsman, and these skills were 
instilled in his son: “Saturday mornings and 
after-school hours were often spent in the stu-
dio where both my mother and my father had 
shaped silver and copper and used enamel. I 
was a woodcarver before I was a boy scout.”79
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that by the late 1940s, if not earlier, silver was 
cleaned with a combination of “ammonia solu-
tion and Gorham silver polish (cream)” and 
then “lacquered with Randolph silver lacquer.”83 
The treatment of copper alloys included a com-
bination of vinegar and salt identified in the 
records simply as “Mr. Rorimer’s formula.”84 
Throughout his career, Rorimer cultivated an 
image of himself as a man of science. This per-
sona is captured vividly in a 1964 photograph 
by the legendary portrait photographer Yousuf 
Karsh (1908–2002): the director posed with a 
plaster replica standing in for a stone bust, a 
magnifying glass in one hand and his pipe in 
the other, with a microscope sitting next to 
him on his desk (Figure 33).85 

In addition to closely supervising treat-
ments carried out by others, Rorimer applied 
his own hand skills to numerous works in the 
Museum’s collection. Timed with the opening 
of The Cloisters, the Museum made a particu-
larly important acquisition: the so-called Ber-
lin Madonna (37.159; Figure 32), a polychrome 
limestone sculpture from the Île-de-France 
dating to the first half of the fourteenth cen-
tury. Together with “repairer and restorer of 
stone, etc.” Charles J. Langlais,80 who had been 
consulted about the feasibility of cleaning the 
statue prior to its purchase, Rorimer used 
hand tools to remove two layers of modern 
overpaint from the Madonna’s face. Subse-
quently, between 1938 and 1946, the two spent 
Mondays in the galleries, when The Cloisters 
was closed, removing overpaint from other 
parts of the sculpture.81 In 1933, on the invita-
tion of Edward W. Forbes, Rorimer presented a 
lecture to the “art technique group” of the 
American Museum Association, in which he 
discussed fumigation, the consolidation and 
cleaning of wood sculpture, and stone conser-
vation, including issues of preservation and 
removal of restorations.82 

Both Langlais and Rorimer worked on many 
types of objects. The Cloisters’ files indicate 

Figure 31 ◆ Barnard’s 
Cloisters, 1925, interior 

looking west 

Figure 32 ◆ Standing Virgin 
and Child. Also known 

as the Berlin Madonna. 
France, 1300–1350.  

Limestone with paint, 
gilding, and glass,  

H. 172.7 cm (68 in.).  
The Metropolitan 

Museum of Art, The 
Cloisters Collection, 1937 

(37.159) 
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Figure 33 ◆ James J.  
Rorimer, 1964 

curators. Working conditions poor. Technical 
direction, as distinct from mechanical super-
vision, practically non-existent.”89 

In the course of their investigation, the 
committee consulted outside conservators and 
made specific recommendations to Taylor. For 
example, noting that Kopp had left behind 
records demonstrating impressive contribu-
tions, they stated:

The necessity for having a chemist on the 
premises need not be elaborated. Advice in 
the matter of cleaning and other treatments 
of works of art; analysis of materials as an aid 
to scientific study and for proper publication; 
elimination of elements harmful to objects 
in fabrics, paints, and other matters in which 
they come into contact, are functions which 
only a qualified chemist can perform.90

Later in 1941, Taylor appointed Murray 
Pease (1903–1964; Figure 35) as the Museum’s 
technical adviser on conservation and restora-
tion. Pease had studied fine arts and chemistry 
at Harvard as an undergraduate and fine arts 

Francis Henry Taylor (Figure 34), who had 
been appointed director of the Worcester Art 
Museum in 1931 when he was not yet thirty 
years old, succeeded Winlock as director of the 
Metropolitan Museum in 1940.86 Harvard’s 
Fogg Art Museum, with nearby institutions 
such as the Museum of Fine Arts, Boston, and 
the Worcester Art Museum, continued to take 
a leading role in the field of conservation and 
the technical study of works of art, and Taylor 
brought this experience to his new position. 
Early in 1941, he assigned the task of evaluating 
restoration practices at the Museum to a com-
mittee comprising Ambrose Lansing, curator 
of Egyptian art, who served as chairman; 
Gisela M. A. Richter, curator of Greek and 
Roman art; and Harry B. Wehle, curator of 
paintings. Their findings were reported in a 
letter to Taylor: 

The repair and restoration of works of art is 
now carried out in various shops in different 
parts of the Museum, the dispersal being 
due to the fact that the importance of this 
function was not sufficiently urged at any 
time when a new wing was being added to 
the building. In several of these shops both 
repairs and installation are attended to: 
cabinet workers repair furniture and build 
cases. . . . The general repair shop, as well 
as repairing works, mounts the larger ones 
on pedestals and makes different kinds of 
mounts for the smaller ones.87 

Lansing’s letter also lists the curatorial depart-
ments that maintained separate shops or 
workrooms: “Paintings, Prints, Armor, Egyp-
tian, Mediaeval, Textile Study Room.”

Furthermore, the committee reported that 
“general repairs, including metal, stone, ceram-
ics, and furniture, [were] carried out in various 
shops by men for the most part self-trained, 
having advanced from general services,” and 
“directed by the Building Superintendent on 
the same basis as house mechanics, such as 
electricians, plumbers, masons, carpenters, 
and machinists.”88 The committee also noted: 
“Quality of work generally satisfactory to 
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assemble the Museum’s Etruscan chariot.94 
In 1942, with the establishment of the Sub-

Department of Conservation and Technical 
Research, Pease was named associate curator, 
responsible directly to Taylor. Pease was pro-
moted to curator in 1949, but it was not until 
1956 that the designation was changed to con-
servator, the first time this title was used in  
the Museum.95 

In the Metropolitan Museum of today,  
conservation is primarily the responsibility  
of professionals who have gained their exper-
tise through multidisciplinary graduate train-
ing followed by museum internships and  
fellowships. From 1870 to 1942, however, the 
landscape was quite different. Conservation as 
an independent discipline in American institu-
tions was in the earliest stages of development, 
and as noted above, the title of conservator 
was unknown at the Museum until Pease’s 
appointment. Conservation was the responsi-
bility of the director and the curatorial staff, 
not just in a general way but on a day-to-day 
basis. Many curators and even the Museum’s 
early directors were active, devoted practi-

as a graduate student, after which he worked in 
the Boston studio of renowned stained-glass 
artist Charles J. Connick (1875–1945) and later 
as a regional director for the WPA Federal Art 
Project. From 1936 until he arrived at the 
Museum, Pease was a fellow in conservation at 
the Fogg Art Museum, working with George 
Stout and Rutherford J. Gettens.91

Although himself a painter and a specialist 
in paintings conservation, Pease in his new 
position was, in the manner of his time, some-
thing of a generalist who treated or supervised 
treatments for all types of works of art. His 
mandate from Taylor was “to organize and 
direct a general Department for Conservation” 
that would serve the entire collection. This 
was to be accomplished by combining the 
existing repair shops, in which “fifteen staff 
members were variously engaged in restoration 
work.”92 William Chapman, who supervised 
the shops in 1942 as superintendent of the 
building, had long before made the transition 
from skilled worker to management.93 The son 
of a carpenter in the Museum’s employ, Chap-
man had started as a carpenter’s apprentice 
forty years earlier and had helped Balliard 

Figure 34 ◆ Francis  
Henry Taylor (left), in  
the Gubbio Studiolo,  

April 1952

Figure 35 ◆ Murray  
Pease, 1950s
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notes
1 Cesnola served as the Museum’s first director, from 

1879 to 1904; for a brief recent survey of his life and 
career, with further references, see Karageorghis et al. 
2000, pp. 3–15.

2 Anonymous 1916.
3 Quoted in Howe 1913, pp. 222–23.
4 Ibid., p. 223.
5 Unattributed quotation cited in Anonymous 1882, 

p. 267.
6 Howe 1913, pp. 223–24.
7 Anonymous 1884a.
8 Ibid. Limestone, the typical medium for Cypriot 

sculpture, served in a finely ground form as the “pow-
dered stone” component in Balliard’s mixture; Myres 
1910, p. 231.

9 Myres 1914, p. xxiii.
10 Anonymous 1884b.
11 Ibid.
12 Howe 1913, p. 223.
13 Anonymous 1880, 1884a, and 1884b; see also Kara-

georghis et al. 2000, p. 213.
14 Karageorghis et al. 2000, pp. 123–25.
15 Sculptures with suspect head-to-body joins include 

74.51.2457, .2460, .2465, .2473, .2479, and .2481. The 
creation of complete statues from similar but unre-
lated fragments is a practice not infrequently encoun-
tered, particularly with sculptures from sites with 
large numbers of finds showing a fairly consistent 
sculptural typology and style. See, for example, the 
discussion of sculptures 75.51.2460, .2466, .2473, and 
.2479 in Karageorghis et al. 2000, pp. 106–10.

16 Myres 1914, p. xxiii. 
17 Ibid. For additional details of the 1909 cleaning cam-

paign, see Myres 1909a, 1909b, and 1910.
18 Myres 1909a.
19 Myres 1914, p. xxiii. The 1909 treatment did not 

reverse or modify any of Cesnola’s joins, although 
removal of the stone-wash exposed them to closer 
scrutiny.

20 Anonymous 1916.
21 Richter 1915, p. 29. Balliard’s work of cleaning and assem-

bly is not mentioned in an earlier publication of the 

tioners of treatment, technical study, and col-
lections care. With no defined career path to 
conservation, on-the-job training was the rule, 
and the field attracted individuals from 
throughout the museum and art worlds: direc-
tors, archaeologists, sculptors, stone masons, 
art historians, security guards, registrars, car-
penters, armorers, watchmakers, jewelers, 
chemists, and administrators. The achieve-
ments of this diverse assembly included the 
treatment of tens of thousands of objects, as 
well as major advances in technical study, 
materials analysis, conservation methodology, 
and preventive conservation. Of course, by 
today’s standards, many of these early treat-
ments were flawed or even destructive, and the 
professional training now available to conser-
vators has elevated standards immeasurably. 
But the growth and recognition in the Museum 
of conservation and conservation science as 
distinct professions have come with a cost. As 
curators and directors, faced with the increas-
ing complexity of their own disciplines, 
became less involved in the treatment and 
technical study of objects, they naturally 
became less familiar with conservation prac-
tice and less active as advocates for conserva-
tion needs and technical research. In short, the 
growth of specialization bears with it the risk 
that the preservation of the collection, ideally a 
primary concern of everyone in the Museum, 
becomes viewed too narrowly as the province 
of conservators and conservation scientists. 

lAwrence becker
Sherman Fairchild Conservator in Charge 
The Sherman Fairchild Center for 
Objects Conservation 
The Metropolitan Museum of Art

deborAh schorsch
Conservator
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made by Bernhard Arnold, who annotated the Muse-
um’s excavation films; see also Winlock 1942, 
pp. 108–9.

39 Mace and Winlock 1916, p. 13.
40 Lucas was a pioneer in the material study of Egyptian 

antiquities, and Ancient Egyptian Materials and 
Industries, the most recent edition (1962) of his land-
mark 1926 publication, remains the starting point for 
any serious investigation of Egyptian technology.

41 Letter from H. E. Winlock to A. Lucas, March 1, 1927, 
departmental files, Department of Egyptian Art, The 
Metropolitan Museum of Art. Further correspon-
dence includes Winlock to Lucas, February 17 and 27, 
1927, and replies from Lucas to Winlock, February 18 
and March 3, 1927, departmental files, Department of 
Egyptian Art, The Metropolitan Museum of Art.

42 Lucas reported in a letter dated January 13, 1928, for 
example, that seven samples sent to him by Winlock 
were natron. Also documented in a letter to Winlock, 
January 30, 1935, departmental files, Department of 
Egyptian Art, The Metropolitan Museum of Art, as 
well as in the third edition of Ancient Egyptian Mate-
rials and Industries (Lucas 1948, pp. 225–28), is Lucas’s 
skepticism toward the results of an analysis of an Old 
Kingdom hsmny (ewer) and basin published by Museum 
chemists Colin G. Fink and Arthur H. Kopp; see Fink 
and Kopp 1933.

43 Gilberg 1997; see also Mace 1923.
44 D’Alton 1993.
45 Caffall 1886. Caffall had patented the process in 1880 

as a formulation “for waterproofing and preserving 
building materials.” The formulation, or a variant 
thereof, was used at least until 1926, when it was 
applied to Trinity Church, New York, despite contem-
porary criticism that Caffall’s treatment caused stone 
to darken; Weiss 1995, pp. 10–11. 

46 The role of soluble salts in the deterioration of porous 
archaeological materials was recognized quite early; 
in fact, Déodat de Gratet de Dolomieu, a mineralogist 
among the savants who accompanied Napoleon’s 
expedition to Egypt in 1798, published several papers 
on this subject; see Gilberg and Vivian 2001, p. 87.

47 Anonymous 1951.
48 The compositions of Lithol solutions #1–5 were noted 

on December 14, 1912, in Caroline Ransom Williams, 
“History of Experiments and Formulae Used,” unpagi-
nated addendum to “Record Book of Experiments with 
Treating Egyptian Limestone,” unpublished notebook 
[1913], departmental files, The Sherman Fairchild  
Center for Objects Conservation, The Metropolitan 
Museum of Art. A more complete recipe for the pre-
cursor of solution #5, labeled as a “Copy of Dr Cuckro’s 
[sic] written directions,” also mentions the addition of 
concentrated sulfuric acid, presumably to improve 
cross-linking; straining the mixture after heating to 
remove a precipitate; and the function of the lead 
oxide, which could be substituted with manganese 
borate, as a drying agent. In the final recipe, white oil 
was substituted for carbon tetrachloride, which had 
been used in the earlier versions but proved to dry too 
quickly.

49 Ann Heywood, “A History of the Care and Treatment 
of Perneb’s Tomb,” paper presented at the annual 
meeting of the American Research Center in Egypt, 
Jersey City, N.J., April 2006.

chariot, although he is credited as photographer; see 
Fowler 1905. Balliard’s photographs do not appear to 
have been made to document condition or treatments.

22 Anonymous 1884b.
23 Myres 1914, p. xx; Howe 1913, p. 222.
24 Howe 1946, p. 41.
25 Anonymous 1908.
26 Letters from A. C. Mace to M. Miki, November 20 and 

28, 1919, departmental files, Department of Egyptian 
Art, The Metropolitan Museum of Art. Miki’s corre-
spondence bears the letterhead “Ivory Carver / 
Importer of / Japanese and Chinese Antique Art 
Objects / also / Expert Repairing.” His correspon-
dence with curators Albert M. Lythgoe and Arthur C. 
Mace indicates that he very much desired a permanent 
position in the Museum. Letters from M. Miki to A. C. 
Mace, November 25, 1919, and to A. M. Lythgoe, Janu-
ary 31, 1920, departmental files, Department of Egyp-
tian Art, The Metropolitan Museum of Art. The 
reconstructions of the caskets were proposed by Mace; 
see Mace 1920 and Lee 1990, p. 28.

27 Anonymous 1913. Dean’s position in the Department 
of Decorative Arts was honorary until his appoint-
ment as curator of arms and armor in 1912. For a his-
tory of the conservation of arms and armor in the 
Museum, see Pyhrr 2006.

28 Anonymous 1928.
29 The expense of paying salaries to the four armorers 

working to restore the Riggs Collection, acquired by the 
Museum in 1914, was noted in an article concerning the 
Museum’s early financial woes; see Anonymous 1914.

30 Robinson 1907, 1909, and 1911; see also Robinson 1908. 
Familiarly known as André, the firm Mon André et Fils 
was very popular with contemporary collectors, includ-
ing Museum trustee J. Pierpont Morgan. Founded by 
Alfred André in 1859 and run by his son Léon begin-
ning in 1907, the business, now known as Maison 
André, has remained in family hands to this day. The 
first M. André was a patron of the Louvre and a collec-
tor in his own right, and the Museum has acquired 
through purchase and bequest several works that were 
formerly in his personal collection. Alfred André has 
been associated with the dealer and collector Frédéric 
Spitzer and goldsmith Reinhold Vasters in the produc-
tion of forgeries of Renaissance-style jewelry; see Dis-
telberger et al. 1993, pp. 282–306, and Truman 2000.

31 Rorimer 1954.
32 Under the partage system then in effect, archaeologi-

cal finds were divided between the excavating institu-
tion or sponsors and the host country. Tens of thou-
sands of Egyptian objects entered the Museum in the 
first third of the twentieth century. In 1922 alone, for 
example, nearly 2,500 works were accessioned.

33 Winlock served as director 1932–39; Anonymous 1950.
34 Mace and Winlock 1916.
35 Williams 1924. A gentleman known only as “the late 

Mr. Richards in the Repair Department of the Metro-
politan Museum of Art” aided Williams in her 
research (p. 206 n. 57; see also pp. 117 n. 39 and 205 
n. 56). The dearth of information regarding Richards 
typifies the anonymity of most of the Museum’s early 
restorers.

36 Mace and Winlock 1916, p. 12 n. 1.
37 Ibid., p. 12.
38 This likely identification of the coffin’s owner was 
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include information related to condition, prior resto-
rations, inlay materials, and, where applicable, 
whether a work is solid or hollow cast. Corrosion 
products are described by color and morphology, but 
mineral species are not identified. While the introduc-
tion cites some general compositional ranges for 
ancient alloys, no Museum objects were analyzed for 
the catalogue. Richter also considered the manufac-
ture of Greek ceramics; see Richter 1924. According to 
an announcement of the publication of this volume, 

“Miss Richter” was “equipped by study in the Ceramic 
School of Alfred University as well as archaeological 
research to interpret the technique of ancient vases 
from the light of practical experience.” The volume 
would “take up in turn technical processes in the 
making of modern pottery and their application to the 
technique of ancient vases, representations of ancient 
potters, and references to the pottery craft in ancient 
literature”; see Anonymous 1923. Furthermore, Richter 
carried out investigations into ancient stonecutting 
technology, for which she consulted William Chap-
man, at that time the Museum’s building superinten-
dent (see p. 30), and Edwin Shuttleworth, the owner of 
a local stone yard, and an unnamed mason in his 
employ; see Richter 1943, pp. 188–93; see also unnum-
bered note on p. 188.

64 Letter from E. Robinson to H. Walters, December 12, 
1910, The Metropolitan Museum of Art Archives; 
quoted in part in Drayman-Weisser 1994, p. 143.

65 Richter 1915, p. xxxiii. Unfortunately, little attention 
was paid at this time to the stability of case materials, 
and attempts to seal cases tended to raise the concen-
tration of organic acids or sulfur given off by oak, wool, 
or other materials that can react with copper or silver 
alloys.

66 This process is described in the 1910 letter from  
Robinson to Walters cited above (note 64); see also 
Richter 1915, p. xxxiii. Robinson and Richter both 
credit Alfred André for developing this method, but 
its generic nature makes questionable an attribution 
of the technique to any single individual.

67 For example, Fink and Polushkin 1936.
68 Fink and Eldridge 1925.
69 Anonymous 1925.
70 Bertholon 2001.
71 Robinson responded to the first offer in a letter to Seth 

Hirsch, director of the X-ray department, Bellevue 
Hospital, dated September 13, 1920, suggesting that 
the Department of Egyptian Art would be most inter-
ested in these services. The Metropolitan Museum of 
Art Archives. Letter from A. Lansing to H. E. Winlock, 
November 17, 1930, departmental files, Department of 
Egyptian Art, The Metropolitan Museum of Art.

72 Letter from H. E. Winlock to A. Lansing, December 
14, 1930, departmental files, Department of Egyptian 
Art, The Metropolitan Museum of Art.

73 Winlock 1936, 1940. The second article includes an 
in-depth description of the mummification process 
and, based on the work of Dr. Harry L. Shapiro of the 
American Museum of Natural History, a short state-
ment about Wah’s state of health when he died. See 
Ann Heywood, “Evidence for the Use of Azurite and 
Natural Ultramarine Pigments in Ancient Egypt,”  
in this volume, p. 78, Figure 7, for Wah’s broad collar.

74 Letter from B. Boardman to H. E. Winlock, 

50 Williams, “Record Book of Experiments,” p. 43; lead 
detected on consolidated surfaces during a recent 
examination of the stelae (Mark B. Abbe, Marco Leona, 
and Dorothy H. Abramitis, “A Group of Painted Funer-
ary Monuments from Hellenistic Alexandra,” in prepa-
ration) is present presumably due to the use of yellow 
lead as a drying agent in Lithol. An Archaic Greek 
stela also treated by Kuckro (Williams, “Record Book 
of Experiments,” p. 47) has not yet been identified.

51 Williams, “Record Book of Experiments,” pp. 3, 37, 38, 
40, 55, 56, 60.

52 Letter from C. R. Williams to B. Laufer, February 23, 
1917, departmental files, Department of Egyptian Art, 
The Metropolitan Museum of Art.

53 Williams, “Record Book of Experiments,” pp. 55–56; 
the relief (10.176.36) was later transferred to the 
Department of Islamic Art.

54 Letter from H. E. Winlock to A. Lansing, January 12, 
1930, departmental files, Department of Egyptian Art, 
The Metropolitan Museum of Art.

55 Letter from A. Lansing to H. E. Winlock, April 18, 
1930, departmental files, Department of Egyptian Art, 
The Metropolitan Museum of Art.

56 Winlock 1948; Lilyquist 2003. Winlock, then assistant 
curator, made at least two visits to André’s studio. 
Although dismayed after his first visit at the slow 
progress of André’s work, ultimately he complimented 
the results, writing to Lythgoe that the restored Tell 
Basta pieces “make a swell showing.” Letters from 
H. E. Winlock to A. M. Lythgoe, January 8 and June 22, 
1920, departmental files, Department of Egyptian Art, 
The Metropolitan Museum of Art.

57 Robinson was named assistant director in 1905, and 
under that title he appears to have essentially func-
tioned as director during the short tenure of his pre-
decessor, the ailing Sir Caspar Purden Clarke (director 
1905–10). Robinson then served as director from 1910 
to 1931; see Breck 1931. For further details of his 
lengthy career, see Howe 1946, passim.

58 Robinson 1925, p. 3.
59 Ibid., pp. 5–6.
60 Burroughs, who was the son of Bryson Burroughs, the 

Metropolitan Museum’s curator of paintings, began 
his work under the tutelage of Edward W. Forbes 
(1873–1969), director of the Fogg Art Museum 
(1909–44). In 1928, Forbes established the Fogg Muse-
um’s Department for Technical Studies, the first 
department in an American institution dedicated to 
the study of artists’ materials and techniques. Equally 
innovative was the incorporation of this discipline 
into the Harvard University art history curriculum; 
see Bewer 2001. The inception of the radiography proj-
ect is described in Burroughs 1938, pp. vii–xi. Articles 
concerning specific Metropolitan Museum paintings 
include Wehle 1926 and Burroughs 1927 and 1928. The 
subject of Burroughs 1930 is Veronese’s Venus and 
Mars United by Love, which is also the subject of 
recent study: see Dorothy Mahon et al., “Technical 
Study of Three Allegorical Paintings by Paolo Vero-
nese: The Choice between Virtue and Vice, Wisdom 
and Strength, and Venus and Mars United by Love,” in 
this volume.

61 Richter 1929.
62 Rorimer 1931.
63 Richter 1915, pp. xiii–xxxii. Richter’s technical notes 
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the efficacy of barrier films in the prevention of tar-
nishing. Randolph silver lacquer was a cellulose 
nitrate–based product similar to the Zaponlack rec-
ommended by Fink.

84 The formula was presumably some variant of a house-
hold remedy for cleaning copper and brass. According 
to Langlais, a copper-alloy aquamanile (47.101.54) was 

“treated as follows: 1. With vinegar and salt (Mr. Ror-
imer’s formula). 2. Shynebrite Silver Polish (good 
remover of wax, etc.). 3. Noxon. 4. Gorham Silver Pol-
ish (cream). 5. Lacquered with Nikolas Lacquer no. 
2105.” Departmental catalogue cards, Department of 
Medieval Art and The Cloisters, The Metropolitan 
Museum of Art.

85 Rorimer was a fellow of the International Institute for 
Conservation (IIC). His important advances in the 
field, including his work using ultraviolet light (see  
p. 23 and figures 22, 23) as well as his contribution to 
Laurence Harrison’s study on museum lighting, are 
mentioned in an obituary in the IIC Bulletin (Brom-
melle 1966).

86 Taylor served as director from 1940 to 1955; see Red-
mond 1958. Taylor is credited with promoting the pub-
lic service aspects of the Museum, and during his 
tenure as director, the number of visitors soared to 
more than two million a year. Taylor 1949.

87 Letter from A. Lansing to F. H. Taylor, May 5, 1941, 
departmental files, Department of Egyptian Art, The 
Metropolitan Museum of Art.

88 As paraphrased by Murray Pease, “Report to the 
Director on the Technical Laboratory,” unpublished 
report [1951], p. 1, departmental files, The Sherman 
Fairchild Center for Objects Conservation, The  
Metropolitan Museum of Art.

89 Letter from A. Lansing to F. H. Taylor, May 5, 1941  
(see note 87).

90 As quoted by Pease, “Report to the Director.”
91 Stout 1964; Anonymous 1964.
92 Pease, “Report to the Director,” p. 2. From 1934 until 

1942, when the program at the Museum was termi-
nated, WPA workers were active in many capacities, 
including restoration and repair: “In the various shops 
WPA artists and technicians have restored works of 
art of many kinds. . . . An accomplishment of particu-
lar interest is the reconditioning of casts.” Taylor 1942.

93 Clifford 1939, p. 25.
94 Richter 1939, p. 42 n. 2.
95 Taylor continued to take an active interest in conser-

vation, and during the 1940s he and Pease regularized 
conservation practice through the use of standard 
request for treatment forms, protocols for documenta-
tion, the institution of preloan conservation checks, 
and the establishment of proper handling guidelines 
for Museum personnel and borrowing institutions. 
The latter formed the basis of The Care and Handling 
of Art Objects, published under the joint authorship of 
Robert Parkinson Sugden, the Museum’s registrar, and 
additional staff members referred to collectively as 
The Metropolitan Museum of Art, which the Museum 
has continued to publish in revised editions. In 1949, 
raised to full curatorial standing and full departmen-
tal status, the department was renamed the Technical 
Laboratory. Until the end of his life, Pease played an 
important role in the developing field of conservation. 
He was a founding member of the International  

November 18, 1937, The Metropolitan Museum of Art 
Archives.

75 Anonymous 1938a. Kopp’s tragic death received much 
coverage in the local press—for example, Anonymous 
1938b. Falson, who received a special commendation 
from the Museum for his bravery, later became a 
restorer. In consultation with Dietrich von Bothmer, 
for many years chairman of the Department of Greek 
and Roman Art, Falson restored a lekythos sent as a 
gift by the Greek government to President Harry Tru-
man; it had been damaged in transit.

76 This is in spite of a recommendation by Murray Pease, 
then associate curator of conservation and technical 
research, in an evaluation of the department and its 
activities made on the request of Director Francis 
Henry Taylor in 1951, to add staff positions for a 

“Chemist and Research Supervisor” and a “Technical 
Research Assistant” (see note 88), and an earlier rec-
ommendation to Taylor, made by Lansing, Richter, 
and Wehle; see p. 29.

77 Paul J. Sachs (1878–1965), a banker and collector, was a 
classmate and close friend of Edward W. Forbes (see 
note 60). Although he lacked formal experience, Sachs 
had been hired by Forbes as assistant curator in 1914. 
As professor of art history at Harvard, in 1922 Sachs 
began to teach the course “Museum Work and 
Museum Problems,” intended to produce “connoisseur-
scholars” and marking the beginnings of academic 
curatorial studies. His influence was widespread: like 
Rorimer, many of Sachs’s students became curators 
and directors in prominent American museums; see 
Bewer 2001. Rorimer served as director from 1955  
to 1966.

78 Peña 1988.
79 Quoted in Mayor 1966.
80 In a 1929 letter to Joseph Breck, Rorimer outlined the 

work that Charles J. Langlais—who had been hired on 
a contractual basis in 1929 for an open-ended period 
as “repairer and restorer of stone, etc.” in the Depart-
ment of Decorative Arts at a weekly salary of twelve 
dollars—would carry out while Rorimer was out of 
town: the “Spanish ceiling” (29.69; now in the Campin 
Room in The Cloisters, originally installed in the main 
building); “minor repairs of cracks, flaking of gold, etc. 
in the galleries” (this could have been at Barnard’s 
Cloisters or in the main building); and “painting res-
torations of the new virginal.” Rorimer added that he 
could spend the remainder of his time on the “large 
Florentine cassone with scenes of the Battle of Trebi-
zond.” J. J. Rorimer to J. Breck, January 1929, depart-
mental files, Department of Medieval Art and The 
Cloisters, The Metropolitan Museum of Art. The res-
toration and fumigation of the virginal (29.90) were 
described in Rorimer 1930.

81 Departmental catalogue cards, Department of Medieval 
Art and The Cloisters, The Metropolitan Museum of Art.

82 Letter from E. W. Forbes to J. J. Rorimer, April 4, 1933, 
departmental files, Department of Medieval Art and 
The Cloisters, The Metropolitan Museum of Art. The 
content of this lecture was included in a later publica-
tion; see Rorimer 1936.

83 Noted on departmental catalogue cards for a gilded-
silver arm reliquary (47.101.33), Department of Medi-
eval Art and The Cloisters, The Metropolitan Museum 
of Art. This notation indicates an early awareness of 
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Museum of Art Bulletin 33, no. 12 (December 
1938), p. 284.

Anonymous 1938b. “Chemist Fatally Burned in 
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Bronzes.” New York Times, November 8, 1938, p. 1.

Anonymous 1950. “Dr. Winlock Dead; Archaeolo-
gist, 65: Metropolitan Museum of Art Director 
Emeritus Broke with Tradition During Reign: A 
Leading Egyptologist Went on Many Expeditions, 
Including the Opening of Tut-ankh-Amen’s Tomb.” 
New York Times, January 27, 1950, p. 23.

Anonymous 1951. “William Kuckro, Chemist, Was 
73: Art Restorer Who Placed a Protective Coating 
on Obelisk in Central Park Dies.” New York Times, 
April 16, 1951, p. 23.

Anonymous 1964. “Murray Pease, 1903–1964.” Bul-
letin of the American Group, International Insti-
tute for Conservation of Historic and Artistic 
Works 5, no. 1 (1964), pp. 6–7.

Bertholon 2001. Régis Bertholon. “To Get Rid of the 
Crust or Not: Emergence of the Idea of ‘Original 
Surface’ in the Conservation of Metal Archaeo-
logical Objects in the First Half of the 20th Cen-
tury.” In Past Practice, Future Prospects, edited by 
Andrew Oddy and Sandra Smith, pp. 5–12. Lon-
don: British Museum, 2001.

Bewer 2001. Francesca G. Bewer. “Technical 
Research and the Care of Works of Art at the Fogg 
Art Museum (1900 to 1950).” In Past Practice, 
Future Prospects, edited by Andrew Oddy and 
Sandra Smith, pp. 13–18. London: British Museum, 
2001.

Breck 1931. Joseph Breck. “In Memoriam: Edward 
Robinson.” Metropolitan Museum of Art Bulletin 
26, no. 5 (May 1931), pp. 111–12.

Brommelle 1966. Norman Brommelle. “James J. 
Rorimer, Fellow of IIC [International Institute for 
Conservation of Historic and Artistic Works].” 
Studies in Conservation 11, no. 2 (May 1966), 
p. 108.

Burroughs 1927. Alan Burroughs. “X-Raying the 
Veronese and the Antonello.” Metropolitan 
Museum of Art Bulletin 22, no. 7 (July 1927), 
pp. 191–94.

Burroughs 1928. Alan Burroughs. “The Flagellation 
by Spinello Aretino Revealed by the X-Ray.” Met-
ropolitan Museum of Art Bulletin 23, no. 11 
(November 1928), pp. 274–78.

Burroughs 1930. Alan Burroughs. “Veronese’s Alter-
ations in His Painting of Mars and Venus.” Metro-
politan Museum Studies 3, no. 1 (December 1930), 
pp. 47 –54.

Burroughs 1938. Alan Burroughs. Art Criticism 
from a Laboratory. Boston: Little, Brown, 1938.

Institute for Conservation (IIC), incorporated in  
London in 1952, and later helped to organize the IIC-
American Group (forerunner of the American Insti-
tute for Conservation). Pease headed the IIC-AG 
Committee on Professional Standards and Procedures, 
which produced the Report of the Murray Pease Com-
mittee: IIC American Group Standards of Practice and 
Professional Relations for Conservators, adopted by 
the IIC-AG in 1963. Modified several times since its 
initial ratification, the Murray Pease Report remains 
at the core of the AIC’s current Code of Ethics and 
Guidelines for Practice. Pease was also deeply involved 
in the establishment of the first American academic 
training program for conservators, at New York Uni-
versity’s Institute of Fine Arts in 1960, contributing to 
the design of the facilities and serving on the faculty, 
thereby helping to forge a long-term connection 
between the Conservation Center and the Museum’s 
Department of Objects Conservation. See Stout 1964 
and Anonymous 1964.
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AbstrAct 
Technical analysis was carried out on four 
twelfth-century French polychrome wood sculp-
tures in The Metropolitan Museum of Art: the 
Virgin and Child in Majesty from the vicinity of 
Autun, Burgundy; the Torso of Christ, linked to 
the abbey church of Lavaudieu; the Virgin and 
Child in Majesty, said to come from Montvia-
neix; and the so-called Morgan Madonna, or 
Virgin and Child in Majesty. Characterization 
of the wood species and construction, as well as 
a systematic study of original paint layers, has 
led to a clearer understanding of the materials 
and techniques of French Romanesque sculp-
ture. The variety of paint systems observed—
ranging from single layers of pure color to more 
complex layerings of pigment mixtures in egg 
tempera or oil media and translucent glazes—
and the use of metal and glass elements under-
score the sophistication of these works. The 
identification of tin-relief ornaments and of red 
hues derived from the lac insect Kerria lacca 
(Kerr) is notable. In addition, characterization 
of manufacturing practices common to the sty-
listically related Montvianeix and Morgan 
Madonnas strongly supports the hypothesis 
that they are the products of a single workshop. 

The collection of The Metropolitan Museum 
of Art contains four twelfth-century 

French polychrome wood sculptures of great 
historical and artistic significance.1 The earli-
est, dated to about 1130–40, is Virgin and 
Child in Majesty (47.101.15; Figure 1) from Bur-
gundy; it is related in style to the sculptures on 
the west facade of the Saint-Lazare Cathedral 
at Autun. The Enthroned Virgin, holding the 
Child securely in her lap, represents the famil-
iar Throne of Wisdom, or Sedes Sapientiae.2 
The remaining three sculptures originated in 
the Auvergne region of central France. The 
Torso of Christ (25.120.221; Figure 2), said to be 
from a Deposition, is dated to the second half 
of the twelfth century and has possible links to 
the Benedictine abbey church of Lavaudieu.3 In 
style, it is reminiscent of other lifesize cruci-
fixes produced at that time in Auvergne. The 
other two sculptures, dated to the late twelfth 
century, both represent the Virgin and Child 
in Majesty and have traditionally been  
attributed to the same workshop on stylistic 
grounds.4 One is believed to originate from the 
Chapel of Saint-Victor-Montvianeix (67.153; 
Figure 3). The early provenance of the other 
(16.32.194; Figure 4) is not known, and the sculp-
ture is commonly referred to as the Morgan 
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Figure 1 ◆ Virgin and Child in Majesty. Also known as the Autun Virgin 
and Child. France, Burgundy (Saône-et-Loire), vicinity of Autun, 1130–
40. Birch, paint, and glass, H. 102.9 cm (401/2 in.). The Metropolitan 
Museum of Art, The Cloisters Collection, 1947 (47.101.15) 

Figure 2 ◆ Torso of Christ. France, Auvergne (Haute-Loire), second half 
of the 12th century. Said to come from the abbey church of Lavaudieu. 
Poplar, paint, tin foil, and traces of parchment, H. 109.2 cm (43 in.). The  
Metropolitan Museum of Art, The Cloisters Collection, 1925 (25.120.221)
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a clearer understanding of French Romanesque 
polychrome wood sculpture from a technologi-
cal point of view. 

HistoriogrApHy 
The technical study of European Romanesque 
polychrome wood sculpture has developed 
considerably in the last several decades. As 
early as the 1950s in Germany, removal of non-
original paint layers from four renowned sculp-
tural works dated to the Romanesque or early 
Gothic periods  —  the Forstenried Crucifix in 
the parish church of the Holy Cross in Forsten-
ried (Munich); the Freudenstadt Lectern in the 
town church of Freudenstadt (Black Forest); 

Madonna, in honor of its donor to the Metro-
politan Museum, J. Pierpont Morgan.5 

Although the Romanesque period has been 
the subject of numerous studies, published 
scholarship on the materials and techniques of 
French polychrome wood sculpture is scant. 
Most of these works have suffered many losses, 
especially to their polychromy. In fact, the 
Museum’s four sculptures now present only 
pale impressions of their twelfth-century 
painted surfaces, even if much of their carved 
forms survive.6 The study presented here, 
based on close examination of the construction 
and carving of each sculpture as well as a sys-
tematic study of the original paint layers, offers 

Figure 3 ◆ Virgin and Child 
in Majesty. Also known 
as the Montvianeix Vir-
gin and Child. France, 
Auvergne (Puy-de-Dôme), 
late 12th century. Said to 
come from the Chapel of 
Saint-Victor-Montvianeix. 
Walnut, paint, tin foil, and 
traces of linen, H. 68.6 cm 
(27 in.). The Metropoli-
tan Museum of Art, The 
Cloisters Collection, 1967 
(67.153) 

Figure 4 ◆ Virgin and 
Child in Majesty. Also 
known as the Mor-
gan Madonna. France, 
Auvergne (Puy-de-Dôme), 
late 12th century. Walnut, 
paint, tin foil, and traces 
of linen and parchment, 
H. 76.8 cm (311/4 in.). The 
Metropolitan Museum 
of Art, Gift of J. Pierpont 
Morgan, 1916 (16.32.194)
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the Romanesque period, he established a chro-
nology of evolving styles in polychromy from 
the twelfth to the thirteenth century, with  
earlier linear tendencies leading to a smoother 
modeling of form with color.13 

Considering the seeming contradictions 
between sculpted forms and painted surfaces 
described by Taubert, in 1980 Paul Philippot 
approached the study of Romanesque poly-
chromy in terms of geographical origin.14 He 
distinguished two types of polychromy prac-
ticed at the end of the twelfth century: “ger-
manique” and “méridionale.”15 The first style, 
represented by the Forstenried Crucifix, intro-
duces tension between the sculpture’s three-
dimensional forms and the linearity of the 
anatomical details, including facial features, 
added in paint. The Madonna by Presbyter 
Martinus  —  originally from the Camaldolese 
abbey in Borgo San Sepolcro, near Arezzo 
(Italy), and now in the Skulpturensammlung 
und Museum für Byzantinische Kunst in  
Berlin (inv. no. 29; Figure 6)  —  exemplified for 
Philippot the second style of polychromy, in 
which the painting closely follows the sculp-
ture’s form, enhancing its modeling. 

In the early 1970s in Belgium, while 

the Frauenberg Crucifix in the parish church of 
Saint George in Frauenberg (Rhineland); and 
the Cappenberg Crucifix in the abbey church 
of Saint John the Evangelist in Cappenberg 
(Westphalia)  —  uncovered earlier layers of 
polychromy in remarkably good condition, 
revealing nearly complete decorative schemes.7

This initial attention to early medieval poly-
chromy led to observations regarding the 
dichotomy between the use of color to define 
form and for linear or decorative accents. In 
1962 and 1967 Johannes Taubert and Fritz 
Buchenrieder focused on the relationship 
between sculptural form and painted surfaces, 
notably on the Forstenried Crucifix (ca. 1200; 
Figure 5).8 Taubert’s struggle to define the 
Romanesque style, based on his observations 
of the Crucifix and a large number of other 
polychrome works, led him to choose the word 
“irrational” to describe the relationship 
between form and color: “Dieses merkwürdige 
Verhältnis der Farbgebung zur plastischen 
Form möchten wir ‘irrational’ nennen, die 
Realität der plastischen Form ist nicht bindend 
für die Farbgebung.”9 (One could call this 
strange tension between color and form “irra-
tional,” as the physical form has no obvious 
relationship to the polychromy.) For example, 
on Christ’s perizonium, or loincloth, he notes 
three “sides” in three different colors: silver for 
the front, red for the lining, and “eine dritte 
Seite,” painted blue, which has no distinct 
identity.10 Ernst Willemsen later characterized 
the Romanesque polychromy on the twelfth-
century Frauenberg Crucifix as having a con-
ceptual flatness leading, in certain parts, to a 
visual negation of the sculpture’s volume.11 

In Switzerland, Thomas Brachert examined 
the wide variety of surface treatments on three 
Romanesque sculptures, each an Enthroned 
Virgin and Child, noting the use of contrasting 
colors, translucent glazes, and the presence or 
absence of shading and highlights, as well as 
floral and geometric patterns on the gar-
ments.12 Brachert later produced a compen-
dium tracing the evolution of techniques used 
on western European painted sculpture. For 

Figure 5 ◆ Forstenried  
Crucifix. Germany,  

ca. 1200. Alder, paint, and 
silver leaf, H. 176.0 cm 

(69 ⅜ in.). Parish church  
of the Holy Cross in  
Forstenried, Munich
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examining and treating a sculpture of Christ 
from the Church of Saint-Denis in Forest (Brus-
sels)  —  dated to the last decades of the twelfth 
century and likely produced in medieval Bra-
bant  —  Agnes Ballestrem found both oil- and 
water-based binders, used separately on differ-
ent areas of the sculpture.16 A few years later, 
two Romanesque Sedes Sapientiae were studied 
by Myriam Serck-Dewaide: one in the Church 
of Saint Peter in Bertem in Flemish Brabant 
and the other, originally from Hermalle-sous-
Huy in Wallonia, now in the Musées Royaux 
d’Art et d’Histoire in Brussels (inv. no. 1001). 
Oil was detected here as well, in the second 
ground layer and in several paint layers, where 
an oil-protein emulsion may have been used.17 
Serck-Dewaide also pointed out the symbolism 
of the original color scheme, characterizing 
the blue of the Bertem Virgin’s mantle as a rep-
resentation of her humanity and the golden 
yellow of the Child’s mantle as an indication of 
his divinity. In a later study of the eleventh-
century Tancrémont Crucifix in the town cha-
pel of Pepinster in Wallonia, Serck-Dewaide 
compared traces of red circles and ovals on 
Christ’s colobium to patterns on early Byzan-
tine textiles.18 

During the 1980s, collections in Hildesheim, 
Cologne, and Stuttgart published comprehen-
sive catalogues that included technical entries 
for Romanesque sculptures.19 Hans Westhoff 
undertook a detailed reexamination of the 
well-preserved Freudenstadt Lectern (mid-
twelfth century), which revealed a vivid color 
scheme using ten different pigments, in addi-
tion to silver leaf. Other features he reported 
include the absence of pigment mixtures, lay-
ering of colors to obtain tonal nuances, the use 
of painted decorative patterns, and extensive 
rendering of shading and highlights through 
the application of contrasting colors.20 

In Sweden, Peter Tångeberg pursued a com-
prehensive technical study of Romanesque 
sculpture, focusing on the late twelfth-century 
crucifix located in the Hemse Church on Got-
land.21 His findings, including the use of an oil 
technique that allowed for smoother transitions 

in the modeling of form, led him to question 
both Taubert’s concept of the “irrational” 
nature of Romanesque polychromy and Brach-
ert’s progression from a more linear style to the 
smoother modeling of form using color over the 
course of the twelfth and thirteenth centuries. 

Several seminal technical studies on 
Romanesque sculpture have appeared in Nor-
way as well. Building on strong scientific con-
tributions from the early 1960s and 1970s, Unn 
Plahter focused on the materials and tech-
niques of polychrome sculpture and painted 
altar frontals, observing differences between 
twelfth- to early thirteenth-century works and 
those dating to the middle of the thirteenth 
century.22 With Katerina von Salis Perch-

Figure 6 ◆ Presbyter Mar-
tinus. Madonna. Central 
Italy, 1199. Poplar and 
paint, 184.0 x 54.0 cm  
(723/8 x 211/4 in.). Staat-
liche Museen zu Berlin—
Preuβischer Kulturbesitz 
Skulpturensammlung und 
Museum für Byzantin-
ische Kunst (inv. no. 29) 
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Despite growing knowledge of the period, 
much is still unknown about the technical 
aspects of French Romanesque polychrome 
wood sculpture. In earlier publications, only 
brief mention was made of examinations or 
analyses.28 French monumental stone sculpture 
provides useful parallels to works in wood, not-
withstanding obvious differences in scale as 
well as material. The importance of polychromy 
to stone sculpture was highlighted by the 
extensive technical analyses performed in the 
Laboratoire de Recherche des Monuments His-
toriques (LRMH). They demonstrated, for 
example, that the original polychromy of the 
monumental Coronation of the Virgin from the 
Cathedral of Notre-Dame in Senlis, dating to 
the end of the twelfth century, enhanced the 
sculptural forms and added decorative elements 
not carved in the stone.29 Only recently Jean-
René Gaborit and Dominique Faunières pub-
lished a monograph on the mid-twelfth- 
century Enthroned Virgin and Child (R.F. 987) 
from central France in the Musée du Louvre, 
which provides a technical description of the 
sculpture’s construction in wood as well as 
information on its original polychromy.30

A certain consensus emerges from these 
technical studies, primarily in regard to the 
high quality of craftsmanship in twelfth-century 
Europe. There are, however, diverse scholarly  
approaches to Romanesque polychromy, stem-
ming from the difficulty of describing the com-
plex relationship between painted surface and 
sculptural form and reflecting the dissenting 
opinions stated by Taubert, Philippot, and 
Tångeberg. Nonetheless, unexpected discover-
ies such as the use of oil on twelfth-century 
sculpture play a significant role in illuminating 
the evolution of techniques in the history of 
European art. At this stage, making any broad 
distinction between northern and southern 
styles of polychromy seems premature, given 
the number of sculptures remaining to be stud-
ied in Italy and Spain and the variety of styles 
and manufacturing techniques that developed 
simultaneously in the north of Europe during 
this period. 

Nielsen, she demonstrated that the source of 
chalk found in ground layers on Norwegian 
sculptures changed over time. For the period 
1100–1250, chalk with fossilized coccolith 
inclusions was traced to beds located in the 
“English Channel regions.”23 In addition to 
developing a database of materials and tech-
niques for Norwegian medieval sculpture, Kaja 
Kollandsrud and Tine Frøysaker addressed the 
broader question of local versus imported 
manufacturing traditions, particularly in a 
detailed examination of the twelfth-century 
Calvary Group in Urnes Stave Church.24 This 
study argues that the sculpture was produced 
locally, by native artists, but also highlights the 
active exchange of materials and technical 
skills within Scandinavia and with the rest of 
Europe.

In Italy, in the 1990s, Barbara Schleicher 
examined and treated four Romanesque cruci-
fixes. Of particular interest is her comparison 
of the twelfth-century polychromy uncovered 
on the monumental Volto Santo from San-
sepolcro to that on the Presbyter Martinus 
Madonna in Berlin.25 For example, similar lin-
ear scrollwork applied in black paint and rows 
of small painted white dots evoking delicate 
pearls were found in various sections of the 
gilded borders on both sculptures; she also 
observed that the modeling techniques used 
for the flesh tones are comparable. 

Few studies of a scientific nature have been 
published on Spanish Romanesque sculpture. 
Technical notes from an examination of the  
Isabella Stewart Gardner Museum’s Crucified 
Christ (S31e2), probably executed in the Cata-
lan Pyrenees about 1150, were published in an 
exhibition catalogue in 2001.26 A more recent 
exhibition of Romanesque art in Barcelona 
made possible a technical study of the well-
preserved twelfth-century Batlló Crucifix from 
the region of Olot, near Girona, now in Barce-
lona’s Museu Nacional d’Art de Catalunya (inv. 
no. 15937), a sculpture often cited in past litera-
ture for its remarkable colobium, with blue and 
red floral designs imitating patterns seen in 
Oriental silks.27  
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construction 
Little is known about wood-carving practices 
during the early Middle Ages, but the selection 
of wood species for sculpture does seem to 
have been guided mostly by local availability.31 
Still, the wood used for the four sculptures at 
issue here came from deciduous trees that 
were not necessarily the most abundant spe-
cies in Burgundy and Auvergne, suggesting a 
conscious choice of materials. Identification of 
the wood species was carried out by micro-
scopic examination of thin sections; X-ray 
radiography supplemented visual examination 
of construction techniques.

The Autun Virgin and Child was made from 
birch (Betula sp.), a relatively fine-grained 
wood native to Burgundy.32 The sculpture was 
carved, for the most part, from a single block 
of wood, the only separate element being the 
Child’s head, now lost, which was attached 
using a dowel. The corresponding hole in the 
torso measures approximately 1 cm in diameter 
and 3 cm in depth. On the reverse of the sculp-
ture, the carved drapery stops at the opening of 
two rectangular cavities roughed out with an 
adze and a chisel (Figure 7). Such cavities are 
frequently seen on the back of medieval 
wooden sculptures, resulting from removal of 
the core of the log in order to minimize forma-
tion of radial cracks. Each of these two cavities 
was originally closed off with a wooden board, 
now lost, fitted into rabbets cut along the edges 
of the rectangular openings and secured with a 
small, square-section iron nail in each corner. 
A cylindrical opening (max. ∅ 3.5 cm) between 
the upper and lower cavities was carved 
through the seat of the throne. Traces of origi-
nal polychromy visible on the sculpture’s back 
suggest the sculpture was meant to be seen 
from all sides. 

The carved surfaces of the Autun Virgin and 
Child are the least refined of the four sculp-
tures in this group. Tool marks, probably pro-
duced with a knife and a chisel, are currently 
exposed but were obviously meant to be 
obscured by the sculpture’s polychromy. The 
corrugated folds of the Virgin’s mantle, the 

ovoid shapes suggesting the roundness of her 
shoulders (Figure 8), the tight folds on her fore-
arms (Figure 9), and the undulating horizontal 
lines on her chest all reveal occasionally 
uneven cuts. On broader surfaces, fine tool 
marks vary in orientation, never quite follow-
ing the sculpture’s contours. No evidence was 
found for the use of gouges. 

The Torso of Christ is carved from poplar 
(Populus sp.), a soft, fine-grained wood that has 
been identified in other sculptures from 
Auvergne.33 Modeling of the torso and of the 
folds on the perizonium was skillfully executed 
with chisels and shallow gouges. Because it 
once rested against a cross, the upper back of 
the Torso is only loosely defined. A rectangular 

Figure 7 ◆ Autun Virgin 
and Child. Reverse, show-
ing rectangular cavities 
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section, slightly tapering pegs (max. 1.2 x 
1.2 cm), one of which is still in place on the 
right edge of the perizonium’s central folds, 
directly above an unpainted border approxi-
mately 10 cm wide.

Similarly, Christ’s arms were mounted by 
inserting tenons into rectangular mortises  
(5.0 x 4.0 x 8.5 cm) gouged and chiseled out at 
the torso’s shoulders, each secured with a sin-
gle long peg tapering from 1.2 to 0.8 cm in dia-
meter. Strips of parchment, of which only traces 
are still present, covered the joins to ensure a 
seamless surface. Finally, a hole (∅ 1.8 cm x  
3.0 cm deep) was excavated in the torso’s tho-
rax. The cavity serves no structural purpose 
and may have been a relic compartment.37 

The Montvianeix and Morgan Madonnas 
share many stylistic features, on the basis of 
which they have been attributed to a single 
workshop. The two sculptures are therefore dis-
cussed together here to avoid repetition. Both 
were sculpted from European walnut (Juglans 
regia), a wood favored in the south of France 
and frequently identified in twelfth-century 
sculpture from Auvergne.38 The sculptures are 
meticulously carved, with surfaces indicating a 
notable sharpness of tools and steadiness of 
hand. On both, parallel chisel marks, tightly 
spaced and less than 1 cm wide, as well as tool 
marks left by knives and gouges, rhythmically 
define the drapery’s elliptical folds. The remark-
ably slender radiating grooves that elaborate the 
Child’s hair were fashioned using a knife and 
small chisel (Figure 11).39 The sculptures were 
finished in the round for use in processions.40 

recess below the hips displays tool marks that 
suggest the use of an ax, an adze, and chisels. 
The reverse was not painted, and there is no indi-
cation that the cavity had ever been closed off. 

The figure of Christ was carved from at least 
six separate pieces of wood, with the head, 
arms, and legs joined to the torso.34 All of these 
attached elements are now missing. A dowel 
extending from Christ’s head would have been 
inserted in the deep hole found on the torso 
(Figure 10). At the top of the sternum, a small 
wooden peg (∅ 0.5 cm) secured this joint and 
also prevented the head from pivoting. Two 
small peg holes (0.5 x 0.5 cm) located near the 
collarbones may have been used to mount sep-
arately carved strands of hair falling onto 
Christ’s shoulders.35 Traces of finely painted 
wisps of hair on top of original flesh tones on 
the clavicles support this hypothesis. Tenons at 
the tops of Christ’s legs were inserted into two 
mortises (5.0 x 5.5 x ca. 12 cm) located under-
neath the perizonium. These two cavities were 
started with an auger and squared off with a 
chisel.36 The legs were secured with square-

Figure 9 ◆ Autun Virgin 
and Child. Detail  

showing tool marks on 
the Virgin’s sleeve 

Figure 8 ◆ Autun Virgin 
and Child. Detail with 

carved ovoid shapes on 
the Virgin’s right shoulder 
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The two sculptures were assembled from 
several sections of wood with relatively few 
natural defects. The joinery consists of wooden 
dowels, with plain-weave linen covering the 
seams.41 A strip of parchment located on the 
top of the Morgan Madonna’s right hand was 
similarly applied to cover a crack that had 
appeared before the application of the ground. 
For each sculpture, the torso and legs of both 
Virgin and Child as well as the throne’s seat, 
cushion, and base were carved in one piece. 
The heads, each Child’s forearms and feet, and 
the columns of both thrones were added to 
this main section. A single large dowel was 
used to attach the heads to their respective 
bodies (Figure 12).42 On both sculptures, the 
feet of the Child were joined directly to the 
underside of his tunic. Rounded cavities that 
would each have received a tenon or dowel are 
visible beneath each side of the Montvianeix 
Child’s tunic; on the Morgan Madonna, the 
cavities presumed to be present are not acces-
sible for examination. In both cases, two small 
rectangular pegs (4.0 x 5.0 mm) inserted from 
the front, just above the hemlines, served to 
secure the joins.

The thrones demonstrate interesting con-
structions, each combining a main section with 
separate “structural” elements that give the 
illusion of an elegantly supported seat. The 
Montvianeix Virgin’s throne originally incorpo-
rated five separate posts, carved to simulate 
two tiers of columns, forming a seat with a high 
back (Figure 13). The lower columns, octagonal 
in section and including both a base and a capi-
tal, are positioned to suggest that they support 
the connecting arches. In effect, the arches are 

an integral part of the throne, while the posts 
are simply recessed into the solid wood of both 
base and seat and secured with long wooden 
dowels.43 The single intact upper column ter-
minates in a distinctive round knob and has a 
slot extending from base to capital cut into its 
round shaft (Figure 14). Presumably, the other 
four columns also had such slots, which would 
have held separately made panels that com-
pleted the throne’s high back.44 The Morgan 
Madonna’s throne was constructed in identical 
fashion, except that it has only a single tier of 
columns and therefore no high back. 

Finally, there are concealed relic compart-
ments placed on the left shoulder blade of both 
the Montvianeix and Morgan Madonnas. The 
Montvianeix Virgin has a small, round wooden 

Figure 10 ◆ Torso of Christ. 
View of top showing 
mortise used to attach 
head. The hole measures 
4.0–4.7 cm in diameter 
and 11.0 cm in depth. 

Figure 11. ◆ Morgan 
Madonna. Detail showing 
tool marks on the Child’s 
head

Figure 12 ◆ Morgan 
Madonna. The Virgin’s 
head detached from body
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plug (∅ ca. 1.2 cm; Figure 15) concealing a  
cylindrical cavity containing unidentifiable 
radiopaque flakes, possibly the remains of a 
relic (Figure 16). In contrast, the Morgan 
Madonna has a much larger, rectangular plug 
(4.3 x 3.0 cm) elegantly positioned to fit within 
the folds of the surrounding drapery (Figures 17, 
18). To judge from the radiographs, the relatively 
deep trapezoidal recess does not contain any 
radiopaque materials and could very well be 
empty (Figure 19). Radiographs also revealed 
that the rectangular plug on the Morgan 
Madonna’s chest, on occasion misconstrued as 
the closure for a reliquary compartment, in fact 
has no cavity behind it.45  

Figure 13 ◆ Montvianeix 
Virgin and Child. Reverse

Figure 14 ◆ Montvianeix 
Virgin and Child. Detail of 

proper right side

Figure 15 ◆ Montvianeix 
Virgin and Child. Detail  

of reverse showing  
the plug sealing the  

reliquary compartment

Figure 16 ◆ Montvianeix 
Virgin and Child.  

Detail of X-ray radio-
graph, showing plug and 

cylindrical compart-
ment with unidentified 

radiopaque flakes
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polycHromy  
The presence of overpainting, as well as the 
degradation and fragmentary survival of the 
original surfaces on these sculptures, made 
sampling and analysis a delicate process. The 
Autun Virgin and Child displays only islands 
of paint, for the most part related to at least 
four subsequent applications of polychromy. 
The decorative scheme currently visible on the 
Torso of Christ represents the first overpainting, 
which can be dated on iconographic grounds to 
the thirteenth or fourteenth century. Although 
the Montvianeix and Morgan Madonnas 
exhibit significant passages of twelfth-century 
paint, widespread losses reveal large areas of 
bare wood.46 After careful examination of the 

sequence of paint layers under magnification, 
samples of original paint in the form of dis-
persed pigments were analyzed using polar-
ized light microscopy (PLM). Paint flakes were 
prepared as cross sections for microscopic 
examination with both reflected visible and 
ultraviolet light.47 Selected samples were  
further analyzed using X-ray diffraction (XRD), 
scanning electron microscopy-energy disper-
sive X-ray spectrometry (SEM-EDS), Fourier 
transform infrared spectroscopy (FTIR), atten-
uated total reflection Fourier transform infra-
red spectroscopy (ATR-FTIR), and Raman 

Figure 17 ◆ Morgan 
Madonna. Reverse

Figure 18 ◆ Morgan 
Madonna. Detail of 
reverse showing sealed 
reliquary compartment

Figure 19 ◆ Morgan 
Madonna. Detail of X-ray 
radiograph showing plug 
in the Madonna’s chest
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blue mantle and its undulating yellow lining. 
The painted lines contain carbon black with a 
small number of vermilion particles. Analyses 
of the yellow and black paints indicate the use 
of a binder containing both oil and protein, 
with a proportionately greater amount of oil. 

The Virgin’s elongated face, framed by waves 
of black hair, retains only traces of original 
paint, which precludes evaluation of any pos-
sible nuances in the original rendering of the 

spectroscopy.48 The red glazes were analyzed 
by surface enhanced resonance Raman scatter-
ing spectroscopy (SERRS) to identify the colo-
rant.49 When enough original material survived 
to allow sampling, binding media were further 
characterized with gas chromatography-mass 
spectrometry (GC-MS) and high performance 
liquid chromatography (HPLC).50 A summary 
of the results obtained from the analyses is 
reported in Table 1 (see pages 60–61).

Autun Virgin And cHild
Originally, the Autun Virgin and Child had a 
relatively simple color scheme, with only solid, 
contrasting colors setting apart the different 
carved elements of the two figures (Figure 20). 
The stratigraphy of the sculpture’s polychromy 
is equally straightforward, with only a single 
layer of paint in most areas. The sculpture has 
a lead white ground, applied in two layers, with 
a combined thickness of 50–100 μm. The Vir-
gin’s mantle was painted blue, using a thin 
layer of ultramarine (thickness ca. 30 μm) 
mixed with a small number of lead white par-
ticles. Traces of the same blue paint were also 
found on the Child’s book. The Virgin’s robe 
was painted with a thick green glaze (ca. 100 
μm), identified as verdigris in an oil-based 
medium, which was applied directly on top of 
the lead white ground (Figure 21).51 The Child’s 
red robe was produced using a lac glaze over a 
layer of vermilion. The lac was identified based 
on the presence of laccaic acids, unique to the 
body and eggs of the lac insect, Kerria lacca 
(Kerr).52 This stratification is also found on the 
collar of the Virgin’s robe and the strikingly 
wide sleeves.

The same yellow paint  —  a thin layer (30–60 
μm) of orpiment —  was used for the Child’s 
mantle and for the lining of the Virgin’s mantle. 
A very pale orange appears on the collar of the 
Child’s mantle, where the orpiment is mixed 
with small particles of vermilion, rendering it 
warmer in tone. Emphasizing the animated lin-
earity of the carving, powerful black lines demar-
cate the borders and folds on the Child’s yellow 
mantle and the juncture between the Virgin’s 

Figure 20 ◆ Autun Virgin 
and Child. Reconstruction 
of polychromy. Gray fields 

represent areas where 
the original color is not 

known, either because no 
original pigments were 

found or because the 
element is modern. The 

throne’s proper left front 
leg is lost. 

Figure 21 ◆ Autun Virgin 
and Child. Cross section 

from the Virgin’s robe: 
(1) lead white ground; 

(2) translucent verdigris 
glaze; (3 and 4) ground 

and green layer, both from 
first overpainting. Origi-

nal magnification 200x

4

3

2

1
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skin tones. The original paint contains vermilion 
particles in a lead white matrix. Analytical 
results indicate that the ratio of oil to pigment 
is even greater in the flesh tones than in other 
paint layers, although this may derive in part 
from oils absorbed from subsequent layers of 
overpaint. The Virgin’s irises are distinguished 
by bulging beads of blue glass, pressed into 
carved recesses.53 Irises and eyes both were 
outlined with carbon black paint. 

Torso of ChrisT
The polychromy currently visible on the Torso of 
Christ is the first overpainting, which was 
exposed after the removal of three subsequent 
campaigns preserved only in isolated areas, dur-
ing a conservation treatment carried out after 
the sculpture was acquired by the Museum;54 
only the original layers beneath the first over-
painting are described and characterized here 
(Figure 22). A single lead white ground layer, 
varying in thickness from 20 to 50 μm, was 
applied directly to the wood. The upper body 
was originally covered with two coats of flesh-
colored paint: a thinner, paler layer on top of a 
darker one, both composed of vermilion in a 
lead white matrix with occasional particles of 
red lead (Figure 23). The skin tones appear 
nuanced from a very light whitish pink on the 
sides to warmer pink tones on the chest. The 
torso’s anatomy, particularly the sternum and 
concave stomach, is emphasized by narrow, dark 
green lines of a semitransparent verdigris glaze 
with an oil-rich medium (Figure 24).55 Carbon 
black mixed with a few vermilion and red lead 
particles was found in the paint used to draw 
two concentric black circles around Christ’s 
nipples and to simulate hair under the arms and 
in wisps on the shoulders. Three long streaks of 
vermilion paint represent blood running from 
the wound on Christ’s right side.56 

The original blue perizonium, now obscured 
by red overpaint, was rendered with a layer of 
ultramarine over a pale blue preparation con-
taining lead white and minute dark blue par-
ticles of indigo (Figure 25). Media analyses sug-
gest the use of protein and oil, possibly in an 

egg medium, in both layers. The perizonium 
was adorned with a pattern of squares, either 
solitary or in clusters of a single large square 
with a smaller one at each corner. Although 
much of this decoration has been lost, rem-
nants were identified as tin foil coated with an 
amber-colored oil-resin varnish.57 This tech-
nique is similar to those for imitating gold leaf 
described by Theophilus in De diversis artibus, 
and in the third book of the Eraclius manu script, 

Figure 22 ◆ Torso of 
Christ. Reconstruction of 
polychromy 

Figure 23 ◆ Torso of Christ. 
Cross section from flesh 
area, near navel: (1) lead 
white ground; (2 and 3) 
vermilion in lead white 
matrix with red lead 
particles; (4 and 5) trans-
lucent isolation layer and 
large crystals of vermilion 
in lead white matrix, both 
from first overpainting. 
Layers 2 and 3 represent 
darker and lighter flesh 
tones. Original magnifica-
tion 500x

54
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2

1
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may have been embellished with metal sheet.60 
Along the edges of the exposed bands on the 
hips, a series of small, regularly spaced holes 
surrounded by rings of slightly compressed and 
discolored wood, as well as two square holes 
(each 0.5 x 0.5 cm) on the perizonium’s lower 
border, lend further credence to this theory. 

montViAneix Virgin And cHild 
The polychromy on the Montvianeix Virgin 
and Child is rather more sophisticated than 
the earlier two examples, and not only because 
of its elaborate decorative scheme, which 
included stylized representations of semipre-
cious stones on the throne (Figure 27). Com-
plexity in terms of manufacture is demonstrated 
by the superposition of paint layers, by the use 
of applied relief decorations, and by the pres-
ence of three different formulations for red 
tones on the garments and throne. A fourth 
was used for the flesh tones. Like the Torso of 
Christ, the sculpture has a single lead white 
ground layer applied directly to the wooden 
surface, varying in thickness from 20 to 50 μm. 

De coloribus et artibus romanorum.58 Adhered 
directly to the lead white ground, these geo-
metric ornaments were outlined in black after 
the blue paint was applied. 

The upper section of the perizonium, draped 
in two partly overlapping loops on each of 
Christ’s hips and gathered in vertical folds fall-
ing down his sides, displayed alternating bands 
of red, light green, and blue, separated with 
bold black lines (Figure 26).59 The original 
appearance of a fourth band remains uncertain, 
as only bare wood survives in these areas. The 
blue bands decorated with fine yellow arcs 
were executed in ultramarine and orpiment, 
respectively. A mixture of orpiment and indigo 
was used to paint the light green bands; the red 
bands are vermilion, with a layer of orpiment 
applied on top for the borders. Traces of paint 
surrounding the knot seem to indicate a similar 
combination of red, light green, and blue bands.

As indicated above, bands on the hips and a 
10-cm-wide border on the bottom of the peri-
zonium have no traces of original polychromy or 
ground, giving rise to the hypothesis that these 

Figure 24 ◆ Torso of Christ. 
Detail with arrows indi-

cating anatomical features 
painted in green, still 

faintly visible through the 
heavily abraded overpaint

Figure 25 ◆ Torso of Christ. 
Cross section from the 

perizonium: (1) lead  
white ground; (2) indigo 

in lead white matrix;  
(3) ultramarine with col-

orless mineral inclusions; 
(4 and 5) vermilion and 

red glaze, both from first 
overpainting. Original 

magnification 500x

Figure 26 ◆ Torso of Christ. 
Detail of three-quarter 

view 
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Traces of calcium carbonate found near the 
joins on the base and the throne are presum-
ably the remains of a fill material used to 
obscure the seams. 

The Virgin is wearing a blue mantle painted 
with ultramarine in an egg medium, applied 
over a gray preparation containing lead white 
and carbon black.61 This layering is reminis-
cent of veneda, a water-based technique 
described by Theophilus, in which blue or 
green paints were applied over an opaque gray 
preparation layer in order to increase their 
intensity.62 The Virgin’s mantle was embel-
lished with a pattern of lozenges with sides 
measuring approximately 1.2 cm, most of 
which are now lost (Figure 28). As on the Torso 
of Christ, this decoration was created with tin 
foil covered by a translucent yellow oil-resin 
mixture, almost certainly to give the gray 
metal a golden tint. The main component of 
this coating is a drying oil, probably linseed, 
with traces of conifer resin. Evidence of similar 
glazed tin decorations was observed on the 
borders of the Virgin’s mantle running across 
her forehead and along the lower hem.63 

On the Virgin’s back, a contrasting dark red 
suggests a separate veil, although the presence 
of an additional garment is not defined in the 
carving (see Figure 13). The color was created 
by applying a lac glaze over an opaque layer of 
red ocher, which contains both dolomite and 
calcite as accessory minerals (Figure 29). A 
second, luminous red enhances the Virgin’s 
robe, created with the same red glaze over a 
bright vermilion paint. The third red formula-
tion is the bright pink of the Virgin’s robe lining, 
visible inside the wide sleeves. Here, it appears 
that precipitated lac was ground and used as a 
pigment, mixed with lead white (Figure 30).64 

The Child’s mantle is rendered in the same 
dark red paint that was found on the Virgin’s 
back. It is also studded with small tin-relief 
decorations in the form of ringed domes 
within squares (0.8 x 0.8 cm; Figure 31).  
Measuring up to 1.2 mm in thickness, these 
ornaments have a greater volume than tin foil 
alone. When sampled and viewed in cross 

Figure 27 ◆ Montvianeix 
Virgin and Child. Recon-
struction of polychromy. 
The book is a modern 
replacement. The upper 
columns do not survive. 

Figure 28 ◆ Montvianeix 
Virgin and Child. Detail of 
the Virgin’s mantle, with 
arrows indicating glazed 
tin-foil lozenges



54  ◆ kargère and rizzo

luminous red also found on the Virgin’s robe, 
with the recesses in the carving painted black. 
The shafts of the lower columns were painted 
with alternating bands of green and red to  
suggest fluting.67 The single remaining upper 
column does not retain sufficient paint to 
determine the original appearance of its shaft. 
The underside of the seat is brown, a mixture 
of vermilion and carbon black. No traces of 
original polychromy could be found on the 
arches of the throne. Finally, the same bright 
pink used for the lining of the Virgin’s robe 
recurs on her cushion, which is decorated with 
a row of white quatrefoils separated by black 
and white vertical bars. 

The flesh tones of the Virgin were rendered 
using a red pigment as well: vermilion in a 
matrix of lead white, which was applied after 
all the other polychrome surfaces were com-
pleted (Figure 34). The paint contains a drying 
oil, possibly linseed. This same medium was 
found in a discrete translucent pale yellow 
layer between the ground and the skin tones, 
which likely served to prevent the ground layer 
from absorbing the binding medium of the 
pink paint. Because of the scarcity of the origi-
nal twelfth-century polychromy in the flesh 
tones, it is not possible to reconstruct its origi-
nal appearance. Still, the oil-rich paint would 
have imparted a lustrous appearance to the skin. 
The Virgin’s eyes have carbon black pupils sur-
rounded by ultramarine irises, in turn bordered 
by a thin line of carbon black. Carbon black 
paint was also used to outline her eyelids and to 

section, the reliefs are found to consist of three 
layers: a fill mass, identified as calcium carbon-
ate in a protein binder; tin foil; and an amber-
colored oil-resin coating. These delicate appli-
qués, likely created by lining a mold with tin 
foil and filling it with the calcium carbonate 
paste, were cut to shape and adhered with glue 
to the mantle’s red ocher layer before the lac 
glaze was applied. The Child’s tunic was 
painted with an oil-rich green glaze containing 
verdigris, uniformly applied over an opaque 
light green layer of verdigris and lead white 
in an oil-protein medium. 

The double-tiered throne was decorated 
with finishes that evoke different types of col-
ored stone. The throne’s seat is enhanced with 
red veining on an opaque black background, 
suggesting banded red jasper. The back of the 
throne’s base is painted with the dark red also 
found on the Child’s mantle and on the Virgin’s 
back, enlivened with flecks of red (vermilion), 
orange (a mixture of vermilion and orpiment), 
and scattered specks of yellow (orpiment) 
(Figures 32, 33). This surface recalls red por-
phyry, a stone that was often used as a mark 
of imperial prestige but also venerated as a 
symbol of Christ’s sacrifice.65 The front of the 
base is painted in imitation of green marble or 
porphyry, an effect achieved by applying inter-
mittent bars of a dark copper green glaze over 
a continuous and opaque pale green layer, the 
same technique used for Christ’s tunic.66

The capitals and bases of the throne’s double 
row of columns were executed with the 

Figure 29 ◆ Montvianeix 
Virgin and Child.  

Cross section from the  
Virgin’s red mantle on the  

reverse: (1) traces of lead  
white ground; (2) red 

ocher; (3) lac glaze.  
Original magnification 

500x

Figure 30 ◆ Montvianeix 
Virgin and Child. Cross 

section from the pink  
lining of the Virgin’s robe: 

(1) lead white ground;  
(2) lead white and lac. The 

ground layer is particu-
larly thick because sample 
was removed from recess. 

Original magnification 
500x

Figure 31 ◆ Montvianeix 
Virgin and Child. Detail 

of tin-relief decoration on 
the Child’s mantle. Origi-

nal magnification 6.4x 
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define her eyebrows. Finally, the Virgin’s wavy 
hair was painted a dark brown obtained from a 
mixture of vermilion and carbon black. 

morgAn mAdonnA 
At first glance, the original polychrome deco-
ration on the Morgan Madonna may appear 
more restrained than that of the Montvianeix 
Virgin and Child, but it is no less sophisticated 
(Figure 35). Although the Child’s mantle lacks 
the multitude of metal decorations found on its 
Montvianeix counterpart, bands with similar 
tin-relief decoration enhance the hems of the 
Virgin’s sleeves and the seat rails of her throne. 

The lead white ground layer on the sculpture 
is comparable to that found on the Montvianeix 
Virgin and Child. The paint stratification on 
the Morgan Madonna’s blue mantle is also 
virtually identical, consisting of an ultramarine 
paint bound with an egg medium over a gray 
preparation layer (Figure 36).68 Her robe was 
also painted in the same luminous red, 
achieved with the use of a lac glaze over ver-
milion, as noted on the Montvianeix Virgin. 
The bands of tin-relief decorations (ca. 1.4 cm 
wide) are composed of alternating ringed 
domes and lozenges separated by thin raised 
borders (Figure 37). The ringed domes are very 
close in form to the tin-relief decorations on 
the Montvianeix Child. The technique used to 
make them is also similar, except for the com-
position of the fill mass, which on the Morgan 
Madonna presents three distinct layers. First, 
a mixture of calcium carbonate and calcium 

sulfate was used to partially fill the tin-lined 
mold, followed by a layer of calcium sulfate, 
and a final layer of calcium carbonate. The 
relief was adhered to the white lead ground 
with a glue (Figure 38).69 Unfortunately, the 
surfaces of all the extant tin foil are too adul-
terated for the presumed presence of an origi-
nal glaze to be confirmed.70 

The Virgin’s red robe has a green lining, 
which is painted with a mixture of indigo and 
orpiment. This color is repeated on her cushion 
as a background to light blue (ultramarine and 
lead white) quatrefoils (Figures 39, 40), very 
similar in design to the bright pink quatrefoils 
found on the Montvianeix Virgin’s cushion.

The Child’s dark red mantle, made from 
paint of the same shade and composition as the 
Montvianeix Child’s mantle, features a wide 
lead white border with a thin carbon black 
edge on the cloth draped over his left shoulder 
and around his waist (Figure 41). The Child’s 
tunic was painted blue, with a stratification 
similar to that of the Virgin’s mantle. For the 

Figure 32 ◆ Montvianeix 
Virgin and Child. Detail 
showing porphyry pattern 
on top of the base 

Figure 33 ◆ Montvianeix 
Virgin and Child. Cross 
section from orange fleck 
in red porphyry pattern 
on the edge of the base 
near a column on back  
of throne: (1) calcium 
carbonate fill from joint; 
(2) red ocher; (3) lac glaze; 
(4) orpiment and vermil-
ion. Original magnifica-
tion 500x

Figure 34 ◆ Montvianeix 
Virgin and Child.  
Cross section from the 
Virgin’s flesh: (1) lead 
white ground with single  
vermilion particle;  
(2) translucent yellow  
oil; (3) vermilion in lead 
white matrix. Original 
magnification 500x
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be seen in the distinctive pleats on the Virgin’s 
chest and back. The works may have been 
made by different sculptors in the same work-
shop, or by the same master at different stages 
of his career. In fact, very little is known about 
studio practices and division of labor in the 
early Middle Ages: often wood carvers 
belonged to monastic institutions, following 
technological traditions developed and pre-
served in that environment. However, as evi-
denced in Étienne Boileau’s compilation of 
regulations for the wood-carvers’ guild, in 
thirteenth-century France the craft of wood 
carving was carried out and propagated by 
secular professionals as well.71 It is also pos-
sible that the polychromy on carved wood 
sculpture was executed by separate, special-
ized workshops. 

most part, only the gray preparation layer is 
visible today, which precludes a clear under-
standing of the tunic’s original appearance. 

The Morgan throne was decorated with a 
scheme of brilliant colors. Bands of orange,  
yellow, and bright red paint  —  composed of red 
lead with a few particles of red ocher, orpiment, 
and a vermilion glaze over red lead, respec-
tively  —  outline the otherwise black arches  
(Figure 42). As noted above, the seat rails were 
further embellished with continuous bands of 
glazed tin-relief decoration. The seat’s under-
side is painted with carbon black.

Finally, the paint stratigraphy found in the 
treatment of the flesh tones is similar to that 
observed on the Montvianeix Virgin and Child. 
The pink layer (vermilion and lead white) con-
tains an oil medium, isolated from the ground 
by a pale yellow translucent layer that has also 
been characterized as an oil. 

criticAl Assessment 
The Montvianeix and Morgan Madonnas pres-
ent a rare opportunity to compare two closely 
related variations of the Sedes Sapientiae form, 
perhaps produced in the same workshop in 
twelfth-century Auvergne. Comparison of tool 
marks indicates that the same types of tools 
and techniques were used to shape and join the 
walnut elements. Still, it is difficult to draw any 
conclusions from these observations, especially 
since the execution of the carving is generally 
more skilled on the Morgan Madonna, as can 

Figure 36 ◆ Morgan 
Madonna. Cross section 
from the Virgin’s mantle, 

viewed under visible light 
(left) and ultraviolet light: 

(1) lead white ground;  
(2) preparation layer con-
sisting of carbon black in 

lead white matrix;  
(3) ultramarine with 

colorless mineral inclu-
sions; (4) overpaint. UV 
illumination reveals that 
the gray preparation was 

applied in two layers. Vis-
ible magnification 200x

Figure 35 ◆ Morgan 
Madonna. Reconstruction 
of polychromy. Gray fields 

represent areas where 
the original color is not 

known, either because no 
original pigments were 

found or because the  
element is modern. 
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Figure 37 ◆ Morgan 
Madonna. Detail showing 
tin-relief decoration on the 
cuffs of the Virgin’s robe

Figure 38 ◆ Morgan 
Madonna. Cross section 
of tin-relief decoration  
on the throne: (1) lead 
white ground; (2) glue 
size(?); (3) calcium car-
bonate; (4) glue size(?);  
(5) calcium sulfate;  
(6) calcium carbonate  
and calcium sulfate; (7) 
corroded tin foil. Original 
magnification 200x 

Figure 39 ◆ Morgan 
Madonna. Detail of  
quatre foils on the  
cushion

Figure 40 ◆ Morgan 
Madonna. Cross section 
from a light blue quatre-
foil on green cushion:  
(1) lead white ground;  
(2) orpiment and indigo; 
(3) ultramarine in lead 
white matrix. Original 
magnification 500x

Results from the technical study of the 
twelfth-century paint layers establish striking 
similarities between the two sculptures. The 
palette, materials, and techniques used are 
almost identical. A high degree of consistency 
was found in the flesh tones  —  mixtures of ver-
milion and lead white in an oil-based medium, 
sealed from the ground by a discrete oil-based 
isolation layer  —  and in the use of a gray prepa-
ration below the ultramarine on the two Virgins’ 
mantles. Similarly, the use of materials to cre-
ate different red hues on the two sculptures is 
closely related. In this context, the identifica-
tion of lac in the red glazes is quite significant. 
Also noteworthy is the presence of dolomite 
with calcite as accessory minerals in the red 
ocher layers on both sculptures. While calcite 
has been identified in ochers from many locali-
ties in Europe, the presence of dolomite 
appears to be less common.72 Differences 
between the two sculptures include the use of 
red lead and of a green obtained with a mix-
ture of orpiment and indigo only on the Mor-
gan Madonna, and the presence of bright pink 
only on the Montvianeix Virgin, on the lining 
of her robe and on the seat cushion.

The identification of tin-relief ornaments of 
similar design on both sculptures provides yet 
more evidence of their close relationship. The 
noted difference in the compositions of the fill 
masses  —  calcium carbonate alone on the 
Montvianeix Virgin and Child, as opposed to 
the superposition of calcium carbonate, cal-
cium sulfate, and a mixture of the two on the 
Morgan Madonna  —  might reflect the differ-
ence in methods chosen to produce the smaller, 
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individual tin-relief ornaments on the Mont-
vianeix Virgin and Child versus the bands of 
reliefs on the Morgan Madonna.73

Although tin foil, along with gold and silver, 
was commonly applied to a variety of artworks 
in twelfth-century Europe, its use for relief 
ornament on sculptures of the period is quite 
rare. There are indications that tin-relief orna-
ment originated in the early Middle Ages, but 
the initial phase of its history is difficult to trace 
due to the rarity of surviving examples. This 
particular kind of relief decoration was not 
made using a pastiglia technique, whereby 
gesso ornaments are applied to a surface with a 
brush or by extrusion, nor are they pressmasse, 
which are decorations stamped or pressed in a 
paste or gesso with a die. Rather, they were 
made using a process that has been suggested in 
connection with a few Romanesque sculptures 
from northern Spain and central France.74 Thus 
far, instructions for producing tin-relief decora-
tions have been found only in later treatises, 
including the fourteenth-century Il libro dell’ 
arte by Cennino Cennini.75 The one known 
earlier written reference to possibly similar 
embellishments appears in the painters’ stat-
utes of Paris (1269) and London (1283), which 
forbade saddle makers to use glued ornaments 
“cast of tin,” since they would be insufficiently 
durable.76 No mention is made of their use on 
paintings or sculptures. 

In sum, the striking technical similarities 
identified support the traditional notion that 
the Montvianeix and Morgan Madonnas are 
closely related. In order to place these findings 
in a broader context, additional sculptures 
from Auvergne need to be examined.77 

As a larger group, the Museum’s four sculp-
tures present many of the characteristics of 
other Romanesque works described by past 
authors. Except for the Autun Virgin and 
Child, which is somewhat earlier in date, all 
were carved, joined, and finished with meticu-
lous care, a quality generally observed on 
Romanesque wood sculptures.78 Unlike works 
from many other areas of Europe, however, the 
three Auvergne sculptures share the feature of 

Figure 42 ◆ Morgan 
Madonna. Cross section 

from a red band on an 
arch of the throne:  

(1) calcium sulfate fill, 
from joint; (2) carbon 

black; (3) orpiment;  
(4) red lead with a few 
particles of red ocher;  

(5) vermilion glaze.  
Original magnification 

500x 

Figure 41 ◆ Morgan 
Madonna. Detail of 
reverse showing the  

white border and black 
outline, as well as the 

black painted detail  
of a curved fold, on the 

cloth wrapped under the 
Child’s right arm 

5

4

3

2

1



◆  59 TwelfTh-CenTury frenCh PolyChrome SCulPTure in The meTroPoliTan muSeum of arT

having been assembled from several pieces of 
wood  —  apparently a regional preference, as it 
was generally avoided elsewhere to reduce the 
risk that elements might detach.79 

The different styles of polychromy on the 
four sculptures illustrate the different 
approaches to the application of paint dis-
cussed by Taubert, Brachert, and others. Paint 
was applied in broad areas to enhance sculp-
tural forms and suggest volume, but it was also 
used to introduce linear or decorative accents 
not articulated in the carving. The different 
garments worn by the Autun Virgin were exe-
cuted using monochrome fields of paint, 
whereas each border and fold on the Child’s 
yellow mantle was firmly defined by bold black 
lines, resulting in a more graphic effect remi-
niscent of two-dimensional works of art. 

On the Torso of Christ, the various anatomi-
cal features indicated by dark green strokes 
challenge the naturalistic carving of Christ’s 
body. However, unlike the Forstenried Crucifix, 
on which the anatomy is defined by opaque 
white linear highlights and brown shadows 
with little gradation, on the Torso of Christ the 
green is applied in a semitransparent glaze, 
achieving a more gradual transition from line 
to underlying field. The use of a green glaze is 
reminiscent of an earlier Byzantine tradition, 
in which skin halftones on icons, wall paint-
ings, and manuscripts were modeled using a 
green preparation layer under thin applica-
tions of flesh-colored paint. Influenced by, or at 
least familiar with, this tradition, Theophilus 
also mentions using green paint (prasinus) for 
modulating flesh tones, either mixed into the 
base color or used for shadows.80

On the Montvianeix and Morgan Madonnas, 
the carved folds and the stylized hair ulti-
mately attain a more naturalistic appearance 
through the introduction of painted or 
applied details. Garments, nearly abstract in 
their folds, were made to appear more realistic 
by the addition of painted details not executed 
in the carving, such as a curved fold on the 
cloth draped over the shoulder of the Morgan 
Child’s mantle (see Figure 41). Similar 

attempts at realism were obtained by simulat-
ing varieties of variegated stones on the 
thrones and by applying metal embellishments 
that evoke richly decorated garments.

Many different types of grounds were in use 
in twelfth-century northern Europe, although 
lead white ground layers have generally been 
found far less often than those prepared with 
calcium carbonate or calcium sulfate.81 The 
fact that lead white grounds were identified on 
all four French sculptures is thus significant. 
Lead white mixed with linseed oil is men-
tioned as a ground layer for painting on wood 
in the third book of De coloribus et artibus 
romanorum, which is believed to have been 
compiled in France in the thirteenth century.82 
Lead white has also been recognized in the 
ground layers on French monumental stone 
sculpture: the twelfth-century south portal of 
Notre-Dame-du-Fort at Étampes, the west 
portal of the Cathedral of Notre-Dame in 
Senlis, and the central portal of Amiens 
Cathedral.83 On the four Metropolitan 
Museum sculptures, the lead white grounds 
are remarkably thin, serving mainly as reflec-
tive surfaces rather than to even out irregulari-
ties in the carving. On the Autun Virgin, the 
ground is comparatively thicker, a feature that 
likely relates to the lesser degree of finish of 
the wood surface. 

The palette shared by the four works is  
consistent with practices documented for 
Romanesque sculpture in general. Pigments 
identified include lead white, ultramarine, 
orpiment, vermilion, red lead, red ocher, verdi-
gris, and carbon black, all of which were com-
mon throughout Europe in the Middle Ages. 
Indigo is present on both the Morgan 
Madonna and the Torso of Christ. Though not 
frequently observed on Romanesque sculpture, 
indigo also has been identified on Enthroned 
Virgin and Child, from Auvergne (ca. 1175–
1200), at the Musée National du Moyen Âge, 
Thermes et Hôtel de Cluny, Paris (Cl. 9270), 
and it may have been more widely used than 
suspected thus far.84 Indigo was also found on 
a contemporaneous manuscript illumination 
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Autun Virgin and Child Torso of Christ Montvianeix Virgin and Child Morgan Madonna

Ground
Lead white1, 3, 4 Lead white2, 3, 4 Lead white2, 3, 4, 6 Lead white1, 3, 4

Oil, protein1, 2 Protein, oil1, 2 Protein, oil1, 2 Protein, oil1, 2

Blue 

Paint Ultramarine, lead white2, 4 Ultramarine 2, 4 Ultramarine2, 4 Ultramarine2, 4

Protein, oil2 Protein, oil2 Protein, oil (egg, possibly whole)2, 7, 8  Protein, oil (egg, possibly whole)2, 7  

Preparation 
layer

n/a Lead white, indigo2, 3, 4 Lead white, carbon black4 Lead white, carbon black4

n/a Protein, oil2 Protein, oil2 ---------

Light Blue
n/a n/a n/a Lead white, ultramarine3

n/a n/a n/a Protein1

Yellow
Orpiment3 Orpiment3 Orpiment3 Orpiment3

Oil, protein1 --------- --------- ---------

Orange
Orpiment, vermilion3 n/a Orpiment, vermilion3 Red lead, red ocher3                                                                                                                                          

--------- n/a --------- ---------

Red

Glaze 1
Lac (Kerria lacca Kerr)5 n/a Lac (Kerria lacca Kerr)4, 5 Lac (Kerria lacca Kerr)5

n/a n/a Protein (egg) ---------

Paint 1
Vermilion3 Vermilion3 Red ocher2, 3, 4, 9 Red ocher2, 3

Protein, oil2 --------- Protein, oil1, 2 Protein, oil1

Glaze 2
n/a n/a Lac (Kerria lacca Kerr)4, 5 Lac (Kerria lacca Kerr)5

n/a n/a --------- ---------

Paint 2
n/a n/a Vermilion4 Vermilion1, 3

n/a n/a --------- Protein, oil1

Glaze 3
n/a n/a n/a Vermilion3 

n/a n/a n/a --------

Paint 3
n/a n/a n/a Red lead, red ocher3

n/a n/a n/a Protein, oil1

Pink
n/a n/a Lead white,1 lac (Kerria lacca Kerr)3, 5 n/a

n/a n/a Protein, oil1 n/a

Flesh
Paint

Lead white, vermilion1, 3 Lead white, vermilion, red lead2, 3 Lead white, vermilion2, 3 Lead white, vermilion2, 3

Oil, protein2 Oil, protein2 Drying oil, protein1, 2, 7 Oil, protein1, 2

Isolation 
layer n/a n/a Drying oil2, 7 Oil2

Green

Glaze
Verdigris1, 2 Verdigris2, 4, † Verdigris1, 4 n/a

Oil2,* Oil2 Oil2,* n/a

Paint
n/a Orpiment, indigo2, 3 Lead white, verdigris2, 3 Orpiment, indigo2, 3 

n/a  Protein, oil2 Oil, protein2 Protein2

Brown
n/a n/a Vermilion, carbon black3 Vermilion, carbon black3

n/a n/a --------- ---------

Black
Carbon black, vermilion3, 4 Carbon black, vermilion, red lead3 Carbon black2, 4 Carbon black2, 9

Oil, protein1 --------- --------- ---------

Metal-foil
decoration

Coating n/a Oil, resin2 Drying oil, conifer resin7 ---------

Metal n/a Tin4 Tin4 Tin4

Fill mass
n/a n/a Calcium carbonate2, 3, 6

Calcium sulfate, calcium carbonate 
calcium sulfate

calcium carbonate1, 3 §

n/a n/a Protein2, 7, 8 Protein2, 7
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Table 1 ◆ Summary of Analytical Results
Pigments and binding media are ordered 
according to their descending predominance  
in the layer. Superscript numerals designate 
analytical techniques.

1. ATR-FTIR

2. FTIR

3. Raman

4. SEM-EDS

5. SERRS 

6. XRD 

7. GC-MS 

8. HPLC 

9. PLM 

 pigment/colorant  

 medium

n/a (not applicable): Material was not present on  
the sculpture.

--------- : Material was insufficient or unsuitable for 
media analysis.

[*] The absorption bands of copper carboxylates and 
copper oxalates associated with the verdigris impair 
detection by FTIR of other binding media, such as 
protein and resin, possibly present in this layer.

[†] This verdigris glaze was applied only locally over 
the flesh tones. 

[§] Three distinct layers were observed in the fill mass, 
shown according to stratigraphic location.

from the Île-de-France, and its use for painting 
is described in the Eraclius and Theophilus 
manuscripts.85 The presence of lac, obtained 
from the insect Kerria lacca (Kerr), on the 
Autun Virgin and Child and on the Montvia-
neix and Morgan Madonnas is of particular 
interest since no other occurrence of lac in 
Europe prior to the thirteenth century has 
been documented to date.86 

On the four sculptures described here, the 
palette was substantially extended by layering 
and occasionally by mixing pigments. Consis-
tent with known twelfth-century practice, 
paints combining major amounts of two pig-
ments were found in only a few instances: 
indigo and orpiment to produce green (Torso of 
Christ and Morgan Madonna); vermilion and 
orpiment (Autun and Montvianeix Madonnas) 
and red lead with a few particles of red ocher 
(Morgan Madonna) to produce an orange tone; 
vermilion and carbon black to produce brown 
(Montvianeix Madonna); and lac mixed with 
lead white to produce bright pink (Montvia-
neix Madonna). 

Ultramarine was the predominant blue pig-
ment in most of Europe in the twelfth century, 
at a time when blue, representing light, took on 
an essential symbolic role as the color of Heaven 
and of Mary.87 The different modes of its appli-
cation on the four sculptures indicate the variety 
of techniques in use: it was applied directly over 
a white ground (Autun Virgin and Child), over 
a light blue preparation layer (Torso of Christ), 
and over a gray preparation layer (Montvianeix 
and Morgan Madonnas).88 The quality of the 
pigment itself is worth noting, since it is not well 
understood to what extent ultramarine was 
purified in twelfth-century Europe; improve-
ments in extraction methods were not recorded 
until the thirteenth century, along with an 
increase in the pigment’s value.89 Where original 
ultramarine survives on the Museum’s sculp-
tures, it has the deep blue color characteristic 
of good quality pigment. Still, the amount of 
colorless contaminants observed under magni-
fication leaves open the question of whether or 
not the ground lapis lazuli was refined.90
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sculptures of this early date, they are not  
without parallels.97 More technical evidence 
for partial metal cladding has been observed, 
although the survival of the metal sheet itself 
is extremely rare.98 

In terms of media, the variety found on each 
of the four sculptures suggests an expertise in 
matching binders with certain pigments or 
colorants in order to achieve desired optical 
effects. For example, egg tempera, which has a 
low refractive index, enhances certain pig-
ments, such as ultramarine or orpiment, while 
an oil medium can be used to obtain greater 
luminosity or translucency. Preparing oils suit-
able as paint media, however, presented a great 
technical challenge. The use of oils is known 
from treatises as early as the Lucca manuscript 
(ninth century, based on earlier compilations) 
and from Theophilus’s De diversis artibus and 
the third book of the Eraclius manuscript.99 
The latter mentions the preparation of an oil 
medium by heating oil with lime, letting it 
stand in the sun, and at some point in the pro-
cess (not clear from the text), adding lead 
white. Theophilus describes the formulation of 
oil-resin finishes but also comments on the 
viscous and slow-drying nature of the oil 
medium. The decisive innovation of heating oil 
with the conscious addition of siccatives—in 
the form of various metal salts—to accelerate 
drying dates to the fifteenth century.100

Although the media used for the green and 
red glazes examined require further investiga-
tion, preliminary results indicate that, for 
example, the thick green glaze on the Autun 
Virgin’s robe consists of verdigris in an oil-
based medium.101 The glaze fully exploits the 
reflective quality of the lead white ground, 
while the thickness of the layer produces the 
maximum color saturation possible in a glaze. 
An oil-resin mixture was conclusively identi-
fied as the medium for the golden coating on 
tin foils on the Montvianeix and Morgan 
Madonnas and the Torso of Christ. More 
important, an oil-rich medium was found in 
the skin tones of the Montvianeix and Morgan 
Madonnas, separated from the ground by a 

Most of the materials identified in the poly-
chromy of the sculptures would have origi-
nated from a variety of more or less local 
sources. For example, verdigris is known to 
have been produced in the twelfth century in 
wine-growing areas such as Montpellier, in the 
south of France.91 Ultramarine, orpiment, and 
lac, however, are painting materials that most 
certainly were acquired from distant sources. 
In particular, the semiprecious stone lapis 
lazuli was imported in the twelfth century 
from ancient quarries in Badakhshān, north-
eastern Afghanistan, and probably routed 
through the port of Venice. The mineral orpi-
ment was mined in many localities, but in the 
Middle Ages it was most likely imported from 
Asia Minor.92 Lac was probably brought to 
Europe from India and other parts of Asia via 
North Africa. The dyestuff “laque de l’Inde” is 
mentioned in commercial records of the port 
of Marseille dating to about 1222.93 It was also 
imported by Catalan traders; in 1267 Alfonso 
the Learned (1221–1284) restricted its use in 
Spain to the royal dye works.94 The source of 
indigo is difficult to determine because it can 
be extracted from different botanical species 
that cannot be distinguished by chemical 
means; the true indigo plant (Indigofera tincto-
ria) and woad (Isatis tinctoria) are the two 
candidates for this period. In the Middle Ages, 
woad was cultivated in Picardy, Normandy, 
and Languedoc. However, there is evidence 
that indigo dye from the eponymous plant was 
imported from the Orient to the port of Mar-
seille in the early thirteenth century.95 

Applied elements such as the Autun Virgin’s 
glass eyes, the likely application of metal sheet 
on the Torso of Christ’s perizonium, and the 
glazed tin-relief ornaments on the Montvia-
neix and Morgan Madonnas are all consistent 
with the supposition that these early poly-
chrome sculptures were indebted to the tradi-
tion of cladding wood sculptures entirely with 
metal, embellished with stone and glass 
inlays.96 How widespread these practices were 
is difficult to assess. Although glass inlays  
are an unusual feature on polychrome wood  
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pale yellow oil-based isolation layer.102 The 
application of a surface glaze in an oil medium 
presented no serious technical challenge to the 
early medieval painter. However, when pig-
ments were mixed with an oil medium to be 
applied repeatedly in discrete brushstrokes, as 
for these skin tones, great skill was required to 
master the viscous, slow-drying oil paint, cho-
sen here presumably for its luminous quality 
and because it facilitated a more nuanced tran-
sition of tones from light to shadow. The 
results of this study parallel the growing 
awareness of the use of oil binders on 
Romanesque sculpture and also highlight the 
technical sophistication of artists in early 
medieval Europe.103
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notes
1 Little 1987. A fourth Virgin and Child in Majesty 

(22.60.1) has not been included in this study because 
its origin is uncertain. Although it is similar in style 
to Auvergne sculptures, the materials and techniques 
used in its construction appear to be very different; 
notably, the sculpture is carved from a single block 
of wood. The technical investigation of a widely pub-
lished twelfth-century French polychrome wood Vir-
gin and Child, on loan to the Metropolitan Museum 
(L.48.44), will be undertaken at a later date.

2 Forsyth 1972.
3 The iconography of the original work remains unclear. 

A Crowned Head of Christ in the Louvre (R.F. 1662), 
also believed to come from Lavaudieu, has been cited 
as having belonged to the Metropolitan Museum’s 
Torso. This has not been conclusively demonstrated 
or disproven by technical investigations carried out 
to date; however, the Louvre Head originally had 
open eyes, which eliminates the possibility that it was 
intended for a Deposition. See Gaborit 2005; Aleil 1963.

4 Forsyth 1972, pp. 137–38; Little 1987, pp. 153–55.
5 Before the sculpture was purchased by Morgan, it was 

in the collections of Émile Molinier and of Georges 
Hoentschel, in Paris.

6 The Autun Virgin and Child is missing the Child’s 
head and part of his right hand, the “windblown” folds 
(“pli soufflé,” as categorized in Baudry 2000, p. 703) 
on the left side of the Virgin’s robe, and the original 
lower portions of three of the throne’s four legs. The 
head, arms, and legs of the Torso of Christ are lost. The 
Montvianeix Virgin and Child is missing the Child’s 
feet, the throne’s rear column on the lower tier, and 
four out of five upper columns. The Child’s left hand, 
including the book, is a modern replacement. There 
is also a small triangular replacement on the back of 
the sculpture’s base. The Morgan Madonna is missing 
the Child’s hands and the front part of his feet. Four 
of the throne’s five columns and the sculpture’s base, 
except for the section directly below the Virgin’s feet 
and robe, are modern. 

7 Von Lill 1950 and von Ritz 1952 (Forstenried Crucifix); 
Gombert 1950 (Freudenstadt Lectern); Wesenberg 
1959–61 (Frauenberg Crucifix); and von Fritz 1953 
(Cappenberg Crucifix). Implicit in the title of von 
Fritz’s 1953 article, “Der Crucifixus von Cappenberg: 
Ein Meisterwerk französischer Bildhauerkunst,” is his 
belief that this sculpture is French in origin. The two 
earliest campaigns of polychromy are dated approxi-
mately to the early thirteenth century; see Endemann 
2000. 

8 Taubert and Buchenrieder 1962 (reprinted in Taubert 
1978); Taubert 1967.

9 Taubert 1978, p. 141.  
10 Taubert 1967, p. 253.
11 Willemsen 1974, p. 99.
12 Brachert 1965a. Brachert suspected the use of oil as 

the medium in certain translucent glazes, based on 
analyses performed by the Zurich Cantonal Police.

13 Brachert 1981. 
14 Philippot 1981.
15 There is a complex history associated with these 

terms; “Northern European” and “Southern European” 
would be only approximate equivalents for “germa-
nique” and “méridionale,” respectively.
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sculptors could have chosen to carve the head, body, 
and legs in one piece.

35 Such separately carved strands nailed to Christ’s 
shoulders have survived on the Cappenberg Crucifix 
(see note 7). Endemann 2000, p. 17.

36 It is difficult to assess the original depth of the mor-
tises: a modern fill blocks part of the mortise used for 
attachment of Christ’s left leg, and too much original 
material has been lost to permit accurate measure-
ment of the mortise for the right leg. 

37 Forsyth 1972, pp. 77–78. On crucifixes, repositories for  
relics are more commonly carved into the back of the  
Christ’s torso or his head. See Beer 2005, pp. 57–59; 
Taubert 1978. The Auzon Crucifix in the collegiate 
church of Saint-Laurent in Auzon (Haute-Loire), 
which is related in style to the Metropolitan Museum’s  
Torso of Christ, contained an ivory casket in a rectan-
gular cavity in Christ’s back; see Craplet 1990. Place-
ment of a relic near the heart of the figure of Christ, 
although uncommon, has also been found on an Italian  
Romanesque crucifix in the Abbey of Saint Antimo 
in Castelnuovo dell’ Abbate, as well as on a German 
eleventh-century crucifix in the University Museum 
of Marburg; see Carli 1954 and Hürkey 1983, pp. 219–20.

38 The clear similarities between the wood used for 
the Morgan Madonna, identified by microscopic 
examination (Kargère), and that of the Montvianeix 
Virgin, which was not sampled, leave little doubt 
that the latter was also carved from walnut. Several 
works included in the 2005 exhibition of French 
Romanesque sculpture at the Louvre were also found 
to be carved of walnut: see Gaborit-Chopin 2005a, cat. 
nos. 291–94, pp. 378–88.

39 The use of a V-shaped chisel, or parting tool, to cut 
grooves has not been noted on Romanesque sculp-
tures and seems to have first appeared in the Gothic 
period. This observation was made by Klaus Endemann 
(personal communication, October 2008).

40 Forsyth 1972, p. 40.
41 The fiber was identified by Kargère using polarized 

light microscopy.
42 The dowel extending from the Morgan Madonna’s 

head does not appear to be original; the corresponding 
hole on the Virgin’s body measures ca. 5 cm in depth 
and 1 cm in diameter. A similar joint, employing a 
dowel rounded off on both ends, is visible in radio-
graphs of the Montvianeix Madonna’s head and torso.

43 One of the dowels (ca. 10 cm in length) on the Mont-
vianeix Madonna is visible inside a radial crack in the 
sculpture’s base. 

44 The Aubusson Virgin and Child, in the church of 
Aubusson d’Auvergne (Puy-de-Dôme), is stylistically 
related to the Montvianeix and Morgan Madonnas; 
it has a throne with an apparently intact — though 
thickly overpainted — similarly constructed high back.

45 Now clearly visible on the Morgan Madonna’s chest, 
this rectangular wooden plug is held in place by a 
dowel. Traces of linen along with twelfth-century 
ground and paint layers indicate that it was inserted 
at the time of manufacture, presumably to conceal a 
sizable defect, such as a knot or the beginnings of the 
large longitudinal crack that formed in this area.

46 The Montvianeix Virgin and Child bears traces of 
six campaigns of overpainting, the first being a par-
tial obscuring of the flesh tones with black paint; 

16 Ballestrem and Puissant 1971–72, p. 61. The scien-
tific department at the Institut Royal du Patrimoine 
Artistique (IRPA), Brussels, determined that the ultra-
marine on the perizonium was applied in a tempera 
medium, whereas the vermilion on the perizonium 
and the carbon black for the hair were applied in an 
oil medium.

17 Serck-Dewaide 1976–77.
18 Serck-Dewaide et al. 1990–91, p. 89.
19 Bergmann 1989 (Cologne); Brandt 1989 (Hildesheim); 

Meurer and Westhoff 1985 (Stuttgart).
20 Westhoff et al. 1980.
21 Tångeberg 1984, p. 32. See also U. Plahter 1984; Tånge-

berg 1989.
22 U. Plahter 1981. For earlier studies, see Blindheim 1998. 

Blindheim reports on the wood identification by Elias 
Mork and Trygve Braarud in the 1960s and by Kari 
Henningsmoen at Oslo University in the 1970s. See 
also L. Plahter 1963.

23 Perch-Nielsen 1973; Perch-Nielsen and Plahter 1995. 
24 Kollandsrud 2002; Frøysaker and Kollandsrud 2006.
25 Schleicher 1994. Now in the Cathedral of Sansepolcro 

in the province of Arezzo (Italy), the crucifix is said 
to have originally been housed in the parish church 
of Santa Maria, also in Sansepolcro. The polychromy 
uncovered was not the first application of paint; three 
earlier layers were identified below the twelfth-century 
campaign. Radiocarbon dating has established that 
the wood from this monumental figure was harvested 
between the end of the seventh and the first half of the 
ninth century. Additional Italian Romanesque sculp-
tures are discussed in Schleicher 1990.

26 Chong et al. 2001, no. 2, p. 58.
27 Morer i Munt et al. 2008.
28 For example, Gaborit-Chopin 2005b; see Gaborit-

Chopin 2005a, pp. 378–87, for catalogue entries by 
Danielle Gaborit-Chopin and Jean-René Gaborit.  
Dectot 2005, pp. 155–59; Mézard and Saunier 1992; 
Delmas 1990; Bousquet 1974; Pradel 1957.

29 Steyaert and Demailly 2002, p. 107.
30 Gaborit and Faunières 2009.
31 Wyer and Schoch 2004.
32 The wood was identified by William L. Stern, Smith-

sonian Institution, in 1964. Departmental files, Depart-
ment of Medieval Art and The Cloisters, The Metro-
politan Museum of Art.

33 The wood was identified in 1964 by B. Francis Kukachka, 
then in charge of wood anatomy research in the Forest 
Products Laboratory, USDA Forest Service, Madison, 
Wisconsin. Departmental files, Department of Medi-
eval Art and The Cloisters, The Metropolitan Museum 
of Art. Both a Romanesque crucifix from Auvergne 
(Musée National du Moyen Âge, Thermes et Hôtel 
de Cluny, Paris; Cl. 23.409) and the Crowned Head 
of Christ in the Louvre (see note 3) are carved from 
poplar. Poplar is generally associated with the Italian 
schools of sculpture and panel painting, but it is also 
found to have been used for a relatively large number 
of German Romanesque sculptures from Swabia; see 
Tenge-Rietberg 1987, pp. 46–47.

34 The author has personally observed nine crucifixes 
from the Auvergne region. All of the Christ figures 
have separately carved heads, legs, and arms. For both 
practical and structural reasons, the arms needed to 
be carved separately and joined to the torso, but the 
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see Kargère 2002. The Morgan Madonna received 
at least two overpainting campaigns on top of the 
original. Examination and treatment of the Morgan 
Madonna were performed in 1986 by Pete Dandridge, 
conservator, The Sherman Fairchild Center for Objects 
Conservation, The Metropolitan Museum of Art, who 
graciously shared cross sections prepared at that time.

47 The paint samples were embedded in a polyester 
resin (Bio-Plastic: Ward’s Natural Science, USA) or 
an acrylic resin (Technovit 2000 LC: Heraeus Kulzer, 
Germany) and were ground and polished using abra-
sive sheets in grades 1500–12,000 (Micro-Surface 
Finishing Products, USA) without lubrication.

48 XRD analyses were performed by Kargère on ground 
microsamples mounted on glass fibers with Vase-
line in a 114.7 mm diameter Debye-Scherrer powder 
camera using Co Kα radiation. Film patterns were 
interpreted with the help of Jade 8.0 software from 
Materials Data Incorporated and the PDF-2 Release 
2006 database from the International Centre for Dif-
fraction Data.

Elemental analyses were carried out by Mark T. 
Wypyski, research scientist, Department of Scientific 
Research, The Metropolitan Museum of Art, with an 
Oxford Instruments INCA Energy 300 Microanalysis 
System (EDS) equipped with a Link Pentafet high 
resolution Si(Li) SATW energy dispersive X-ray detec-
tor attached to a LEO Electron Microscopy model 
1455VP variable pressure scanning electron micro-
scope. Analyses were done under high vacuum condi-
tions at an accelerating voltage of 20 kV.

FTIR and ATR-FTIR analyses were carried out by 
Rizzo on loose samples and mounted cross sections 
using a Hyperion 1000 FTIR microscope equipped 
with a cryogenic mercury-cadmium telluride detector 
and interfaced to a Bruker Optics Vertex 70 spec-
trometer. FTIR was performed through a 15x FTIR 
objective; a 20x ATR objective featuring a germanium 
(Ge) crystal was used for ATR-FTIR measurements. 
Spectra were a sum of 64–400 scans, depending on 
the dimensions of the area analyzed, in the range of 
4000–600 cm-1 at a resolution of 4 cm-1. Interpretation 
of the FTIR spectra was based on comparison with 
Metropolitan Museum and IRUG reference libraries 
and published data; see Rizzo 2008.

FTIR analyses of selected samples from the Mont-
vianeix Madonna were performed in the Museum of 
Fine Arts, Boston, by Richard Newman, head of the 
Scientific Research Department. The setup consisted 
of a Nicolet 510P FTIR spectrophotometer with a Nic-
Plan microscope. Spectra were acquired in the range 
of 4000–650 cm-1 at a resolution of 4 cm-1. Each spec-
trum was a sum of 100 scans. 

Raman spectroscopy was performed on cross sec-
tions and single particles using a Renishaw System 
1000, equipped with a Leica DM LM microscope or 
a Bruker Senterra dispersive Raman microscope, in 
both cases with a 785 nm laser. Silvia A. Centeno, 
research scientist, Department of Scientific Research, 
The Metropolitan Museum of Art, carried out mea-
surements on a sample of the blue preparation layer 
from the Torso of Christ ’s perizonium on the Renishaw 
system using a 50x objective, with a spatial resolution 
in the order of 3 μm and laser power between 0.2 and 
4.0 mW, and acquisition times of 10–120 seconds. All 

other Raman analyses were carried out by Adriana 
Rizzo with the Bruker configuration. These were per-
formed through a 50x or 100x objective, with a resolu-
tion in the range of 3–5 μm, laser power between 10 
and 50 mW, and an acquisition time of 30 seconds. 
Pigment identification was carried out by comparison 
to reference compounds and published data.

49 SERRS was performed by Marco Leona, David H. Koch  
Scientist in Charge, Department of Scientific Research, 
The Metropolitan Museum of Art. Enhancement of the  
Raman scattering intensity using a silver colloid disper-
sion made possible the attainment of a Raman spec-
trum with samples measuring approximately 50 μm 
across. For preparation of the colloid and procedure 
for mounting samples, see Leona et al. 2006. Spectra 
were obtained directly from a silver colloid drop on top 
of samples using a Bruker Senterra Raman microscope 
with 488 nm excitation, a 1200 lp/mm holographic 
grating, a CCD detector, and power at the sample of 
0.25 mW. A 20x LWD Olympus objective was used.

50 GC-MS analysis for the characterization of proteins 
was performed by Adriana Rizzo on samples from the 
Morgan Madonna. Samples were pretreated with 6N 
HCl for 24 hours at 105oC. The hydrolized samples 
were treated with a 3:7 mixture prepared from a solu-
tion of MTBSTFA/1% TBDMCS (Pierce, USA) and a 
pyridine solution of pyridine hydrochloride to pro-
duce tert-butyldimethylsilyl derivatives. The analyses 
were carried out with an Agilent GC/MS system 
consisting of a 6890 capillary gas chromatograph 
with split/splitless injection port and a 5973N mass 
selective detector. A J&W DB-5ms column (30 m, 
0.25 mm ID, 1.0 µm film thickness) preceded by a 
5 m retention gap was used with a helium carrier gas 
flow of 1.5 ml/min for the chromatographic separation. 
GC operating conditions: splitless injection was per-
formed with inlet at 260°C. The GC oven temperature 
program was 80°C, isothermal 1 minute, 20°C/min. 
to 320°C, isothermal 3 minutes. MS operating condi-
tions: MS transfer line at 300°C, MS source 230°C, and 
quadropole 150°C. Acquisition was performed in SIM 
(selected ion monitoring) mode. Characterization of 
the protein was based on the quantification and dis-
tribution of amino acids and comparison to reference 
standards. The GC-MS procedure and data evalua-
tion were adapted from methodologies developed by 
Michael Schilling and Joy Mazurek, Analytical Tech-
nologies Section, Getty Conservation Institute,  
Los Angeles.

GC-MS analysis of media samples from the Mont-
vianeix Madonna was performed by Richard Newman, 
in order to characterize oils and fats, waxes, and natu-
ral resins. Samples were pretreated with (m-trifluoro-
methylphenyl) trimethylammonium hydroxide (TMT-
FTH), 0.2N in methanol (‘Meth-Prep II’: Alltech) 
mixed 1:1 with benzene, and heated for 1 hour at 
60°C. The analyses were carried out with an Agilent 
GC/MS system consisting of a 6890 capillary gas 
chromatograph with split/splitless injection port and 
a 5973N mass selective detector. An Agilent HP-5ms 
column (30 m, 0.25 mm ID, 0.25 µm film thickness) 
with a helium carrier gas flow of 1.3 ml/min was used 
for the chromatographic separation. GC operating 
conditions: injection port at 275°C; splitless injection. 
GC oven temperature program: 50°C, isothermal 2 
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recommend mixing oil and resin, with or without 
the addition of organic coloring substances such as 
aloe, bark of blackthorn, myrrh, saffron, and the bark 
of “vesprum.” In the compilation of recipes in the 
thirteenth- or fourteenth-century manuscript known 
as the Liber de coloribus faciendis, by Peter of Saint-
Omer, the production and use of similar mixtures 
with or without coloring materials are described, with 
the stipulation that they be “boiled well.” See Mer-
rifield 1967, vol. 1, chaps. 207–209, pp. 162–64. On the 
Liber de coloribus faciendis, see Villela-Petit 2006.

59 As with the main surfaces of the perizonium, these 
areas are now obscured by an overpaint that generally 
follows the twelfth-century color scheme: blue bands 
decorated with yellow parallel lines and borders; red 
bands with a row of small yellow dots within circles 
and yellow lines along the edges; and green bands with 
latticework, likewise in yellow. It is not clear if the 
striped fabric at the upper edge represents the perizo-
nium’s lining, implying that the cloth was folded over 
and tied in a central knot, or if the striped surface 
corresponds to a separate piece of cloth tied around 
the waist. It can be difficult to interpret the carved 
and painted elements in sculptural representations 
of Christ’s loincloth, and in this instance important 
evidence may have been destroyed when the central 
knot was intentionally damaged. At some point, most 
of the knot was cut away and a portion of the drapery 
below was removed. For a systematic study of garment 
types in medieval depictions of the crucified Christ, 
see Hürkey 1983.

60 Traces of tin foil on the perizonium’s lower border 
belong to the first overpainting campaign.

61 The characterization of the medium is based on the 
identification of amino acids (HPLC) and on the 
ratios of fatty acids detected (GC-MS). In the FTIR 
spectrum, the relatively low intensity of the carbonyl 
stretching band typical of oil media suggests the use 
of whole egg rather than egg yolk.

62 Theophilus 1963, Book I, chap. 6, p. 18.
63 Only traces of tin foil remain on this part of the sculp-

ture, and the glaze here was not analyzed. Gold leaf 
found in these areas dates to the second overpainting 
campaign.

64 A great variety of red hues, including a pink paint 
based on the use of an organic red colorant, have been 
observed on late twelfth-century frontals from Cata-
lonia. U. Plahter 2004, pp. 193–94.

65 A pattern suggesting red porphyry has also been 
found on the reverse of the cross and on the two flank-
ing figures of the Urnes Calvary Group; see Frøysaker 
and Kollandsrud 2006, p. 56 and nn. 54–56.

66 This style of decoration has also been found on the 
front of the base of a French Enthroned Virgin and 
Child, from the mid-twelfth century, in the Louvre 
(R.F. 987), cited earlier (see page 44). The green pattern 
is visible on a watercolor reconstruction of the sculp-
ture’s original polychromy; see Gaborit and Faunières 
2009, p. 35. A pattern representing green porphyry 
on the reverse and sides of the reliquary shrine from 
St. Georg bei Serfaus (ca. 1170–80), now in the Tiroler 
Landesmuseum (Innsbruck), has been noted as well; 
see Frøysaker and Kollandsrud 2006, p. 58 n. 54.

67 Since only traces of this pattern remain, no paint 
analysis was attempted.

minutes, 15°C/min. to 300°C, isothermal 20 minutes. 
MS operating conditions: MS transfer line at 280°C, 
MS source 230°C, and quadrupole 150°C.

Richard Newman carried out HPLC analyses for 
protein characterization of samples from the Montvi-
aneix Madonna. Samples were pretreated with 6N HCl 
in the vapor phase for 24 hours at 110°C. The hydro-
lyzed samples were prepared as fluorescent derivatives 
using 6-aminoquinolyl-N-hydroxysuccinimidyl car-
bamate (AQC). Analyses were carried out on a Waters 
HPLC system, consisting of a 616 pump, a column 
heater, an in-line vacuum degasser, a Rheodyne 7725i 
manual injector with a 5 or 10 µl sample loop, and a 
474 scanning fluorescence detector with a 5 µl flow 
cell. A Waters AccQ.Tag column (150 x 3.9 mm, Nova-
Pak C18, 4 µm particle size) was used with three elu-
ants (aqueous buffer, acetonitrile, and water) for the 
chromatographic separation. The detector excitation 
wavelength was 250 nm and emission wavelength 395 
nm. Quantification of amino acids and identification 
of proteins was by comparison to reference standards.

51 ATR-FTIR and FTIR analyses also indicate the presence 
of copper oxalates and a basic copper chloride analo-
gous to atacamite. The concomitant presence of copper 
chlorides and verdigris (copper acetate) is consistent 
with the preparation of the pigment viride salsum, 
described by Theophilus; see Theophilus 1963, Book I, 
chap. 1, p. 15. For a discussion of his recipe for viride 
salsum and its occurrences, including on Romanesque 
frescoes, see Naumova and Pisareva 1994. The pres-
ence of copper oxalate is attributable to reaction of the 
copper-based pigment with oxalic acid. The latter might 
have been formed by degradation of the medium as a 
result of microbiological activity or other deterioration 
processes. Its presence prevents the detection of pos-
sible additional components in the medium.

52 For the use of SERRS to identify lac, see Leona 2009; 
for the occurrence of lac on the Montvianeix and 
Morgan Madonnas; see pages 53 and 55 in the text.  
See also Cardon 2007, pp. 660–61.

53 The right iris was identified as glass based on the pres-
ence of bubbles of trapped air visible under magnifica-
tion. The Virgin’s left iris is a restoration. Treatment 
report, 2003, The Sherman Fairchild Center for Objects 
Conservation, The Cloisters, The Metropolitan 
Museum of Art.

54 Although the original paint seems relatively well pre-
served, especially on the perizonium, it was decided at 
that time to retain the first overpainting, presumably 
because of its early date and exceptional state of pres-
ervation. Archival photographs record the condition 
of the sculpture prior to the treatment, clearly show-
ing the peeling layers of overpaint and gilding.

55 For the use of verdigris in an oil medium, see Kühn 1964.
56 The crudely gouged wound currently visible on the 

Torso of Christ is not original and was inflicted some-
time before the third overpainting campaign.

57 The average thickness of the tin foil is 40 µm. Metal 
foil, as opposed to leaf, can support its own weight and 
retains its shape after deformation; see Portell 1991, 
p. 205.

58 Theophilus 1963, Book I, chap. 24, p. 31; Merrifield 
1967, vol. 1, chap. 274, p. 240; Scholtka 1992. A number 
of medieval technical treatises describe glazes used 
to make silver or tin resemble gold. The recipes 
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68 GC-MS analysis results indicated protein from egg. 
ATR-FTIR analysis showed a relatively low oil content, 
which would be consistent with the use of whole egg, 
rather than egg yolk alone.

69 Reflecting their manufacture, the bands of relief have 
a tendency to delaminate at the interface with the 
ground as well as along boundaries between the fill 
layers. Layering in the fill mass has also been observed 
on the tin-relief squares on the background of the 
fourteenth-century English Thornham Parva Retable; 
see Tavares da Silva 2003. For further studies of 
manufacturing techniques of tin-relief ornament, see 
notes 73–75 below.

70 A copper green glaze on top of the tin foil can be 
recognized as a later addition, since it is also found in 
areas where the foil has been lost.

71 Lespinasse and Bonnardot 1879.
72 Analysis of the ratio of iron oxide to the two accessory 

minerals might demonstrate a common source for the 
ochers or indicate that the pigments were processed in 
a similar way; see Helwig 2007, p. 60.

73 Considerable variation in the manufacture of tin-relief 
decorations has been noted in past literature. Scien-
tific analysis has been carried out on examples found 
on thirteenth- and fourteenth-century English paint-
ings and retables and on an early thirteenth-century 
painted panel from Westphalia; see Nadolny 2003, 
nn. 25–27; Roy and Nadolny 2006.

74 The term “cast ornament” has been used to describe 
plaster ornaments made using molds; see Brachert 
1965b. See also Nadolny 2003, n. 26. As examples of 
Spanish sculptures with tin-relief decoration, Nadolny 
mentions both a Sedes Sapientiae in the Museu Dio-
cesà of Barcelona (inv. no. 273), from the Church of 
Santa Maria de Toudell in Viladecavalls, and a figure 
possibly from Garrotxa in the Museu d’Art Catalan, 
Girona, on loan from the local Museu Diocesà (inv. 
no. 15). French examples cited include the Sedes Sapi-
entiae in the Kunsthaus Zürich (inv. no. 1948/10); the 
Notre-Dame d’Authezat (Puy-de-Dôme), currently 
stored in the Cathedral of Clermont-Ferrand; and the 
Sedes Sapientiae in the treasury of the Benedictine 
Chapel of Mailhat (Puy-de-Dôme). The Authezat 
sculpture displays a continuous relief band of “golden” 
circles and lozenges decorating a luminous red throne.

75 Cennini 1932, Book V, chaps. 125 and 128, pp. 152–53. 
For descriptions of various relief decorations, see 
Serck-Dewaide 1989.

76 “The Saddlers define things that are emprainte or 
enpastée or ieteiche [cast] of tin, all those things that 
are made with moulds, that is to say those things that 
moulds have made, and these ‘mould-formed’ things 
are attached with glue to a saddle bow.” See Nadolny 
2003, no. 84.

77 Stylistically related sculptures include the Notre-
Dame de Claviers in the Romanesque church of Mous-
sages (Cantal); the Virgin and Child in the church of 
Heume l’Église (Puy-de-Dôme); the Aubusson Virgin 
and Child (see note 44); and the Virgin and Child 
d’Usson in the Musée d’Art Roger-Quilliot in  
Clermont-Ferrand. See Forsyth 1972, pp. 137–38.

78 Tångeberg 1989; Schneider 1989; Kollandsrud 2002.
79 Lespinasse and Bonnardot 1879, p. 128. Statute 9 of the 

ordinances of the Carvers of Images and Crucifixes 
of Paris (1269) states that the figure of Christ must 

be made of three pieces  — one for the body and one 
for each of the arms (“et hors mis le crucefiz qui est 
[fait] de III pieces, c’est a savoir: l[e] cors d’une piece, 
et les braz entez”). Although dating to the thirteenth 
century, the guild statutes in all probability reflect 
earlier workshop practices as well. See also Frøysaker 
and Kollandsrud 2006, p. 55, and Schneider 1989. 
Other scholars, such as Tångeberg and Endemann 
(Tångeberg 2006, p. 70 n. 32), have suggested that in 
some cases, the heads were made to be removable to 
facilitate the dressing and undressing of the images 
according to the liturgical calendar.

80 Theophilus 1963, Book I, chaps. 2–9, pp. 16–18. For a 
detailed study of Theophilus’s text and an empirical 
reconstruction of his recommendations, see Scholtka 
1992. See also Kühn 1984. The relationship between 
Byzantine art and Theophilus’s manuscript has been 
investigated in Winfield 1968. Certain technical 
aspects of Romanesque polychromy, such as the use of 
veneda, are seen to confirm this presumed influence; 
see U. Plahter 2004, pp. 188–91.

81 Lead white grounds have also been identified on a small 
number of Swedish Romanesque sculptures, including 
the Hemse Crucifix (U. Plahter 1984, pp. 42–43), and on 
the crucifix from the Church of Saint-Denis in Forest 
(Brussels); Ballestrem and Puissant 1971–72, p. 61.

82 The first two books of the manuscript are dated to the 
tenth century; see Clarke 2001, p. 12.

83 Verret and Steyaert 2002, pp. 39, 108, 240–41.
84 Sylvie Colinart, “Rapport d’analyse de la polychromie 

de la Vierge en Majesté du Musée National du Moyen 
Age,” unpublished report cited in an unpublished 
master’s thesis by Céline Gandon, “La polychromie de 
la sculpture romane françaíse,” Mémoire de Recherche 
de Master I de l’École du Louvre (Année 2007), p. 13.

85 Roosen-Runge 1984, pp. 96–98. For the manuscript 
from the Île de France, see Guichard and Guineau  
1986. Indigo has also been found on thirteenth- 
century painted-wood altar frontals from Norway;  
see Schweppe 1997, pp. 81–107.

86 Cardon 2007, pp. 656–66. Jo Kirby at the National 
Gallery, London, identified lac lake on four Norwegian 
thirteenth-century polychrome works: the Tingelstad I 
and Heddal frontals and the Virgin and Child taberna-
cles of Dal and Hedalen; see Kirby et al. 2005. See also 
U. Plahter 2004, p. 174. Lac lake was also found on a 
number of English thirteenth- and fourteenth-century 
artworks; see Wrapson 2006, p. 129, and Kirby et al. 
2005, p. 75.

87 Pastoureau 2000.
88 The twelfth-century polychrome wood crucifix from 

Horg in Norway also presents a gray preparation under 
both ultramarine and copper green paint layers, all 
three applied in a water-soluble medium; see U. Plahter 
2004, p. 191. A gray preparation has also been identi-
fied on the dress of the Virgin in the Urnes Calvary 
Group; see Frøysaker and Kollandsrud 2006, p. 52.

89 For discussion of the quality and refinement of lapis 
lazuli, see Kargère 2003. See also U. Plahter 2004, pp. 
51–52, 55–56; Frøysaker and Kollandsrud 2006, n. 20.

90 See Ann Heywood, “Evidence for the Use of Azurite 
and Natural Ultramarine Pigments in Ancient Egypt,” 
in this volume.

91 Kühn 1993.
92 FitzHugh 1997.
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is also mentioned in a description of the thirteenth-
century Polling Crucifix in Germany. The layer is said 
to be brittle, yellow, and not water soluble. See Thieme 
1997, p. 103.

 Oil-based paints have been identified on the Swed-
ish Romanesque Hemse Crucifix and the Cappenberg 
Crucifix in Germany. An oil medium is also suspected 
on the so-called Resurrection Angel in the Skulpturen-
sammlung und Museum für Byzantinische Kunst, 
Berlin (inv. no. 2969); see Tångeberg 1984, p. 32, and 
U. Plahter 1984. Various binding media systems have 
been observed on the Christ from the Church of 
Saint-Denis in Forest (Brussels), and on the Swedish 
crucifixes from Väte, Alskog, and Endre; see Tångeberg 
1989, pp. 63–64. On the Bertem and the Hermalle-
sous-Huy Sedes Sapientiae, an oil-rich ground and the 
possible use of an oil emulsion were indicated by the 
analytical data; see Serck-Dewaide 1976–77.
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française du douzième siècle au 
Metropolitan Museum of Art: étude 
des matériaux et techniques

résumé
Le présent rapport se propose d’énoncer 
le résultat d’observations techniques et 
d’analyses scientifiques de quatre sculptures 
du Metropolitan Museum de New York: la 
Vierge en Majesté provenant des environs 
d’Autun; le Torse d’un Christ provenant peut-
être de Lavaudieu; la Vierge en Majesté dite de 
Montvianeix; et la Vierge en Majesté connue 
sous le nom de Morgan Madonna. Une étude 
approfondie des diverses structures en bois 
et de la polychromie d’origine apportent une 
meilleure connaissance des techniques de la 
sculpture Française romane. Le raffinement de 
la polychromie sur les quatre sculptures allant 
de simple couches de couleur monochrome, à 
des superpositions plus complexes de couches 
opaques et translucides à base de protéine ou 
d’huile—ainsi que l’addition d’éléments en 
verre ou en métal démontrent la sophistication 
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AbstrAct 
Examination of Egyptian artifacts continues to 
provide new information on ancient materials 
and manufacturing techniques. In particu
lar, focused sampling and the introduction 
of more sophisticated analytical techniques 
have expanded knowledge of pigments used in 
ancient Egypt as well as understanding of the 
techniques of paint preparation and applica
tion. Recently, two blue pigments found on 
excavated New Kingdom objects in the Egyp
tian collection of The Metropolitan of Art were 
identified and added to the Egyptian palette. 
Azurite, a basic copper carbonate found in 
geological association with malachite, was 
found on a fragment of painted leather. Natu
ral ultramarine, a pigment derived from lapis 
lazuli, was found on a limestone royal statue. 
Though scholars have long known that these 
materials were available to ancient Egyptian 
craftsmen and employed for other purposes, 
their use as pigments has not previously been 
securely identified.

Many ancient Egyptian artifacts come to 
us so well preserved that their brightly 

painted surfaces remain in almost pristine 
condition (15.2.2; Figure 1). Perhaps no other 

ancient culture offers the modern viewer such 
intimate insights into the artistry and tech-
niques of its craftsmen. Besides elaborately 
decorated coffins, polychrome statues, and 
wall paintings, the raw materials of the paint-
er’s craft were also carefully entombed for the 
afterlife. Wood and ivory painters’ palettes 
(26.7.1294; Figure 2); paint pots and brushes; 
grinding palettes of slate with pigments still 
adhering to their surfaces; and lumps of raw 

Evidence for the Use of Azurite and Natural 
Ultramarine Pigments in Ancient Egypt
◆ 

Ann Heywood

metropolitan museum studies in art, science, and technology 1  

Figure 1 ◆ Detail, coffin of 
Khnumnakht. Egypt, Middle 
Kingdom, Dynasty 13  
(ca. 1802–1640 b.c.). Wood, 
paint, L. 207.5 cm (8111/16 in.), 
W. 51.8 cm (20 in.), H. 68.0 
cm (263/4 in.). The Metropoli-
tan Museum of Art, Rogers 
Fund, 1915 (15.2.2) 
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minerals ready to be processed have all been 
found. 

Fascination with Egyptian pigments and 
their application extends back to the begin-
nings of Egyptology and continues to this 
day. Most of the pigments used were derived 
from mineral sources that had already been 
identified by the early nineteenth century. The 
employment of new analytical techniques and 
more focused sampling continues to broaden 
our understanding of the ancient Egyptian 
palette. Recent studies have suggested the 
extent to which the Egyptians experimented 
with available materials to produce a variety 
of effects: pigments were layered to achieve 
subtle shades of color; grinding techniques for 
raw pigments were varied to control color and 
texture; new pigments were developed and old 
ones altered; varnishes were applied to modify 
colors or add sheen; and paints were thickened 
and used in an impasto technique to add tex-
ture and other decorative effects (12.183.11b; 
Figure 3).1

During routine examinations of Egyptian 
objects carried out in The Sherman Fairchild 
Center for Objects Conservation at The Metro-
politan Museum of Art and in preparation for 
the special exhibition Hatshepsut: From Queen 
to Pharaoh (2005), two previously unattested 
blue pigments, azurite and natural ultramarine, 
were identified. Azurite was long assumed to 
have been used as a pigment in ancient Egypt, 
but despite a few late nineteenth-century refer-
ences to possible occurrences,2 it had not been 
securely identified. On the other hand, natural 
ultramarine, derived from ground lapis lazuli, 
was not thought to have been employed as 
a pigment, despite frequent use of the stone 
for beads, inlay, and amulets. The identifica-
tion of these two pigments is certainly not 
proof that they were widely used, but these 
occurrences do support our perception that 
experimentation played an important role in 
Egyptian painting. Furthermore, such discov-
eries underscore the value of continued tech-
nical investigation even when the subject has 
received much attention in the past.

Figure 2 ◆ Painter’s palette 
inscribed with the name 

of Amenhotep III. Egypt, 
New Kingdom, Dynasty 18, 

reign of Amenhotep III 
(ca. 1390–1352 b.c.). Ivory, 

pigments, L. 17.7 cm  
(7 in.). The Metropolitan 

Museum of Art, Purchase, 
Edward S. Harkness Gift, 

1926 (26.7.1294)
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with the discovery and ongoing study of cop-
per proteinate greens and green paints made 
from beeswax and copper.9

The Metropolitan Museum of Art’s com-
prehensive collection of approximately thirty 
thousand accessioned Egyptian objects pro-
vides a vast resource for the study of ancient 
Egyptian pigments. In addition to quantity, the 
collection offers a large corpus of excavated, 
provenienced material, much of which remains 
in excellent condition. The eager cooperation 
of the curatorial staff and the indispensable 
resources of the Museum’s Department of Sci-
entific Research provide ongoing support for 
the study of pigments in the collection.

Azurite
In 1930, the Metropolitan Museum’s Egyptian 
Expedition excavated an unusual fragment of 
brightly painted leather in the Asasif valley at 
Thebes near Hatshepsut’s funerary temple at 
Deir el-Bahri (31.3.98; Figure 4). It was acces-
sioned by the Museum one year later. Though 
found in the debris of a Middle Kingdom tomb, 
it has been dated on stylistic grounds to the 
early Eighteenth Dynasty, specifically between 
the reign of Ahmose I and the joint reign of 
Hatshepsut and Thutmose III (ca. 1550–1458 
b.c.).10 The fragment represents the lower left-
hand corner of a leather panel and preserves 
parts of two figural registers. The erotic nature 

The earliest studies of Egyptian pigments 
were produced by scientists working directly 
with the important Egyptologists of their day. 
In 1895, Flaxman Spurrell, a colleague of Sir 
Flinders Petrie’s, published “Notes on Egyptian 
Colours” in the Royal Archaeological Society’s 
journal.3 Alfred Lucas, a chemist for the Egyp-
tian Antiquities Service, published Ancient 
Egyptian Materials in 1926, the culmination 
of nine years of investigation and conservation 
practice, including, most importantly, his work 
on the preservation and study of artifacts from 
Tutankhamun’s tomb.4 These early studies con-
firmed the use of common mineral pigments, 
such as yellow and brown ochers, orpiment 
(yellow), hematite (red), calcium carbonate and 
gypsum (white), and malachite (green), as well 
as charcoal (black) and the synthetic pigment 
Egyptian blue. The latter, generally accepted 
to be the only blue pigment used by the Egyp-
tians, was first recognized in the early nine-
teenth century and has been the focus of many 
subsequent studies to determine its exact 
composition and method of manufacture.5 
Considered to be the earliest example of a syn-
thetic pigment, Egyptian blue was produced by 
heating a mixture of sand (silica), copper ores 
and bronze scrap, limestone (calcium), and 
natron (sodium). Its use, beginning as early as 
2500 b.c., extended throughout the Mediter-
ranean and continued into the Roman Period 
and early medieval times. 

More recent studies have broadened our 
knowledge of the Egyptian palette. A cobalt-
based blue, used very briefly for post-fired 
painting on some pottery of the New Kingdom, 
was identified in 1974.6 Huntite, an intensely 
bright white calcium-magnesium carbonate 
pigment, was also first identified in 1974 and 
has subsequently been noted frequently on 
objects dating from the Old Kingdom through 
the Roman Period.7 Egyptian green, closely 
related to Egyptian blue, was also recognized 
in the nineteenth century8 and is now known 
to be the most common green pigment used 
in ancient Egypt. Currently, our knowledge 
of other green pigments is expanding rapidly 

Figure 3 ◆ Detail, inner 
coffin of Hapyankhtifi. 
Egypt, from Meir, Middle 
Kingdom, Dynasty 12  
(ca. 1981–1802 b.c.). 
Wood, paint, L. 203.5 cm 
(811/2 in.), W. 57.0 cm  
(223/4 in.), H. 83.0 cm  
(331/4 in.). The Metropoli-
tan Museum of Art, Gift 
of J. Pierpont Morgan, 
1912 (12.183.11b) 
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of a decorative border and the bracelets and 
necklace of the harp player all are a dark 
greenish blue that was identified in several 
samples as azurite. The initial identification by 
Raman spectroscopy was supported by analy-
ses of additional samples using polarized light 
microscopy (PLM), X-ray microdiffraction 
(XRD), and energy dispersive X-ray spectrom-
etry (EDS).13 

A basic carbonate of copper, azurite is a 
beautiful, deep blue mineral. Though consider-
ably more rare, it is frequently found in geo-
logical contexts with malachite, a green, basic 
copper carbonate (Figure 5). The apparent 
absence of azurite from the Egyptian palette 
has long been a mystery, especially considering 
its availability in Egypt’s Eastern Desert and in 
the Sinai;14 its probable use as an ore for cop-
per; and the occurrence, though infrequent, of 
malachite as a pigment. In 1895, Spurrell alleg-
edly did identify azurite on an Old Kingdom 
shell palette and on a painted mummy cloth, 
both from Meidum.15 He provided no informa-
tion about his analytical technique, however, 
and these findings are not considered secure. 
Recently, a lump of azurite was identified 
among a group of raw pigment samples from 
Tell el-Amarna that was excavated by Flinders 
Petrie in 1891, currently housed in the Man-
chester (England) Museum of Egyptology.16 
Although in this case the azurite was not actu-
ally found as paint on an object, its presence 
in this context does suggest that it was being 
used or considered for use as a pigment.

Preparation of azurite pigment is relatively 
simple, entailing grinding lumps of the min-
eral, washing, and levigation, during which 

of the painted scene suggests a connection to 
the nearby shrine of the goddess Hathor, who 
in one aspect is a fertility goddess.11 The lower 
register shows a girl playing a harp and sitting 
below a grape arbor behind a nude male figure. 
The red-dyed leather tie at the lower corner 
suggests that the panel was originally attached 
to a support. Two holes in the fragment were 
repaired in ancient times with circular patches 
of leather attached with now-darkened and 
discolored adhesive. 

Despite the panel’s fragmentary condi-
tion, the ancient pigments are generally well 
preserved. The paint was applied directly to 
the leather surface, without an intermediate 
ground. The bright white pigment of the harp-
ist’s gown is huntite; the figures’ yellow skin 
is orpiment; the red pigment outlining the 
figures is red ocher; and the harp is a carbon-
based black. The pale bluish green of the leaves 
has not been securely identified, but the pres-
ence of sodium chloride and the copper tri-
hydroxychloride paratacamite suggests it may 
be an alteration product of a copper-based pig-
ment, possibly malachite.12 The darker sections 

Figure 4 ◆ Fragment of 
erotic painting on leather. 

Egypt, from Thebes,  
el-Asasif, Tomb 815, New 

Kingdom, Dynasty 18, 
reign of Ahmose I–joint 
reign of Hatshepsut and 
Thutmose III (ca. 1550–

1458 b.c.). Leather, paint, 
16.0 x 18.0 cm  

(6 1/4 x 71/8 in.).  
The Metropolitan 

Museum of Art, Rogers 
Fund, 1931 (31.3.98)

Figure 5 ◆ Azurite (blue) 
specimen with associated 

malachite (green) 
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fine particles float to the surface and coarse 
ones sink, followed by sieving. Finely ground 
azurite is pale blue, whereas coarse grinding 
produces a darker blue color. Consistent par-
ticle size produces a more pure blue, whereas 
mixed particle sizes tend to produce a gray-
greenish blue. Medieval recipes for purifying 
azurite pigment call for levigation in various 
solutions, including mixtures containing 
gum arabic or honey and water.17 

Azurite has been identified on Roman sculp-
ture and architecture18 and was a frequently 
used pigment on wall paintings of the Song 
and Ming dynasties in China (eleventh through 
seventeenth century). It was one of the most 
important blue pigments in medieval Europe.19

ultrAmArine
In 1916, fourteen years before the discovery of 
the leather fragment, the Metropolitan Muse-
um’s Egyptian Expedition excavated a frag-
mented statue of a queen, also in the Asasif 
valley at Thebes (16.10.224; Figure 6).20 The fig-
ure, carved from a hard, compact limestone—a 
type often termed indurated limestone—is 
preserved from the waist up. It appears to have 
been broken away from a larger statue of a 
seated royal couple. Like the leather fragment, 
it was found in a disturbed context. Based 
on stylistic grounds, the statue is believed to 
date to the late Seventeenth Dynasty. The fig-
ure wears a vulture headdress over a braided 
wig and is adorned with a broad collar of five 
rows of tubular beads with an outermost row 
of drop beads (for a typical broad collar, see 
40.3.2; Figure 7).

Traces of poorly adhered natural ultra-
marine were found in the incised lines of the 
queen’s broad collar (Figure 8). The pigment 
was first identified by PLM and then confirmed 
with EDS and XRD.21 Despite its friable state, 
the blue is the most well-preserved pigment on 
the fragment, most likely due to a protective 
layer of burial accretion that collected inside 
the incised lines of the necklace.

Lapis lazuli was used in ancient Egypt as 
early as the Predynastic Period. It was carved 

into beads, inlay, amulets, cylinder seals, small 
vessels, scarabs, and small figures (2007.24; 
Figure 9). Although Egyptian texts indicate 
that lapis was purchased at trading stations in 
western Asia and in Meroe and Punt, to the 
south of Egypt, all of the lapis in ancient Egypt 
was no doubt mined in Afghanistan, where 
four ancient quarries dating back six thousand 
years have been identified.22

Lapis lazuli is composed primarily of lazur-
ite, a blue aluminosilicate; calcite; and pyrite.23 
Whereas the golden pyrite inclusions are con-
sidered desirable, lapis lazuli containing larger 
veins or patches of white calcite is deemed of 
lower quality. The lapis from Afghanistan is 
generally of the highest quality in the world.

Previously, the earliest evidence for the 
use of natural ultramarine had been cited 
in reference to sixth- and seventh-century 
wall paintings in a cave temple at Bamiyan 
in Afghanistan, close to the ancient quarries; 
wall paintings in Chinese Turkestan, dating 
from between the fifth and eighth centuries; 
and Byzantine manuscripts of the sixth to 
the twelfth century.24 The earliest evidence in 
Europe is on wall paintings in the monastery 
of Torba in Lombardy, which date to the early 
ninth century.25 The high concentration of 
colorless material found in these early ultra-
marine pigments indicates that the stone was 
simply ground and washed but not purified.26 
The earliest references to recipes for extract-
ing a richer blue pigment come from Cennino 
Cennini in 1400.27

The presence of white and colorless particles 
in the blue pigment on the Statue of a Queen 
indicates that it was produced simply by grind-
ing high-quality lapis lazuli. Nevertheless, the 
resulting color appears to have been a rela-
tively rich, if slightly grayish, blue. An infor-
mal experiment conducted at the Museum 
revealed that a pigment of similar color and 
texture could be produced by finely grinding a 
sample of lapis lazuli with few obvious calcite 
inclusions.
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Figure 7 ◆ Broad collar. 
Egypt, from Thebes, tomb 
of Wah, Middle Kingdom, 
Dynasty 12, reign of Amen-
emhat (ca. 1991–1952 b.c.). 
Faience, linen cord,  
W. 39.0 cm (15 ⅜ in.). The 
Metropolitan Museum 
of Art, Rogers Fund and 
Edward S. Harkness Gift, 
1920 (40.3.2) 

Figure 6 ◆ Statue of a Queen. Egypt, from  
Thebes, Lower Asasif, Second Intermediate 
Period, late Dynasty 17 (ca. 1580–1550 b.c.). 
Indurated limestone, paint, H. 28.0 cm (11 in.), 
W. 17.8 cm (7 in.). The Metropolitan Museum 
of Art, Rogers Fund, 1916 (16.10.224)

Figure 9 ◆ Ptah. Egypt, 
Dynasty 22–early Dynasty 
26 (ca. 945–600 b.c.). 
Lapis lazuli, H. 5.2 cm  
(2 in.). The Metropolitan 
Museum of Art, Anne and 
John V. Hansen Egyptian 
Purchase Fund, 2007 
(2007.24)

Figure 8 ◆ Statue of a 
Queen, detail showing  
the broad collar, with 
traces of pigment 
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The lack of other examples of azurite or lapis 
lazuli used as pigment in ancient Egypt makes 
it difficult to interpret the significance of these 
discoveries.28 We can say with some certainty, 
however, that a wider use of these materials  
has not been overlooked, considering the 
extensive pigment analyses that have already 
been carried out on Egyptian collections 
around the world.29 Were these materials, and 
especially lapis lazuli, too rare or too expen-
sive to be used extensively? Does their appear-
ance on these two objects represent isolated 
examples of experimentation with available 
materials? Were there symbolic or cultural 
associations attached to these pigments that 
we do not yet understand and that called for 
their use on these particular objects? It is 
hoped that these unexpected discoveries will 
encourage further investigation and analysis of 
blue pigments and that these and related ques-
tions can someday be answered. 

Ann Heywood
Conservator  
The Sherman Fairchild Center  
for Objects Conservation 
The Metropolitan Museum of Art
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AbstrAct 
Technical investigation of three major paintings 
by the sixteenth-century Italian artist Paolo 
Veronese was carried out in preparation for 
the dossier exhibition “Veronese’s Allegories: 
Virtue, Love, and Exploration in Renaissance 
Venice,” on view at the Frick Collection in 2006. 
Included in this study were Mars and Venus 
United by Love in The Metropolitan Museum 
of Art, and The Choice between Virtue and 
Vice and Wisdom and Strength in the Frick 
Collection. Pigment analysis using Raman 
microspectroscopy and energy dispersive X-ray 
spectrometry was undertaken in order to 
address perennial questions regarding possible 
connections between these paintings, which 
have been associated with one another since 
they were first recorded in a 1621 inventory of 
the collection of Emperor Rudolf II. The ana-
lytical results, supplemented by evidence from 
radiographic examination and studies of the 
paintings’ supports and ground layers, validate 
the conclusion that they were not conceived as 
a group. In addition, specific areas on the three 
paintings were examined to provide insight into 
possible changes in their appearance over time, 
which has long been the subject of speculation.

In his article for the first issue of Art 
in  America, in 1913, Baron Detlev von 

Hadeln (1878–1935) proposed that four large-
scale allegorical paintings by the Venetian 
artist Paolo Veronese (1528–1588) — The Choice 
between Virtue and Vice and Wisdom and 
Strength (Frick Collection, New York, 1912.1.129 
and 1912.1.128; Figures 1, 3); Mars and Venus 
United by Love (The Metropolitan Museum of 
Art, 10.189; Figures 5, 19); and Hermes, Herse 
and Aglauros (Fitzwilliam Museum, Cam-
bridge, 143; Figure 6) — had been painted 
together as a group for Rudolf II (1552–1612) in 
the second half of the 1570s, probably just after 
Rudolf ’s coronation as Holy Roman Emperor 
in 1576.1 Three of the four Veronese canvases 
had just reached New York City: Mars and 
Venus had been acquired by the Metropolitan 
Museum in 1910, and the two Frick paint-
ings arrived at 1 East Seventieth Street in 1912. 
Hadeln remarked, in fact, that “my selection 
for the subject of this article of a small group 
of certain pictures of Veronese rather than 
others is solely due to the circumstance that 
these pictures being in America I may look for-
ward to a special interest in them on the part 
of the readers of this publication.”2 

Technical Study of Three Allegorical Paintings 
by Paolo Veronese: The Choice between Virtue 
and Vice, Wisdom and Strength, and Mars and 

Venus United by Love
◆

Dorothy Mahon, Silvia A. Centeno, Mark T. Wypyski, 
Xavier F. Salomon, and Andrea Bayer

metropolitan museum studies in art, science, and technology 1  
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allegorical paintings are first mentioned together 
in an inventory of December 6, 1621 — compiled 
after the death of Rudolf II — where they are 
fully described: “1151. Ein schönes stuck, Venus 
und Mars, vom Paul Ferones” (a beautiful pic-
ture, Venus and Mars, by Paolo Veronese), “1193. 
Mercurius mit zwei weibern vom Paul Veronese” 

Hadeln’s hypothesis proved to be an influen-
tial one. As a consequence, the original commis-
sion and dating of Veronese’s four works have 
been topics of art historical debate for the last 
hundred years, and many authors have consid-
ered all four paintings to be a group, an asser-
tion that can be challenged on many points. The 

Figure 1 ◆ Paolo Veronese 
(Italian, 1528–1588).  

The Choice between Virtue 
and Vice, ca. 1565. Oil on 
canvas, 219.0 x 169.5 cm 

(861/4 x 663/4 in.). The Frick 
Collection, New York 

(1912.1.129)

Opposite:  
Figure 2 ◆ The Choice 

between Virtue and Vice. 
X-ray radiograph mosaic
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Before their arrival in America, the paint-
ings shared a distinguished and peripatetic 
provenance. Throughout their history, fully 
traced by Peter Watson in 1989, the paint-
ings traveled through some of the most emi-
nent European collections and courts: from 
Prague to the collection of Queen Christina 

(Mercury and two female figures by Paolo Vero-
nese), “1212. Die glanzende Tugendt mit dem 
Gewalt vom Paulo Feronese” (Glorious Virtue 
and Strength by Paolo Veronese), and “1216. Wie 
sich die Un tugendt zur Tugendt bekehrt, vom 
Paulo Veronese” (Vice Converted to Virtue, by 
Paolo Veronese).3

Figure 3 ◆  Paolo Veronese. 
Wisdom and Strength,  
ca. 1565. Oil on canvas, 

214.6 x 167.0 cm (84 ½ x 
65 3/4 in.) The Frick Collec-

tion, New York (1912.1.128) 

Opposite:  
Figure 4 ◆ Wisdom and 

Strength. X-ray radiograph 
mosaic
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Paolo Veronese dabei geschrieben: Omnia 
Vanitas” (one large piece, a painting by the 
widely renowned Paolo Veronese, on which is 
written: Omnia Vanitas), and “I gross Stück 
Gemälde vom genannten; dabei geschrieben: 
Honor et virtus post mortem floret” (one large 
piece, a painting by the aforementioned artist, 
on which is written: Honor et virtus post mor-
tem floret). These have been rightly identified 
with the two Frick allegories. The significance 
of the Munich archives document and con-
sequently the status of the four paintings as a 
set continued to be questioned until Richard 
Cocke and Britta von Campenhausen finally 
dispelled any doubts regarding the authen-
ticity of the Strada list and proved that the 
Frick canvases were painted separately from 
the Metropolitan Museum and Fitzwilliam 
paintings.6

Although Stockbauer’s document suggests 
the further possibility that there were two sets 
of pendants, the question of whether the four 
paintings grouped by Hadeln were in fact ever 
conceived to be seen together or were inde-
pendent pictures needs to be asked. By 1621 
the paintings were already displayed in differ-
ent rooms in Prague Castle — a situation that 
would be difficult to explain if the canvases 
had originally been envisaged as a set. Mars 
and Venus hung between the windows of one 
of the castle’s rooms, while the three other 
allegories were on view high above the cornice 
of the Spanish Hall.7 It is unlikely that Mars 
and Venus and Hermes, Herse and Aglauros 
were meant to be pendants: the dimensions of 
Mars and Venus (205.7 x 161.0 cm) are much 
smaller than those of the Hermes (232.4 x 
173.0 cm), they are stylistically quite different, 
and it would be difficult to consider their ico-
nography as complementary in any way. The 
Frick canvases, on the other hand, are almost 
identical in size and very close in facture. 
Furthermore, the grouping of the canvases is 
rendered more complex by the difficulty in 
dating Veronese’s oeuvre. The painter’s often 
unpredictable technique, which varied with 
the format and purpose of the works, and 

(1612–1689), first in Sweden and then in Rome, 
then through the Odescalchi family to Paris 
and to Philippe II, duc d’Orléans (1674–1723), 
and finally dispersed at the celebrated sale of 
the Orléans collection conceived and managed 
by three formidable English lords — Francis 
Egerton, third duke of Bridgewater (1736–1803); 
George Granville Leveson-Gower, Earl Gower, 
later first duke of Sutherland (1758–1833); and 
Frederick Howard, fifth earl of Carlisle (1748–
1825) — in London in 1798–99.4 The eighteenth-
century sale provided the last opportunity for 
the four Veroneses to be seen together, and 
when Hadeln wrote his article, the paintings 
were visually reunited, if only in print, for the 
first time since then.

In 1874 Jacob Stockbauer published a docu-
ment from the State Archives in Munich that 
included a list from about 1567 of approxi-
mately forty paintings that were offered for 
sale by the dealer Jacopo Strada (ca. 1515–1588) 
to Duke Albrecht V of Bavaria (1528–1579).5 
The possibility that the four Veronese paintings 
were truly conceived as a group was under-
mined by Stockbauer’s findings. Two paintings 
by Veronese were recorded in the 1567 list:  
“I gross Stück Gemälde vom weitberühmten 

Figure 5 ◆ Paolo Veronese. 
Mars and Venus United  

by Love, 1570s. Oil on  
canvas, 205.7 x 161.0 cm  

(81 x 633/8 in.). The  
Metropolitan Museum of 

Art, John Stewart Kennedy 
Fund, 1910 (10.189)
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his use of a large, well-trained, and highly 
organized workshop have made the dating of 
individual works difficult. The four allegories 
have variously been dated to a period that 
spans almost twenty years, from the mid-1560s 
to the 1580s.8

The exhibition “Veronese’s Allegories: Vir-
tue, Love, and Exploration in Renaissance 
Venice” at the Frick Collection (April 11 – July 
16, 2006), with its accompanying catalogue, 
was the first to fully address issues related to the 
original commission, dating, and provenance 
of the paintings. Because of loan restrictions 
on the Frick and Cambridge canvases, it was 
possible to reunite only three of the four 
paintings of the Hadeln group; this was the 
first occasion in more than two hundred 
years that they were seen together. It allowed 
for a close and direct comparison of the 
three works, which had not previously been 
attempted. In preparation for the exhibition, 
the paintings underwent technical analysis 
that has shed new light on many of the issues. 
The surfaces of the three canvases were also 
cleaned, revealing Veronese’s brilliance as a 
colorist.

In the past a number of Veronese’s 
paintings have been studied in terms of 
technique, especially by museums in Ven-
ice, Paris, and London. A series of restoration 
campaigns on the artist’s paintings in the 
Gallerie dell’Accademia in Venice prompted 
the publication of an extensive article on 
The Feast in the House of Levi in 1984 and, 
in 1988, a small exhibition and Giovanna 
Nepi Scirè’s book analyzing the paintings 
in the Accademia collection.9 Jean Habert 
and Nathalie Volle’s magisterial 1992 study 
after the restoration of the Louvre’s Mar-
riage Feast at Cana has contributed greatly 
to our knowledge of Veronese’s technique.10 
And articles of 1995 and 1996 by Nicholas 
Penny, Ashok Roy, and Marika Spring from the 
National Gallery in London have outlined the 
artist’s painting methods through a com-
prehensive examination of his works in that 
collection.11

For the present study, nine paint samples 
were removed from The Choice between Vir-
tue and Vice; eight of them were mounted 
as cross sections, and one was analyzed as a 
scraping. Six samples were taken from Wis-
dom and Strength; four were mounted as cross 
sections, and two were analyzed as scrapings. 
Five samples were removed from Mars and 
Venus United by Love and all were mounted 
as cross sections. The cross sections were 
analyzed by Raman spectroscopy and scan-
ning electron microscopy energy dispersive 
X-ray spectrometry (SEM-EDS).12 Details of 
the analyses carried out for each sample are 
included in the caption to the corresponding 
photomicrograph. 

Figure 6 ◆ Paolo Veronese. 
Hermes, Herse and Aglau-
ros, late 1570s. Oil on can-
vas, 232.4 x 173.0 cm (911/2 
x 681/8 in.). The Fitzwilliam 
Museum, Cambridge (143)
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The Frick canvases seem to be the first 
paintings by Veronese to leave Venice, the first 
in the trend that Carlo Ridolfi (1594–1658) 
described: “Le Pitture sparse nelle Gallerie più 
famose dell’Europa testificano etiandio il gusto 
universale, che hanno havuto i maggiori Pren-
cipi e Signori di questo chiaro Pittore, havendo 
elino con eccessive spese fatto di quelle nume-
rosa raccolta, non parendo per appunto adorno 
qualsivoglia Palagio, ove non v’entri alcuna 
cosa di questa mano.”14 (The Paintings scat-
tered in the most famous Galleries of Europe 
also witness the major Princes and Lords’ uni-
versal taste for this celebrated Painter, as, hav-
ing with great expense made a great collection 
of them, no Palace does in fact appear adorned 
if there is no work by this hand.)

Mainly because of Strada’s list, the two 
Frick allegories have always been considered a 
pair and generally dated to about 1565. Stylisti-
cally, the two canvases are very close to works 
by Veronese from the mid-1560s. The composi-
tion of the paintings—with their commanding 
figures clearly positioned within the pictorial 
space against white marble columns—and 
their gleaming, almost incandescently cool 
coloring are directly comparable to many 

The ChoiCe beTween VirTue 
and ViCe and wisdom and 
sTrengTh
The patron or patrons of the Frick allegories 
and the details of the original commission are 
still uncertain. Since the paintings were men-
tioned in 1567, nine years before his coronation, 
Rudolf II could not have been involved with 
the original commission. The suggestion that 
the paintings were made for Albrecht V, pos-
sibly in connection with the wedding of his son 
Wilhelm V of Bavaria to Renata von Lothrin-
gen in 1568, is also problematic.13 It is more 
likely that the paintings were intended for 
a Venetian patron — still to be identified — or 
maybe for Strada himself. It is also worth con-
sidering that the origin of the two paintings 
could be connected to Veronese’s engagement 
with the art market in the mid-sixteenth cen-
tury. By the 1560s the painter was well known 
and highly admired in Venice, and he might 
have been looking into expanding his market 
farther north, trying to target the Hapsburg 
empire and the dukedom of Bavaria. If so, the 
two allegories might have been conceived at 
that time to be sold through the international 
market, with Strada’s help. 

Figure 7 ◆ Paolo Veronese. 
The Family of Darius before 

Alexander, ca. 1565–67. 
Oil on canvas, 236.2 x 

474.9 cm (931/4 x 187 in.). 
The National Gallery,  

London (NG294)
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of the artist’s pictures from that period. The 
blend of pinks, blues, lush oranges, and intense 
greens is particularly apparent in his Martyr-
dom of Saint George (San Giorgio in Braida, 
Verona); The Marriage Feast at Cana (Musée 
du Louvre, Paris); and The Family of Darius 
before Alexander (National Gallery, London, 
NG294; Figure 7). 

Although the two allegories are close in 
date and were offered for sale together soon 
after they were painted, there are strong rea-
sons for doubting that they were painted as 
a pair. In 1970 Edgar Munhall was the first 
to suggest that the Frick allegories are in fact 
independent paintings that happen to have 
a similar format and ended up sharing a his-
tory because of this.15 Munhall’s suggestion, 
which seems not to have been considered by 
subsequent scholars writing about the subject, 
is supported by the technical and art histori-
cal research conducted in preparation for the 
Frick exhibition. Not only are the figures in the 
two works rather different in scale, but also it 
is hard to envisage how the paintings would 
have complemented each other visually. Com-
mon themes of virtuous living are explored 
in the iconography of the two canvases, but if 
they were intended to be read together, it is dif-
ficult to understand in what way.16 If conceived 
from the start to be placed on the market, the 
two paintings could have been sold as a pair 
or as independent pictures. The technical 
evidence further demonstrates that the two 
paintings were constructed in very dissimilar 
ways. Additionally, the expensive materials 
used seem to indicate that Veronese was work-
ing for — or intending to target — an important 
audience. The subject matter of the canvases, 
with their engaging moral themes, would have 
been the perfect means to present and pro-
mote the painter’s talent and art.

techniques And MAteriAls
X-Ray Radiography
Veronese’s skills as a draftsman are demon-
strated by his drawings, which survive in 
great numbers.17 It is clear that as a painter he 

often carefully planned his compositions in 
drawings before working on canvas. The X-ray 
radiographs of the Frick allegories confirm 
this practice. Radiographs of the two paint-
ings were taken on November 23, 1959 (Figure 
2), and December 5, 1960 (Figure 4), but had 
not been published until the Frick exhibition 
in 2006.18 The main figures in both composi-
tions are unmistakably positioned in their final 
arrangement. Veronese, however, did adjust a 
few details while painting. In Virtue and Vice 
the bottom edge of Vice’s orange gown has 
been somewhat altered, and Virtue’s left hand, 
with which she draws the central character 
toward her, has been moved farther down in 
the final version. In Wisdom and Strength, the 
changes are also minor. Wisdom’s right leg 
was initially exposed almost to the knee, a 
detail that is visible to the naked eye.

Canvas Supports
The canvas supports for the two Frick alle-
gories differ. Virtue and Vice is painted on 
two vertical strips of fine plain-weave canvas, 
with the wider strip on the left. Wisdom and 
Strength is made of a much rougher twill-
weave canvas, with one large vertical strip at 
right and two narrow vertical strips on the 
left.19 With an artist such as Tintoretto, the 
use of different types of canvas in the same 
cycle would hardly be surprising20 — after 
all, the variety of canvas available in Venice 
was remarkable, mainly because of the local 
manufacture of sails for ships — but this does 
not seem to have been the case with Veronese. 
All other groups of paintings by the artist that 
were meant to be seen together are painted on 
canvases of the same type. The two altarpieces 
made for the abbey church of San Benedetto 
Po (National Gallery, London, and Chrysler 
Museum, Norfolk, Virginia), the Venus and 
Adonis (Museo del Prado, Madrid), and Cepha-
lus and Procris (Musée des Beaux-Arts, Stras-
bourg) were painted on herringbone canvases. 
For the set of four Allegories of Love (National 
Gallery, London), Veronese used plain-weave 
canvas; the two Allegories of Navigation (Los 
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Figure 8 ◆ Wisdom and 
Strength, detail of reverse 
with the royal fleur-de-lis 

seal inscribed “consulat 
de rom[e] . . . [ciV]

itaVecche & . . . ” Note 
the open-weave, hand-
loomed fabric used for 

the relining.

reveals that although the paintings have simi-
lar warm pink grounds, their compositions 
differ. This colored ground is visible in some 
areas on both paintings when the surface is 
closely examined in visible light. Calcium sul-
fate, both in its anhydrite and gypsum forms, 
was almost invariably used for the ground 
preparations in sixteenth-century Venetian 
paintings.23 Anhydrite (anhydrous calcium 
sulfate) is the main component of the ground 
in Wisdom and Strength, whereas gypsum 
(calcium sulfate dihydrate) was used in Virtue 
and Vice (Figures 9–11, 13–16). A few particles 
of gypsum were also detected using Raman 
spectroscopy in the ground layer of one of the 
samples removed from Wisdom and Strength 
(Figure 16). The addition of red lead together 
with smaller amounts of a red iron oxide pigment 
imparts the warm pink color to the grounds. 

The use of different materials for the ground 
preparation of the two paintings reinforces the 
likelihood that they were not created as a pair. 
Furthermore, whereas there is no imprimatura 
in Virtue and Vice, Wisdom and Strength has 
a light pink, oil-based imprimatura, consisting 
of lead white, vermilion, and red lead, applied 
on top of the warm pink ground (Figure 9). The 
radiograph (see Figure 4) reveals the imprima-
tura, which was very fluid and applied rapidly 
over the ground with a spatula in a casual 
and broad manner while the canvas was in an 
upright position. There are scrape marks from 
the spatula throughout, and splatter marks 
are visible in the upper-right corner where the 
imprimatura does not fully cover the ground 
(Figures 17, 18). In this case the imprimatura, 
which is very close in color to the warm pink 
ground, may have served to adjust the texture 
of the ground layer imposed by the coarse twill 
weave and to smooth over the joins of the com-
pound canvas. 

Pigments and Color Changes
One of the characteristics that placed Vero-
nese among the most celebrated Venetian art-
ists was his superb skill in using an impressive 
range of colors. Marco Boschini (1613–1678) 

Angeles County Museum of Art) share the same 
type of rough twill-weave canvas. It is feasible 
that Veronese was interested in the effects he 
could attain by using different types of sup-
port. However — as witnessed by the contract 
of June 6, 1562, for The Marriage Feast at Cana 
for the refectory of San Giorgio Maggiore — it 
was sometimes the patron who supplied the 
canvas and other materials for the work.21

In the course of examining both Frick can-
vases, it became evident that they have identi-
cal lining canvases. A seal on the reverse of 
Wisdom and Strength (Figure 8) with the royal 
fleur-de-lis and the inscription “cOnsulat de 
rOm[e] . . . [ciV]itaVecche & . . .” was applied to 
mark the work as French property when, after 
the Odescalchi sale to the duc d’Orléans, the 
paintings were shipped to France from the 
papal harbor of Civitavecchia in the fall of 1721. 
Benedetto Luti (1666–1724) had restored some 
of the paintings in the Odescalchi collection in 
Rome during July and August of that year, and 
it seems likely that the linings currently on the 
Frick allegories date to that time.22

Ground Preparation
Analysis of the cross sections removed from 
Virtue and Vice and Wisdom and Strength 
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famously said of Veronese, “L’è el tesorier de 
l’arte e dei colori” (He is the treasurer of art 
and colors) and remarked: 

Se puol dir che ‘l Pittor, per far sti efeti, 
Oro l’abia impastà, perle e rubini,  
E smeraldi, e safili più che fini, 
E diamante purissimi e perfeti. 
E per condirla el gh’abia sparso fiori, 
I più zentili che renda el Levante, 
Con le vaghezze insieme tutte quante, 
Che Natura puol far coi so colori.24

(It is possible to say that the Painter, to achieve 
such effects, has mixed gold with pearls, rubies, 
emeralds, and sapphires of the best quality, 
and the purest and most perfect diamonds. 
And to flavor it he has scattered the flowers 
most gentle that come from the Levant with all 
of the most beautiful things that Nature can 
make with its colors.)

The analysis of paint samples from the 
Frick’s allegories confirms many of the art-
ist’s practices as described in previous studies. 
Veronese’s skies are known to suffer from his 
extensive use of smalt, which discolors rela-
tively quickly and, with the yellowing of the 
oil medium, shifts to a gray hue.25 But smalt 
was not detected in any of the cross sections 
removed from the Frick paintings. Instead, 
the skies — with their intense blues — were 
constructed with a lower layer consisting of 
a combination primarily of lead white and 
azurite, followed by an application of a deeper 
blue mixture of ultramarine and a little lead 
white in the upper portion of the sky (Figures 
9, 10). By layering ultramarine over azurite, the 
artist was able to make full use of the differ-
ing characteristics of these pigments. The less 
expensive greenish blue azurite provided a 
base for an economical application of the more 
intense but costly ultramarine. By contrast, 
the greenish blue passage in the lowest part of 
the sky in Virtue and Vice mainly comprises 
azurite mixed with some lead white over a 
layer of lead white mixed with a small amount 
of azurite. Even the blue on the mantle of Wis-
dom, in Wisdom and Strength, is ultramarine, 

juxtaposed with yellow patterns made of yel-
low ocher mixed with some red lead. Despite 
the expense of ultramarine, Veronese was con-
tractually obligated to use it for particularly 
important commissions such as The Marriage 
Feast at Cana in 1562. However, on comparably 
important commissions, such as The Feast in 
the House of Levi of 1573, he used only azurite.26 

Veronese’s pragmatic use of his materials 
is demonstrated not only in his careful layer-
ing of ultramarine over azurite but also in his 
selective use of what is apparently a cheaper 
grade of lead white.27 In all cross sections in 
which lead white is mixed with azurite to form 
the underlayers in the skies, the former has 
been extended with dolomitic calcium carbon-
ate. The use of this form of calcium carbonate 
is not surprising, given the proximity of Venice 
to quarries in the Dolomite mountains to the 
north. The artist did, however, use mixtures 
containing what was surely the more expen-
sive grade of pure lead white in the upper 
paint layers, suggesting that the use of both 
extended and pure lead white was a conscious 
choice.

In Virtue and Vice the darkening and the 
lack of definition in the blue drapery on the 
lower left, below the figure of Vice, are due to 
the use of another blue pigment, indigo. 
Whereas the uppermost layer is ultramarine, 
again in order to use this costly pigment spar-
ingly, Veronese applied it over a layer of indigo 
brushed on top of a preparation of lead white 
extended with dolomitic calcium carbonate 
and tinted with azurite (Figure 11). The light-
sensitive indigo pigment was only partially 
concealed by the ultramarine and now appears 
brown in passages, contributing to the general 
discoloration and confusion of the forms. Until 
this discovery, the only instance reported of 
the painter’s having used indigo was in Christ’s 
bright blue cloak in Christ Addressing a Kneel-
ing Woman, an earlier work in the National 
Gallery in London.28 There, Veronese intended 
to achieve a bright blue, applying the ultrama-
rine over a mixture of indigo and lead white. 
The detection of indigo in Virtue and Vice indi-
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Figure 9 ◆ Wisdom and Strength. Cross section from the dark blue pas-
sage in the sky, near the left edge of the painting. The dark blue par-
ticles in the top layer are ultramarine; the more greenish blue particles 
are azurite (Raman spectroscopy). When examined using SEM, the 
ultramarine and azurite particles appear to be segregated in upper and 
lower layers. Since the boundary between the two layers is not clearly 
defined, it is likely that the ultramarine was applied when the azurite-
containing layer was still wet. Both layers also contain lead white 
(SEM-EDS). Other particles in the azurite-containing layer consist 
mainly of magnesium and calcium (SEM-EDS), most likely in the form 
of dolomite. The light pink imprimatura is composed mainly of lead 
white, with vermilion and red lead particles (Raman spectroscopy). 
The ground layer contains anhydrite (Raman spectroscopy), as well as 
a few yellow particles identified as orpiment (Raman spectroscopy). 
Other particles in the ground consist of lead or iron (SEM-EDS), prob-
ably in the form of red lead and hematite. Visible illumination; original 
magnification 200x 

Figure 11 ◆ The Choice between Virtue and Vice. Cross section from 
the blue drapery at lower left, below the figure of Vice. The blue layer 
on top contains ultramarine (Raman spectroscopy, SEM-EDS) and 
lead white (SEM-EDS). The darker blue layer below contains indigo 
(Raman spectroscopy). In the greenish blue layer below the darker 
blue and directly above the ground, lead and copper were detected 
(SEM-EDS), probably in the form of lead white and azurite. Other 
particles in this layer appear to be dolomite (SEM-EDS). The ground 
layer contains mainly gypsum (Raman spectroscopy), with a few lead-
containing particles (SEM-EDS), most likely red lead. Visible illumina-
tion; original magnification 200x

Figure 10 ◆ The Choice between Virtue and Vice. Cross section from the 
deep blue passage in the sky, near the top edge of the painting. The 
uppermost blue layer is composed of ultramarine (Raman spectros-
copy) and lead white (SEM-EDS); the light blue layer below contains 
lead white (Raman spectroscopy) and azurite (SEM-EDS). Other par-
ticles in the light blue layer consist mainly of magnesium and calcium 
(SEM-EDS), probably in the form of dolomite. Red particles present 
in this layer may be red lead (SEM-EDS). In the ground layer, gypsum 
was detected (Raman spectroscopy), along with particles containing 
lead or iron (SEM-EDS), which are probably red lead and hematite. 
Visible illumination; original magnification 200x

Figure 12 ◆ The Choice between Virtue and Vice. Cross section from the 
dark leaves in the tree at the upper right of the painting. The brown 
layer on top is composed mainly of a copper-containing pigment 
(SEM-EDS), most likely a degraded copper resinate. Large yellow par-
ticles in this layer contain lead, tin, and silicon (SEM-EDS), consistent 
with the composition of lead-tin yellow type II. The large blue-green 
particle in the top layer is a copper-based pigment (SEM-EDS). The 
Raman spectrum obtained from this particle showed weak peaks at 
ca. 1491, 1085, 433, 270, and 220 cm-1, indicating that it is most likely 
malachite, superimposed on a strong fluorescent background. Lead 
white and a copper-based pigment (SEM-EDS), probably azurite, were 
detected in the light blue layer (sky) below. Other particles in the light 
blue layer appear to be dolomite (SEM-EDS). There is no ground layer 
present in this sample. Visible illumination; original magnification 
200x
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Figure 14 ◆ The Choice between Virtue and Vice. Cross section from 
a preserved area of Vice’s orange drapery, where the red glaze used 
in the modeling of the garment protected the underlying realgar 
from light, preventing its transformation to pararealgar to the extent 
observed in the passages where no glaze was applied (see Figure 13). 
The layer (1) applied directly on top of the ground is composed mainly 
of realgar (Raman spectroscopy); the intermediate layer (2) contains a 
red lake pigment that gave no detectable Raman signal; the next layer 
(3) is composed of pararealgar with some orpiment and realgar par-
ticles (Raman spectroscopy). On the top, a thin layer containing a red 
lake pigment was observed. Visible illumination; original magnifica-
tion 200x

Figure 15 ◆ Wisdom and Strength. Cross section from the yellowish 
brown leaves in the tree to the left of Wisdom. Elemental analysis of 
the uppermost layer (SEM-EDS) detected carbon and oxygen, with only 
traces of other elements, indicating that it consists mainly of organic 
components. The large yellow particle within this layer is lead-tin 
yellow type II (SEM-EDS). The light blue layer (sky) contains azurite, 
a few ultramarine particles, lead white (Raman spectroscopy), and 
dolomite particles (SEM-EDS). The light pink imprimatura under the 
blue layer is composed of lead white (Raman spectroscopy) with a few 
vermilion particles (SEM-EDS). Anhydrite was detected in the ground 
layer (Raman spectroscopy), along with particles that consist of lead  
or iron (SEM-EDS), probably in the form of red lead and hematite. 
Visible illumination; original magnification 200x

Figure 16 ◆ Wisdom and Strength. Cross section from the dark brown-
ish green pattern in the golden brocade drapery at the upper right 
of the painting. The uppermost, green layer is composed mainly of 
a copper-containing green pigment (SEM-EDS). Yellow particles in 
this layer contain lead, tin, and silicon (SEM-EDS) and have a strong 
Raman peak at ca. 140 cm-1 and a broad peak of medium intensity 
at ca. 324 cm-1, indicating the presence of lead-tin yellow type II. 
The yellow layer under the green contains the iron oxohydroxide 
goethite (Raman spectroscopy), probably as a component in a yel-
low ocher. Calcite and lead white particles were also detected in this 
layer (Raman spectroscopy). In the orange-brown layer below the yel-
low, a large amount of iron along with some aluminum, silicon, and 
manganese were detected (SEM-EDS), suggesting the presence of an 
iron earth pigment such as sienna. A large red lead particle was also 
detected (Raman spectroscopy). Below the orange-brown layer is a 
pink imprimatura containing lead white (Raman spectroscopy) with 
red particles. Anhydrite was detected in the ground layer (Raman 
spectroscopy). In some spots, a shoulder at 1008 cm-1 on the main 
Raman band of anhydrite at 1018 cm-1 suggests the presence of gyp-
sum. Other particles in the ground consist of lead or iron (SEM-EDS), 
probably in the form of red lead and hematite. Visible illumination; 
original magnification 100x

Figure 13 ◆ The Choice between Virtue and Vice. Cross section from 
the deteriorated orange-yellow passage on Vice’s gown, just below 
the blue silk flaps. The yellow particles on top of the sample are orpi-
ment (Raman spectroscopy). The orange-yellow paint layer has a 
different composition in its top and bottom halves (approximately), 
with no clear boundary visible between the two. The top half con-
tains mainly yellow pararealgar As4S4 (Raman spectroscopy); in some 
spots a Raman band is observed at ca. 186 cm-1 as a weak shoulder 
on the 197 cm-1 peak of pararealgar. This band has been assigned to 
an intermediate phase χ-As4S4 in the light-induced transformation of 
red-orange realgar to yellow pararealgar. The characteristic peak of the 
χ-As4S4 phase at ca. 361 cm-1 could not be resolved from the 363 cm-1 
peak of pararealgar. The bottom half of the orange-yellow layer is 
composed mainly of realgar, with some pararealgar. This sample 
includes little of the ground layer, which contains gypsum (Raman 
spectroscopy). Visible illumination; original magnification 100x
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possibly associated with final highlights, were 
observed on the very top of this cross section.

The stratigraphy of the cross section con-
firms that the change in appearance is due 
to the light-induced degradation of the rich 
red-orange pigment realgar to pararealgar. A 
sample was removed from a better-preserved 
area of Vice’s orange drapery, where deep folds 
were modeled using a red glaze over a bright 
orange underlayer (Figure 14). Examination of 
this cross section confirmed that the color and 
modeling in this area are better preserved 
because the sensitive realgar was protected 
from light by a final application of red lake 
glaze, as well as by the intermediary use of 
red lake deeper within the layer structure. 
Veronese’s use of pararealgar as a pigment 
was observed by Penny, Roy, and Spring in 
The Adoration of the Kings.32 The complete 
absence of realgar in the sample removed 
from that painting argues against the pos-
sibility that pararealgar was the result of the 
light-induced degradation of realgar. Moreover, 
in The Adoration of the Kings, where the artist 
sought to achieve an orange hue, pararealgar is 
present in a mixture with vermilion. 

Veronese also used diverse green pigments, 
such as malachite, verdigris, and copper 
resinate. In Virtue and Vice, a sample taken 
from the dark leaves in the tree at upper right 

cates that Veronese continued to use this pig-
ment later in his career. 

Overall, the paint surface of Virtue and Vice 
is well preserved. However, it was of particular 
interest to determine why Vice’s orange gown 
had suffered to a noticeable degree. Veronese 
sometimes used the arsenic sulfide pigments 
orpiment and realgar to achieve his bright 
orange colors.29 Medieval source books outlin-
ing artistic practice warned that arsenic sulfide 
pigments could be problematic because they 
were incompatible with pigments containing 
lead and copper.30 A sample removed from the 
chalky, broken, and visually deteriorated 
orange-yellow passage on Vice’s gown, just 
below the blue silk flaps, showed, in the top 
half of the uppermost paint layer, the presence 
of yellow pararealgar with some particles  
of the orange-colored compound χ-As4S4  
(Figure 13). Larger amounts of realgar were 
detected toward the bottom of the same paint 
layer. The χ-As4S4 forms during the transfor-
mation of the red-orange pigment realgar to 
yellow pararealgar.31 Orpiment particles, 

Figure 17 ◆ Wisdom and 
Strength. X-ray radiograph 

detail with Wisdom’s 
right hand showing 

scrape marks made by the 
spatula used to apply the 
imprimatura. The struc-

ture of the twill-weave 
fabric support is clearly 

revealed.

Figure 18 ◆ Wisdom and 
Strength. X-ray radiograph 

detail of the top-right 
corner, showing splatter 
marks where the rapidly 

applied imprimatura does 
not entirely cover the 

ground
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confirmed the presence of a copper-containing 
green pigment, as well as a few particles of 
lead-tin yellow type II and malachite (Figure 
12). A commonly observed phenomenon, dis-
coloration of the copper green, which appears 
brown in the cross section, contributes to 
the darkening of the leaves. The yellowish 
brown tree in the background of Wisdom and 
Strength, however, was never intended to be 
green, since it does not contain any green pig-
ments (Figure 15). The uppermost paint layer 
in the sample removed from the leaves appears 
to be mainly organic and may be yellow lake. 
A particle of lead-tin yellow type II was also 
present in this top layer.

Analysis of a sample taken from the dark 
brownish green pattern in the swag of golden 
brocade drapery at the upper right of Wisdom 
and Strength confirms that this was originally 
intended to be a bright green (Figure 16). Lead-
tin yellow type II mixed with a copper-based 
green pigment — which now appears brown at 
the top of the cross section — was applied as a 
glaze over a yellow ocher mixed with calcite 
and lead white on top of a layer containing an 
iron earth, most likely a sienna, enriched with 
lead white. These two lower layers essentially 
form the golden brocade on which the pattern 
was emblazoned.

mars and Venus uniTed  
by LoVe
As with the two allegorical paintings in the 
Frick Collection, the original patron of Mars 
and Venus (Figure 19), as well as its precise 
meaning, is still unclear, despite a good deal 
of early documentary evidence. Previous iden-
tifications with a painting of a related subject 
cited in 1584 by Raffaello Borghini (1537–1588), 
which was painted for an unspecified emperor, 
or with one of three works mentioned by 
Ridolfi in 1648 as having been painted for 
Emperor Rudolf II remain problematic.33 This 
does not rule out the possibility that Mars 
and Venus was painted for Emperor Maximil-
ian II (1527–1576), who is known to have been 
interested in acquiring works by the artist in 

the early 1570s, or for Rudolf II, whose post-
humous inventories almost certainly included 
it. It may also have been painted for another 
member of Rudolf ’s family or reached that col-
lection after a former owner, possibly in Ven-
ice. As noted earlier, it is often difficult to date 
Veronese’s paintings with precision, but this 
grand work, with its majestic forms and close 
attention to the surface description of materi-
als, is comparable to his paintings dated to the 
first half of the 1570s.

In any case, from the first half of the seven-
teenth century its shared provenance with the 
paintings now in the Frick, as well as a fourth 
painting by Veronese, Hermes, Herse and 
Aglauros (Figure 6), is clear and continues until 
1799, as outlined above. At that time it was sep-
arated from the Frick and Fitzwilliam pictures, 
passing through several English collections, 
including that of Sir Ivor Bertie Guest, Baron 
Wimborne (1866–1903), until 1903; while in his 
collection it was twice exhibited at the Royal 
Academy of Arts, London. In 1910, Mars and 
Venus was purchased by the Metropolitan 
Museum.

Baron von Hadeln, who first made the con-
nection between these four works and the 
inventory in Prague, clearly considered The 
Choice between Virtue and Vice and Wisdom 
and Strength a pair. He also suggested that the 
paintings now in the Metropolitan Museum 
and the Fitzwilliam were “conceived as com-
panion pieces,”34 as he had located copies of 
the two together in the Museo Civico, Tre-
viso. He did not, however, suggest that all four 
paintings somehow made a meaningful quartet 
(later authors often lumped them together as 
the “Emperor’s Allegories”). Hadeln did believe 
that they had all been painted for Rudolf II and 
at about the same time, that is “in the years 
immediately following Rudolf II’s accession to 
the throne (1576).”35 Most authors writing on 
Veronese, such as Terisio Pignatti and Rodolfo 
Pallucchini, followed Hadeln’s reasoning when 
dating Mars and Venus to 1576–80.36
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Figure 19 ◆  

Paolo Veronese.  
Mars and Venus  

United by Love, 1570s.  
Oil on canvas,  

205.7 x 161.0 cm  
(81 x 633/8 in.).  

The Metropolitan 
Museum of Art, John 

Stewart Kennedy Fund, 
1910 (10.189)

Opposite: 
Figure 20 ◆ Mars and 
Venus United by Love. 

X-ray radiograph mosaic 

techniques And MAteriAls
X-Ray Radiography
A breakthrough in the reading of Mars and 
Venus came in the later 1920s, when Alan 
Burroughs published details from radiographs 
of the painting.37 They showed clearly that sig-
nificant changes had been made by the artist 
to Venus’s head and shoulder line, as well as 

to her extended foot, and somewhat less leg-
ibly, that there were significant changes to her 
drapery; for example, the lower folds had been 
painted before the figure of Cupid tying a pink 
ribbon around the legs of the two protagonists 
was painted over it. Burroughs interpreted 
these adjustments in terms of a change in the 
“spirit” of the painting — Venus becoming more 
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lost; as the radiograph demonstrates, he is 
clutching the robe’s bunched-up folds. 

There were even changes made to the land-
scape at the right of the composition. The 
horse and the cupid with a sword were intended 
from the outset, as this area was left in reserve 
and the foliage was brushed right up to the 
horse’s head (Figure 23), although the final 
position of the horse’s head turning to the left 
was decided after the initial underpainting of 
the sky. There seem to have been plans for a 
large tree trunk angled toward the upper-right 
edge of the painting, but they were abandoned. 
Parts of the greenery below were painted out 
to allow for the horse’s legs and tail—this can 
be seen on the surface of the painting, as the 
thin layers of paint have become somewhat 
transparent—and perhaps to create a greater 
sense of space behind the figures.

Despite the artist’s searching approach to 
this painting, with its many complex changes, 
certain details were left unresolved. The horse’s 
rear left leg was never completed, and the place-
ment of Mars’s right leg remains ambiguous. 

It is probable that the subject remained 
unchanged from start to finish. Although 
Cupid (at left) was painted at a later stage, the 
directional glances of both Mars and Venus 
indicate that some figure was meant to appear 
in the lower-left corner of the composition, 
although it is possible that Veronese reconsid-
ered Cupid’s actions as he painted. Likewise, 
the unusual motif of Venus lactans is sug-
gested in all the paint layers. Summarizing 
the narrative elements of the composition, we 
see that the still-clothed Mars is embraced 
by Venus, who is nude, with her wonderfully 
painted chemise flung over a wall behind them. 
The mantle previously held in place by the gir-
dle now slung like a quiver across her chest is 
held modestly in place by her lover. Her hand 
cradles her breast, from which milk flows. A 
winged Cupid binds them, and another uses 
Mars’s sword to restrain a horse while a leering 
stone satyr looks on. 

The unusual aspects of this narrative have 
led to numerous rather esoteric interpretations, 

Olympian, dignified, and impersonal — and, in 
the “design,”  from one that was more sponta-
neous to something more thoughtful.

A composite radiograph of Mars and Venus 
made for the present study (Figure 20) has 
clarified these changes and shows to what 
extent Veronese composed this monumental 
painting as he worked on the canvas (there are 
no known compositional drawings). Venus’s 
head, face, and shoulders, including her string 
of pearls and hair ornaments, had been com-
pletely worked up before his decision to change 
the position of her body (Figure 21). She had 
been leaning forward, with her chin quite 
close to the top of Mars’s head, her shoulder 
and arm swung slightly forward. Despite the 
significant change in pose, two important 
details seem to have remained the same: Venus 
glances down past Mars toward the figure of 
Cupid, and in both versions her fingers touch 
her breast, although their exact position was 
changed several times. Because the folds of the 
original drapery are more visible in this new 
radiograph, it is clear that the blue mantle pre-
viously covered much more of her hip and that 
Cupid was indeed painted over the folds that 
fell toward the ground (Figure 22). The change 
in the position of her left foot is related to the 
shift of her entire posture to a more frontal 
stance. Originally lower down, more sharply 
foreshortened, and possibly resting on some-
thing, her lower leg was then drawn up to press 
against Mars’s leg, so that the two could be tied 
together in a convincing fashion. 

Important changes were also made to the 
figure of Mars. The helmet now tucked under 
his legs was originally behind him, where the 
stony base that bears the artist’s signature now 
stands. The gesture of his lower left arm and 
hand was also rethought: we now see his hand 
grasping the pink cloak at his back, whereas it 
was originally pulled farther forward, perhaps 
resting on the seat. When this change was 
made, the seat of the stone bench was painted 
out. Because of the darkening of the blue pig-
ment of Venus’s robe (see below), the original 
clarity of the gesture of his right hand has been 
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one of which questioned the identification of 
the two main figures.38 More recently there 
seems to be a growing consensus that the 
theme concerns the union, or rather marriage, 
of Mars and Venus, perhaps with overtones 
of allegorical opposition, as Love and War 
are “placed in a concordia discors.”39 The fer-
tile outcome of such a union — in which War 
is disarmed and Venus’s passion domesti-
cated — is represented in the flow of milk from 
Venus’s breast, which, as Cocke first noted, is 
echoed poetically by the water flowing from 
the stone lion fountain at the left.40 (The 
union of Mars and Venus produced a daugh-
ter, Harmonia, a theme taken up by Lucretius, 
among other authors, and one that was suited 
for epithalamia— marriage poems or songs.) 
The subject must have a similar meaning in 
a painting by Peter Paul Rubens, the Venus, 
Mars and Cupid at Dulwich Picture Gallery, 
London (DPG285; Figure 24), and the theme of 
Venus lactans is also found in his fountain of 
Venus in the Prado’s Garden of Love. As Cam-
penhausen has suggested, the iconography of 
Veronese’s great painting extols marriage, urg-
ing union, fecundity, and the restraint of other 
passions.41  

Canvas Support
The canvas support used for Mars and Venus  
is a fine plain-weave fabric similar in quality to 
that used for The Choice between Virtue and 
Vice. It, too, is made from two vertical strips 
of canvas, a wider strip at left and a narrower 
one at right. This piecing together of the large 
support was necessary because the maximum 
standard loom width at the time was about 
one meter.42 The lining canvas is machine 
woven and surely was attached in the late nine-
teenth century.43

Ground Preparation
A comparison was made of the ground lay-
ers in the cross sections taken from Mars 
and Venus, Virtue and Vice, and Wisdom and 
Strength (Figures 9–11, 13–16, 25–27). Mars 
and Venus has a warm pink-colored ground 
similar to that of the Frick paintings. The main 
component of the ground is anhydrite, which 
is the same material used in the Frick’s Wisdom 
and Strength. Particles of gypsum were also 
detected in some of the samples using Raman 

Figure 21 ◆ Mars and 
Venus United by Love. 
X-ray radiograph detail 
recording a change in the 
position of Venus’s head

Figure 22 ◆ Mars and 
Venus United by Love. 
X-ray radiograph detail 
of the lower-left corner, 
indicating that Venus was 
fully painted before Cupid 
was added. The radio-
graph also reveals a shift 
in the position of her leg.
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field, richly covered with majestic Architecture). 
Boschini knew Veronese’s son Gabriele and his 
grandson Giuseppe, and he claimed that the 
account of Paolo’s methods in the preface was 
based on information they provided. 

Pigments and Color Changes
Specific areas of color were of particular inter-
est in this study. First, it was important to 
determine whether the abrupt transition in 
the sky from a truer blue above to a greenish 
blue below was intentional. Analysis of the pig-
ments in the cross sections in Figures 25 and 
26 determined instead that a change occurred 
as the painting aged. The buildup of the lower 
section of the sky consists of a layer of azurite 
mixed with lead white, over which a layer of 
the blue pigment smalt was applied. The smalt 
layer, now deteriorated, appears brownish in 
the cross sections. Elemental analysis of the 
smalt indicates it contains silicon, with large 
amounts of iron, cobalt, and arsenic and small 
amounts of potassium, calcium, nickel, lead, 
and bismuth, a composition associated with 
cobalt-containing glasses and enamels from 
this period. Initially the application of smalt 
served to shift the more greenish blue azurite 
toward a truer blue color. Currently, the azur-
ite, in combination with the deteriorated smalt, 
gives this passage a distinctly greenish blue cast. 
The upper portion of the sky that retains its 
bright blue hue was finished with the more bril-
liant ultramarine. Before the deterioration of 
the smalt layer, the lower part of the sky would 
have appeared bluer, and the transition creating 
the aerial perspective from the lower to upper 
sky would have been more gradual. 

The various greens and browns of the foliage 
are also of interest because these often change 
over time. Analysis of samples from the dark 
brownish black leaves at the upper right con-
firmed the presence of a copper-containing 
green pigment and lead-tin yellow type II 
(Figure 27). The quite common deterioration 
of the copper green, which now appears com-
pletely brown in the cross section, contributes 
to the discoloration of the originally brighter 

spectroscopy. Similar to the Frick’s allegories, 
the ground was tinted primarily with red lead 
together with smaller amounts of an iron oxide 
red pigment. However, unlike Wisdom and 
Strength, Mars and Venus has no imprimatura. 
The differences in canvas, ground preparation, 
and imprimatura provide evidence that the three 
paintings were most probably conceived and 
executed individually, rather than as a group. 

Drawing
Black underdrawing in the architectural ele-
ments at the top is visible upon close inspec-
tion of the surface in visible light.44 Boschini, 
who wrote extensively on Veronese’s technique, 
recorded in Le ricche minere delle pittura vene-
ziana (1674) that “prima egli disponeva le forme 
delle figure a proporzione delle tele, avendo 
sempre per oggetto che fossero collocate in 
spazioso campo, riccamente vestito di maes-
tose Architetture”45 (at first he would place the 
shape of figures in proportion to the canvas, 
always aiming at placing them in a spacious 

Figure 23 ◆ Mars and 
Venus United by Love. 

X-ray radiograph detail of 
the area left in reserve for 
the horse. The final posi-
tion of the horse’s head, 

turning toward Venus 
and Mars, was painted 

over the underpainting of 
the sky. The leaves of the 
background foliage were 

added last.
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green leaves. The distinctly yellow-brown 
grape leaves directly over Venus’s head contain 
lead-tin yellow type II (Figure 28). No copper-
containing pigments were detected, however, 
which confirms that the yellowish brown hue 
of these leaves was intended and may suggest 
an autumnal setting. 

Analysis of the sample removed from 
Venus’s darkened blue mantle, the folds of 
which have become less legible, reveals a mix-
ture that indicates a significant color change 
(Figure 29). The main component is smalt, 
now deteriorated, with ultramarine, azur-
ite, vermilion, and red lead mixed together 
to create what must have originally been a 
deep purple. The discoloration of the smalt is 
largely responsible for the confusion of form 
and the darkened appearance of this passage 
of drapery. It is interesting to note that in 1674 
Boschini wrote, “Per il più poneva gli Azuri 
a guazzo; e per tal cagione alcuni, inaveduti, 
volendo nettar alcuno de’ suoi quadri, hanno 
(non volendo) dipennate alcune piegature de’ 
panni.”46 (Most of the time he [Veronese] used 
blue bound in glue; and for this reason some, 
wanting to clean some of his paintings, have 
(without intending to do so) erased some of the 
details of the draperies.) However, there is no 
analytical evidence that Veronese ever used 
the guazzo technique that Boschini referred to, 
and analysis has consistently shown his use of 
an oil medium.47 It seems possible, then, that 
Boschini’s observation was based on ignorance 
of Veronese’s pervasive use of smalt, which 
was already deteriorating.

This study was undertaken primarily to improve 
understanding of the historical relationships of 
the Frick and the Metropolitan Museum allego-
ries by Paolo Veronese, as well as to gain insight 
into the artist’s materials and techniques. Previ-
ous investigations of paintings by Veronese have 
reported that he painted on a white ground 
that was occasionally adjusted with a toning 
layer or a light pink imprimatura. Although the 
use of a colored ground on the three paintings 
examined for this study may seem surprising, 

it is consistent with the trend to the increased 
use of colored grounds seen in Venice during 
the second half of the sixteenth century, in par-
ticular by Tintoretto and Jacopo Bassano and 
by their workshops and followers.48 As more 
investigations take place, a better understand-
ing may be gained of the use of colored grounds 
by Veronese and other artists working during 
this period.

Earlier studies have reported Veronese’s 
use of four blue pigments: smalt, ultramarine, 
azurite, and indigo. The particular way in 
which Veronese applied the first three to con-
struct the skies in the paintings investigated 
for this study appears unique in comparison 
with his reported use in other paintings. In 
paintings by Veronese in the National Gal-
lery, London, smalt is used for the skies in The 
Family of Darius before Alexander, The Dream 
of Saint Helena, and the four Allegories of 
Love; smalt glazed with ultramarine is used 
in a small area in The Consecration of Saint 
Nicholas; and azurite is used in The Adoration 

Figure 24 ◆ Peter Paul 
Rubens (Flemish, 1577–
1640). Venus, Mars and 
Cupid, early–mid-1630s. 
Oil on canvas, 195.2 x 
133.0 cm (767/8 x 523/8 in.). 
Dulwich Picture Gallery, 
London (DPG285)
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Figure 29 ◆ Mars and Venus United by Love. Cross section from Venus’s 
dark blue drapery. The main component in this single-layer sample, 
appearing brown in the cross section, is deteriorated smalt (SEM-
EDS); most of the blue particles are ultramarine, with a few grains of 
azurite also present (Raman spectroscopy). The red particles are red 
lead and vermilion (Raman spectroscopy). There is no ground layer in 
this sample. Visible illumination; original magnification 200x

Figure 25 ◆ Mars and Venus United by Love. Cross section from the 
dark blue passage in the sky at the upper right of the painting. The 
dark blue layer on top is composed of ultramarine and lead white 
(Raman spectroscopy). Deteriorated smalt particles in the layer imme-
diately below are composed mainly of silicon, with large amounts 
of iron, cobalt, and arsenic and with small amounts of potassium, 
calcium, nickel, lead, and bismuth (SEM-EDS). The lighter blue layer 
immediately below the smalt layer contains azurite and lead white 
(Raman spectroscopy). Large particles in this layer contain primarily 
magnesium and calcium (SEM-EDS), probably in the form of dolo-
mite. Anhydrite is the main component of the ground layer, although 
in some spots a shoulder at 1008 cm-1 on the main Raman band of 
anhydrite at 1018 cm-1 suggests the presence of gypsum as well. Red 
particles in the ground are presumably an iron oxide (SEM-EDS), 
possibly hematite. Lead-containing particles were also noted in the 
ground (SEM-EDS), possibly in the form of red lead or lead white. 
Red particles between the light blue and ground layers are vermilion 
(SEM-EDS) and may indicate the presence of a toning layer. Visible 
illumination; original magnification 200x

Figure 26 ◆ Mars and Venus United by Love. Cross section from the 
greenish blue area in the sky, near the right edge of the painting. At 
the very top of the sample, the paint layer contains deteriorated smalt 
(SEM-EDS) with some lead white. The light blue layer below is com-
posed of azurite and lead white (Raman spectroscopy), with some 
dolomite particles (SEM-EDS). The composition of the deteriorated 
smalt and the overall appearance of the light blue layers are compa-
rable to the smalt and azurite layers in the cross section in Figure 25. 
The compositions of the ground layers in both samples are similar  
as well, except that elemental analysis (SEM-EDS) revealed no iron-
containing particles in the present section. Red particles between the 
light blue layer and the ground are vermilion and possibly red lead 
(SEM-EDS), and they may indicate the presence of a toning layer.  
Visible illumination; original magnification 200x

Figure 27 ◆ Mars and Venus United by Love. Cross section from the 
now-darkened leaves at the upper right of the painting. The brownish 
green layer on top is a glaze containing a copper-based green pigment 
(SEM-EDS). Yellow particles in this layer are lead-tin yellow type II 
(SEM-EDS). The brown layer under the discolored green glaze is 
deteriorated smalt (SEM-EDS). Azurite and lead white (Raman spec-
troscopy) with some dolomite particles (SEM-EDS) were detected in 
the white and blue layer below. The materials in the ground layer were 
fluorescent with the 785 nm Raman excitation and consist mainly of 
calcium and sulfur (SEM-EDS), primarily in the form of anhydrite. A 
few lead-containing particles in the ground (SEM-EDS) are probably 
red lead. Visible illumination; original magnification 200x

Figure 28 ◆ Mars and Venus United by Love. Cross section from the 
yellow-brown grape leaves above the head of Venus. In the yellow 
layer on top, the presence of lead, tin, and silicon (SEM-EDS) and 
bands at ca. 140 and 324 cm-1 in the Raman spectrum are consistent 
with lead-tin yellow type II. No copper-containing glaze over the 
yellow was observed in the SEM-EDS examination. The middle layer 
(sky) consists mainly of deteriorated smalt (SEM-EDS). The light blue 
layer below is composed of azurite and lead white (Raman spectros-
copy), with some dolomite particles (SEM-EDS). There is no ground 
layer present in this sample. Visible illumination; original magnifica-
tion 200x
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of the Kings. For The Marriage Feast at Cana in 
the Louvre, Veronese was required by contract 
to use ultramarine. Azurite is the only blue pig-
ment used for the sky in The Feast in the House 
of Levi in the Gallerie dell’Accademia, Venice.

By contrast, the skies in all three of the 
paintings included in the present study are 
worked up in a more complex manner. Both 
of the Frick paintings have multiple layers of 
azurite mixed with differing amounts of lead 
white, followed by final applications of ultra-
marine, concentrated in the upper portions 
of the skies. The layer structure of the sky in 
Mars and Venus is particularly distinctive. 
Here, Veronese exploited the qualities of all 
three blue pigments, applying a glaze of smalt 
followed by ultramarine over a base of azur-
ite and lead white. Furthermore, in the lower 
layers of the skies of all three paintings, lead 
white extended with dolomitic calcium car-
bonate is mixed with azurite. Where ultrama-
rine is mixed with white in the upper layers, a 
pure form of lead white is used. It is very clear 
that Veronese was quite consciously choosing 
his pigment mixtures and building up his skies 
with specific visual effects in mind. 

The similarities in the techniques used 
for the three paintings studied here — for 
example, the consistent use of a warm pink-
colored ground and the complex buildup of 
the skies that includes the use of azurite in 
the underlayers— are not surprising, given 
that the paintings date to the same period of 
Veronese’s career. However, the use of very dif-
ferent materials for the supports, the dissimi-
lar makeup of the grounds, and the varying 
methods used to construct the skies strongly 
suggest that the paintings were conceived as 
individual works. 

Identifying changes in the appearance of 
paintings by this Venetian artist is essential, 
particularly with regard to color. Although 
his use of smalt has long been noted, the 
impact of this pigment as it was detected in 
this study — now discolored in a more com-
plex layer structure containing ultramarine as 
well as azurite —adds to the understanding of 

visual changes in the sky of Mars and Venus. 
The identification in this study of Veronese’s 
continued use of the light-sensitive pigment 
indigo may be of interest in future investiga-
tions. Veronese’s exploitation of the full range 
of available pigments to achieve a wide variety 
of lush greens is well known, as is the charac-
teristic discoloration of passages containing 
copper green pigments. The identification of 
pigments used to achieve the quite intentional 
yellow-brown of the grape leaves in Mars and 
Venus has put to rest speculation that these 
leaves were originally green. Finally, the identi-
fication of the complex chemical deterioration 
of the arsenic sulfide pigment realgar in Vice’s 
orange drapery offers an explanation for why 
the appearance of this passage in particular 
has suffered to such an extreme degree. 

This study of these changes in color, as well 
as the artist’s use of colored grounds, offers new 
insight into his painting methods, while the 
major revisions revealed in the radiograph of 
Mars and Venus provide important evidence for 
his approach to composition. These new find-
ings contribute to a growing body of literature 
that analyzes Paolo Veronese’s technique within 
the context of Venetian art of the period.
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pressure scanning electron microscope. Analyses 
were performed on uncoated paint cross sections with 
the SEM chamber pressurized with 100 Pa of nitrogen 
to avoid charge buildup on the nonconductive materi-
als at an accelerating voltage of 20 kV.

13 For a discussion of the original commission of the 
allegories, see Salomon 2006, pp. 20–24.

14 Ridolfi [1648] 1914, p. 347.
15 Munhall 1970, pp. 66–67.
16 For a full account of the paintings’ iconography, see 

Salomon 2006, pp. 24–37.
17 For Veronese’s drawings, see Cocke 1984.
18 Salomon 2006, p. 39.
19 The thread count measured from the radiograph of 

The Choice between Virtue and Vice is 16 x 18 threads 
per sq. cm; the thread count measured from the radio-
graph of Wisdom and Strength is 13 x 7 threads per 
sq. cm (twill weave). The canvas seams are clearly vis-
ible in the radiographs of both paintings.

20 Plesters and Lazzarini 1976.
21 “Metendo il detto messer Paulo la sua opera del pic-

tor et ancor tutte le colori de qual sorte se sia et coser 
la tela et ogni altra cosa che le possa intrar a tutti soi 
spesi. Et il monasterio mettirà solum la tela simpliza-
mente et farà far il telaro per ditto quadro; del resto 
poi inchiederà la tela a soi spese et altre manifature 
che le potra intrar.” (The said messer Paolo providing 
entirely at his own expense his work as a painter and 
also all the colors of every kind and the preparation 
of the canvas and any other thing that will be neces-
sary to him. And the monastery will pay only for the 
canvas and will have the stretcher made for the said 
painting; it will also fix the canvas at its own expense 
and other work that will be necessary.) Habert and 
Volle 1992, p. 43.

22 Salomon 2006, p. 13.
23 Gettens and Mrose 1954.
24 Boschini [1660] 1966, pp. 207, 364.
25 For a recent examination of discolored smalts, see 

Spring et al. 2005.
26 Habert and Volle 1992, pp. 136–37.
27 Goedings and Groen 1994; Eastaugh et al. 2004.
28 Penny and Spring 1995, p. 8.
29 For discussion of Veronese’s pigments, see Penny and 

Spring 1995 and Penny et al. 1996.
30 FitzHugh 1997, pp. 52–53.
31 Trentelman et al. 1996; see also Corbeil and Helwig 

1995.
32 Penny et al. 1996, p. 49.
33 For a discussion of the early sources, see Zeri 1973, 

pp. 84–85.
34 Hadeln 1913, p. 243 n. 2.
35 Ibid., p. 244.
36 Pignatti 1976, p. 90; Pallucchini 1984, p. 114.
37 Burroughs 1927; Burroughs 1930; Burroughs 1938, 

pp. 93–96.
38 Dr. Robert Eisler, in a letter to Dr. Gisela M. A. Rich-

ter, September 1934 (departmental files, Department 
of European Paintings, The Metropolitan Museum 
of Art), identified the subject as the Adoption of Her-
cules by Juno; he was followed by Ballarin 1965, p. 80; 
see also Zeri 1973, pp. 84 and 85, no. 1. However, the 
figures were identified as Mars and Venus in invento-
ries from 1621 on.

39 Paulson 1975, pp. 12–13.
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notes
1 Hadeln 1913.
2 Ibid., p. 235.
3 Zimmermann 1905.
4 For the history of the paintings, see Watson 1989 and 

Salomon 2006.
5 Stockbauer 1874.
6 Cocke 1977; Campenhausen 2003. For a full account 

of the debate, including the above-mentioned iden-
tification of the Frick paintings, see Salomon 2006, 
pp. 20–21.

7 Salomon 2006, p. 10.
8 For a history of the dating of the paintings, see ibid., 

pp. 14–18.
9 Lazzarini and Nepi Scirè 1984; Nepi Scirè 1988.
10 Habert and Volle 1992.
11 Penny and Spring 1995; Penny et al. 1996.
12 Raman spectra were recorded with a Renishaw Sys-

tem 1000 spectrometer equipped with a Leica DM 
LM microscope with 785 and 514 nm lasers. The 
laser beam was focused on the paint and ground lay-
ers using the 50x lens of the microscope, allowing a 
spatial resolution in the order of 3 µm. A 1200 lines/
mm grating was used in conjunction with the 785 nm 
laser excitation, and a 1800 lines/mm grating was 
employed with the 514 nm excitation. A thermoelec-
trically cooled CCD detector was used, with integra-
tion times between 10 and 40 seconds and powers 
between 0.5 and 2 mW. Identification of the materials 
was done by comparing the Raman spectra of the 
unknowns with those of reference compounds and 
published data (Bell et al. 1997; Burgio and Clark 2001). 
SEM-EDS analyses were performed using an Oxford 
Instruments INCA Energy 300 Microanalysis system 
equipped with a Link Pentafet high resolution Si(Li) 
SATW energy dispersive X-ray detector attached to 
a LEO Electron Microscopy model 1455VP variable 
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40 Cocke 1980, p. 14.
41 Campenhausen 2003, pp. 100 – 110.
42 The thread count measured from the radiograph is  

16 x 18 threads per sq. cm. The canvas seam is also 
clearly visible in the radiograph.

43 There is a label on the reverse side that was placed 
there when the painting was included in the 1881 exhi-
bition at the Royal Academy.

44 Examination by infrared reflectography was not 
included in this study.

45 Boschini 1674, p. 733.
46 Ibid.
47 For discussion of Veronese’s techniques and use of 

media, see Penny and Spring 1995.
48 Dunkerton and Spring 1998.
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Uno studio tecnico-scientifico di tre 
dipinti allegorici di Paolo Veronese: 
La scelta tra la Virtù e il Vizio,  
La Sapienza e la Forza, e Marte e 
Venere uniti dall’ Amore
riAssunto
Tre opere di Paolo Veronese, uno dei principali 
artisti del Cinquecento italiano, sono state esa-
minate in preparazione ad una mostra tenutasi 
alla Frick Collection nel 2006.  Le ricerche 
sono state eseguite sulla tela Marte e Venere 
uniti dall’ Amore del Metropolitan Museum of 
Art, e sulle allegorie La scelta tra la Virtù e il 
Vizio e La Sapienza e la Forza conservate alla 
Frick Collection. Esemplari di diversi pigmenti 
sono stati analizzati con microspettroscopia 
Raman e spettrometria a raggi X in dispersione 
di energia attraverso un microscopio elettro-
nico a scansione con l’intento di chiarire que-
stioni riguardanti il rapporto tra le tre opere, 
le quali furono elencate come appartenenti ad 
un unico ciclo pittorico per la prima volta in 
un inventario della collezione dell’imperatore 
Rodolfo II, datato 1621. Le analisi, assieme agli 
esami radiografici e agli studi effettuati sui 
supporti e sulle imprimiture, dimostrano che 
i quadri furono inizialmente concepiti come 
opere individuali. Inoltre, allo scopo di verifi-
care possibili alterazioni del disegno originale, 
un’ipotesi a lungo discussa, sono state esami-
nate aree specifiche di ogni quadro. 
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AbstrAct
Among the most notable contributions of 
Islamic craftsmen to the art of glassmaking 
are thirteenth- and fourteenth-century gilded 
and enameled glasses from Egypt and Syria. In 
order to better understand their manufacture, 
quantitative chemical analyses were performed 
on samples of glass substrates and enamels 
from a group of medieval Egyptian and Syrian 
vessels and mosque lamps in The Metropolitan 
Museum of Art, using energy dispersive and 
wavelength dispersive X-ray spectrometry in 
the scanning electron microscope. For com-
parison, analyses were also carried out on two 
nineteenth-century European vessels in the 
Islamic style. Whereas earlier technical inves-
tigations of the medieval material had helped 
to define the various glass and enamel formu-
lations employed, the present study provides 
a more comprehensive overview of the glass 
and enamel types and pigments in use, as well 
as identifying pigment mixtures in individual 
enamels. Different combinations of enamel 
types consistently used together on individual 
vessels were recognized; on further investigation, 
these may prove to be indicative of dating or a 
particular production site.

The development of gilded and enameled 
glass in the Islamic world has been 

described as “one of the most significant con-
tributions to the history of glassmaking world-
wide.”1 The origins of Islamic enameled glass 
in the late twelfth century are unclear. Appar-
ently it developed in the region of Syria, pos-
sibly at the glassmaking center in the city of 
Raqqa, but there may also have been a Byzan-
tine influence. For about two centuries, during 
the late Ayyūbid period (1171–1252) and con-
tinuing under the Mamluk sultans (1250–1517), 
artists in Syria and Egypt created many differ-
ent kinds of enameled-glass objects, including 
bottles (36.33; Figure 1), beakers, footed bowls 
(91.1.1538; Figure 2), basins, and lamps, often 
with calligraphic inscriptions in addition to 
abstract and figural decoration. Highly prized, 
enameled glass was owned and given as gifts 
by Ayyūbid and later by Mamluk rulers, who 
commissioned many hanging lamps, known as 
“mosque lamps” (91.1.1534; Figure 3); often the 
latter had their names inscribed in enamel.2

Glass from the Islamic world began to 
arrive in Europe during the Middle Ages and 
found its way into cathedral treasuries and 
aristocratic collections, such as the Mamluk 
enameled beaker known as the Luck of Eden-
hall, now in the collection of the Victoria and 
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and objects continued to be imported from the 
Middle East, while those already in European 
hands rapidly changed ownership.5 Several 
large collections of Islamic glass were formed 
during this period, including that of Edward C. 
Moore (1827–1891), a designer and director of 
Tiffany & Co. This was the first major collec-
tion of Islamic glass in the United States, and it 
was presented to The Metropolitan Museum of 
Art in 1891, forming the basis of the Museum’s 
extensive Islamic glass holdings.6

This renewed interest also inspired nineteenth- 
century artists to produce enameled and 
gilded glass in the Islamic style, such as the 
historicizing works by the Viennese firm J. & L. 
Lobmeyr and by Philippe-Joseph Brocard (see 
Figure 14).7 Although these works were gener-
ally exhibited and sold as contemporary repro-
ductions, some inevitably began to enter the 
art market and found their way into collec-
tions as medieval works. Recent stylistic 
reevaluations, as well as documentary evi-
dence, have raised questions about the authen-
ticity of some pieces in major collections, such 
as two mosque lamps from the J. P. Morgan 
collection, now in the Metropolitan Museum, 
that were thought to be fourteenth-century 
originals but are now believed to have been 
produced in Europe in the late nineteenth 
century.8

Medieval Islamic enameled glasses were 
most commonly produced with colorless or 
unintentionally tinted bodies, although some 
were made from translucent blue or purple or 
even opaque white glass. These vessels and 
mosque lamps were typically decorated with 
gilding and opaque white, blue, red, yellow, 
and green enamels, and less frequently with 
colors such as light blue, pink, purple, and 
brown-black. The enamels were applied 
directly on the glass surface as well as over 
gilding. Previous technical studies have helped 
to shed light on the types of glass and enamel 
compositions made in Syria and Egypt in the 
thirteenth and fourteenth centuries.9 The pres-
ent study was undertaken to provide a more 
in-depth overview of the compositional ranges 

Albert Museum, London. The interest in such 
works apparently inspired Venetian artists to 
produce their own enamel-decorated glass, 
such as the so-called Aldrevandin beakers 
made in the late thirteenth and fourteenth 
centuries.3 European interest in Islamic art 
and antiquities revived in the nineteenth cen-
tury, after the French occupation of Egypt.4 By 
the second half of the nineteenth century, the 
demand by collectors for medieval Islamic 
gilded and enameled glass had greatly increased, 

Figure 1 ◆ Bottle. Egypt  
or Syria, Mamluk, first 

half of 14th century.  
Glass, enamels, gilding,  

H. 50.2 cm (193/4 in.), 
Diam. 24.9 cm (93/16 in.).  

The Metropolitan 
Museum of Art, Purchase, 

Joseph Pulitzer Bequest, 
1936 (36.33)
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well-characterized reference glasses and glass 
standards.10 Table 1 (see pages 120–23) presents 
the results of the EDS and WDS analyses, in 
oxide weight percentages, of the glass and 
enamel compositions from the twenty-two 
Mamluk vessels and mosque lamps from Syria 
and Egypt. Table 2 (see pages 122–23) presents 
analyses of two late nineteenth-century Euro-
pean enameled vessels in the medieval 
Islamic style.

results
Vessel GlAss
The glasses from the medieval Islamic vessels 
were all found to have soda-lime-silica compo-
sitions (Na2O-CaO-SiO2), with soda averaging 
about 13 percent by weight and lime slightly 
over 8 percent. All of these glasses contain rela-
tively high levels of magnesium (MgO) and 
potassium (K2O), with magnesia ranging from 
about 3 to 4 percent and potash approximately 
2.5 to 3 percent. Most of the glasses contain 

of glass and enamel types in use, as well as the 
combinations of different enamel types used 
on individual objects. To this end, twenty-one 
enameled colorless glass vessels from the 
Mamluk period in the Metropolitan Museum 
were sampled for quantitative chemical analy-
sis. For comparison, one blue medieval Islamic 
glass vessel, as well as two nineteenth-century 
European bottles produced in the Islamic style, 
were also examined. (See Checklist of Enam-
eled Glasses, pages 128–29.)

The glass and enamel compositions were 
analyzed in the scanning electron microscope 
(SEM) using energy dispersive X-ray spectrom-
etry (EDS) to measure the major and minor 
elements; wavelength dispersive X-ray spec-
trometry (WDS) was used to determine 
amounts present below 1 percent by weight. 
Samples of the bodies were generally taken 
from the pontil mark—as a rule colorless, but 
in one case blue (91.1.1534; see Figure 5); the 
enamels were sampled only from areas of pre-
vious loss or damage, which sometimes meant 
that not all of the enamel colors from a par-
ticular object could be sampled. On some 
glasses, the enamels were too heavily deterio-
rated to provide a sample suitable for quantita-
tive analysis, although it was usually possible 
to determine the general compositional type. 
Weight percentage concentrations of the ele-
ment oxides detected were calculated using 

Figure 2 ◆ Footed bowl 
(tazza). Syria, Mamluk, 
mid-13th century.  
Glass, enamels, gilding,  
H. 18.3 cm (73/16 in.),  
Diam. (max.) 19.7 cm  
(73/4 in.). The Metropolitan 
Museum of Art, Edward 
C. Moore Collection, 
Bequest of Edward C. 
Moore, 1891 (91.1.1538) 

Figure 3 ◆ Mosque lamp. 
Egypt or Syria, Mamluk, 
ca. 1325. Glass, enamels, 
gilding, H. 26.7 cm  
(101/2 in.), Diam. 20.8 cm 
(83/16 in.). The Metropoli-
tan Museum of Art, 
Edward C. Moore Collec-
tion, Bequest of Edward 
C. Moore, 1891 (91.1.1534)
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plant-ash source of alkali, which would have 
contributed significant amounts of magnesium, 
potassium, and calcium along with the sodium. 
In some cases, at least two different sources 
may have been used. One mosque lamp 
(91.1.1536; see Figure 15), for example, stands 
out from the majority in containing more 
potassium than magnesium. 

Manganese (MnO), added as a decolorant to 
counter the effects of iron in the colorless 
glasses, is present in relatively small amounts, 
with an average ratio of manganese oxide to 
iron oxide of about 2 to 1. A sole exception, 
91.1.1533, was found to contain nearly 2 percent 
manganese oxide. Unintentional additions in 
the form of small amounts or traces of other 
elements from the raw materials include phos-
phate (P2O5) and sulfate (SO3), both present at 
about 0.2 percent; chlorine (Cl), averaging 
about 1 percent; strontium oxide (SrO), averag-
ing about 0.07 percent; and barium oxide 
(BaO), generally present at about 0.03 percent. 
Traces of copper (CuO) were found in three of 
the colorless glasses, and a trace of lead (PbO) 
was also observed in one. These last two ele-
ments are almost certainly unintentional addi-
tions from some colored-glass cullet in the 
glass batch and are not present in high enough 
concentrations to affect the appearance or 
working properties of these glasses.

In addition to the colorless vessel glasses, 
two examples of blue glass were analyzed. One 
is from the body of a small decorated perfume 
sprinkler (1972.118.42), and the second is actu-
ally from a pontil mark on a colorless glass 
mosque lamp (91.1.1534; Figure 5). This vessel 
was observed to have two distinct pontil marks, 
which are easier to distinguish than on most of 
the vessels, as one pontil mark is colorless 
while the second is blue. These blue glasses 
have essentially the same composition as the 
colorless examples but also contain a small 
amount of cobalt (CoO). Compared to the 
colorless glasses, the blues also contain some-
what more iron, as well as small amounts of 
zinc (ZnO) and lead. The additional iron, 
along with the zinc and lead, appears to have 

more magnesia than potash, with an average 
ratio of about 4 to 3 (Figure 4).

Relatively low levels of alumina (Al2O3), 
averaging 1.2 percent, were found in all of the 
glasses, as well as small amounts of iron oxide 
(Fe2O3), averaging 0.4 percent in the colorless 
glasses but higher in the blue glasses, and tita-
nium oxide (TiO2), about 0.07 percent, indicat-
ing that a relatively pure silica source, possibly 
crushed quartz pebbles, was primarily used in 
the production of these glasses. All appear to 
have been produced with a sodium-based 

Figure 4 ◆ Plot of  
magnesia (MgO) and  

potash (K2O) values for 
the colorless glass bodies

Figure 5 ◆ Detail of  
underside of a mosque 

lamp (91.1.1534), showing  
double pontil mark 
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been unintentionally introduced with the 
cobalt ore used in the production of the blue 
glass. Cobalt blue glasses containing zinc and 
lead have been found in many other Islamic as 
well as Byzantine and European contexts from 
the tenth through the fourteenth century.11 

White enAmel
The white enamels were found to have soda-
based compositions similar to those of the col-
orless glasses, although two different types of 
white opacifiers—crystalline inclusions in the 
glassy matrix that block the transmission of 
light—were found. About half of the white 
enamels examined were found to contain crys-
talline tin oxide (SnO2), averaging about 10 
percent but varying from less than 3 percent to 
about 17 percent by weight. Significant 
amounts of lead are also present in all of the 
tin-containing white enamels, generally with 
slightly more lead oxide than tin oxide, at an 
average ratio of about 4 to 3, although several 
contain slightly more tin than lead.

The second type of white enamel was found 
to contain large amounts of phosphorus and 
generally more lime than the colorless vessel 
glasses. High-magnification analysis of the dif-
ferent phases in these enamels showed what 
appear to be particles of colorless glass and of 
calcium phosphate, probably from ground bone. 
Ivory is also a possible source, as it too consists 
mainly of calcium phosphate. However, the low 
levels of magnesium observed in these particles 
are more consistent with bone, as ivory ana-
lyzed for comparison was found to contain 
more magnesium than bone does.12 Three of 
the white enamels are mixtures—that is, white 
glass opacified with tin oxide but also contain-
ing particles of colorless glass and relatively 
large amounts of calcium phosphate (Figure 6).

blue enAmel
The blue enamels have essentially the same 
overall composition as the colorless glass, 
although most contain much more alumina, 
averaging about 4 percent, up to a maximum of 
6 percent, and also have higher concentrations 

of sulfate, 1 to 2 percent instead of about 0.2 
percent. Examination of these enamels under 
the optical microscope revealed that they con-
sist of a mixture of colorless glass particles and 
dark blue particles (Figure 7). The former is 
close in composition to the colorless glass used 
for the vessel, whereas the blue particles con-
sist mainly of sodium, aluminum, silicon, and 
sulfur, along with a small amount of calcium. 
These appear to be particles of the blue semi-
precious stone lapis lazuli, which consists 
mainly of the mineral lazurite, a sodium- 
calcium-aluminum-silicate-sulfur sulfate.13

Two examples of light blue were analyzed, 
both found on objects also bearing the more 

typical dark blue enamels (91.1.1530 and 41.150). 
The light blue enamels were found to be a mix-
ture of white enamel and lapis lazuli particles, 
with a somewhat lower concentration of the 
latter than in the dark blue enamels (Figure 8). 
The light blue from 91.1.1530 contains a mixture 
of both types of white opacifier, as does the 
white enamel from this object, whereas the light 
blue from 41.150 contains only tin oxide crystals.

Figure 6 ◆ SEM micro-
graph (backscattered elec-
tron [BSE] detector) of 
white enamel from a 
mosque lamp (91.1.1537), 
showing a mixture of an 
opaque white lead–rich 
glass phase with tin oxide 
crystals, and particles of 
colorless soda glass and 
calcium phosphate. Origi-
nal magnification 750x

Figure 7 ◆ Photomicro-
graph of cross section of 
blue enamel from a basin 
(91.1.1532), showing a mix-
ture of lapis lazuli par-
ticles and colorless glass. 
Original magnification 
200x

20 µm
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Lapis lazuli particles and cobalt were looked 
for but not detected. Turquoise enamels on 
glass are relatively rare, but one example of an 
enamel with a composition similar to this 
glass has been described.15 

Unlike the colorless glass, many of the blue 
enamels were found to contain traces or small 
amounts of lead oxide, up to nearly 6 percent. 
The lead in these enamels is not evenly dis-
persed but is present in the form of lead-silicate 
glass particles distributed heterogeneously 
throughout the enamel (Figure 9). Traces of tin 
were also noted in four of the blue enamels, 
and a few tin oxide crystals were observed with 
the SEM. However, the small amounts of tin 
found in these enamels seem to indicate that 
these were not deliberate additions but simply 
accidental inclusions or contamination, per-
haps from the use of some opaque glass cullet 
in the production of the enamel.

red enAmel
The red enamels all contain large amounts of 
iron oxide particles, apparently mainly in the 
form of the mineral hematite. Two distinctly 
different types of red enamel were found in 
this study. Like the blue enamels, the dominant 
red, here designated Red I, has an overall com-
position similar to that of the colorless vessel 
glass, distinguished by the addition of the iron 
oxide, ranging from about 3 to 8 percent, with 
most containing 5 to 6 percent. As seen in the 
SEM, these reds are a mixture of glass par-
ticles and hematite (Figure 10). Small amounts 
of lead oxide were also found in these reds, up 
to a maximum of 4 percent, although averag-
ing only about 1 percent. 

The second type of red, here designated Red 
II, is a lead-silicate glass rather than a soda-
lime glass and contains from about 30 to 
nearly 60 percent lead oxide, with only small 
amounts of sodium, magnesium, potassium, 
and calcium. This red contains more iron 
oxide than Red I, approximately 10 to 20 per-
cent. The high-lead red enamels were all 
applied only in relatively fine lines, in very thin 
layers, approximately 10 µm thick (Figure 11), 

One example of blue enamel does not con-
tain any lapis particles but instead is colored 
with cobalt (1974.120). Along with the cobalt, a 
trace of arsenic (As2O3) was detected, but 
unlike the blue glass used for the pontil on 
91.1.1534, no zinc was found, indicating that a 
different cobalt ore was used. A single example 
of blue enamel contains lapis particles as well 
as a small amount of cobalt (17.190.987). Unlike 
the blue enamel colored solely by cobalt, this 
one does not contain any arsenic but includes 
traces of zinc and lead, as in the blue glass pon-
til mark on 91.1.1534. This enamel appears to 
be a mixture of lapis with both colorless and 
cobalt blue glass particles. 

One thirteenth-century blue glass vessel 
was analyzed (1974.118.42). Unlike the other 
examples in this study, this perfume sprinkler 
has a dark blue glass body and has been 
described as having light blue or turquoise 
“enamel-painted” decoration.14 Recent exami-
nation of this piece, however, revealed that the 
decoration is actually marvered rather than 
enameled. In this technique, hot glass decora-
tion is applied to a vessel while it is still hot; 
the decoration is then worked into the glass 
until it is flush with the surface. The translu-
cent dark blue glass of the sprinkler is similar 
in composition to the colorless enameled 
glasses discussed above, although it contains 
somewhat less magnesium, potassium, and 
calcium than is typical of the colorless glasses. 
The blue glass is colored with cobalt and has 
traces of copper, zinc, and lead. The opaque 
turquoise decoration, on the other hand, is col-
ored with a relatively large amount of copper 
oxide and opacified with crystalline tin oxide. 

Figure 8 ◆ SEM micro-
graph (BSE detector) of 

light blue enamel from a 
bottle (41.150), showing a 
mixture of tin oxide crys-

tals and angular lapis 
lazuli particles. Original 

magnification 2000x

10 µm
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unlike the sodium-based Red I and other 
enamels, which generally measure about 100 
to 200 µm or more in thickness. All of the 
examples of high-lead Red II enamel were 
found on the vessels that also have the thicker 
soda-glass Red I enamel. It was difficult to 
safely sample the Red II enamels. Visual exam-
ination of other enameled vessels revealed that 
most, if not all, have both thick and thin red 
enamels, suggesting that most enameled ves-
sels have both compositional types of red 
enamel decoration.

Two samples of pink enamel also were ana-
lyzed, taken from the same two vessels bearing 
the light blue enamels (91.1.1530 and 41.150). 
Like the light blues, these are a mixture of 
white enamel and colorant, with far fewer 
hematite particles than in any of the reds. As 
in the light blue and white enamels from 
91.1.1530, the pink enamels also contain a mix-
ture of both types of white opacifier. One 
example of purple enamel was also examined 
(41.150). Like the pink and light blue enamels, 
this is a complex mixture—in this case, com-
bining colorless glass with particles of two dif-
ferent mineral pigments. Rather than simply 
colored by manganese, the purple was made by 
combining blue enamel containing lapis par-
ticles with a small amount of hematite. Cobalt 
was not detected.

YelloW And Green enAmel
The yellow and green enamels differ from the 
whites, blues, and most of the reds in being 
lead-silicate glasses, containing from about 50 
to more than 70 percent lead oxide, with one 

green outlier containing only about 42 percent. 
Silica is present at about 20 to 30 percent, with 
relatively small amounts or traces of the other 
glass-forming elements. These enamels con-
tain significant amounts of tin, mainly in the 
form of abundant lead-tin yellow (lead stannate) 
particles, which serve as opacifier and colorant. 
Also noted were many rounded silica particles, 
presumably unreacted quartz (Figure 12). Tin 
oxide is present at about 5 percent on average 
but was found to vary from about 2 to more 
than 12 percent. The green enamels differ from 
the yellows in containing more copper oxide, 
from about 1 to 3 percent, which together with 
the yellow crystals produces the green color.

Many of the greens and yellows also contain 
traces of arsenic and antimony (Sb2O3), with 
some containing up to about 1 percent anti-
mony oxide. The small amounts of arsenic and 
antimony in the leaded enamels suggest that 
they are probably unintentional additions asso-
ciated with the lead. Traces of antimony were 
also noted in some of the other enamels that 
have significant amounts of lead, such as the 
blue on 91.1.1536. About 1 percent antimony 
oxide and small amounts of arsenic were found 

Figure 9 ◆ SEM micro-
graph (BSE detector) of 
blue enamel from a 
mosque lamp (17.190.989), 
showing a mixture of lapis 
lazuli particles (dark gray) 
in a colorless glass matrix 
(light gray) with a high-
lead phase (white). Origi-
nal magnification 1500x

Figure 10 ◆ SEM micro-
graph (BSE detector) of 
Red I enamel from a 
mosque lamp (17.190.989), 
showing colorless glass 
particles (gray) sur-
rounded by red hematite 
particles (white). Original 
magnification 1000x

Figure 11 ◆ SEM micro-
graph (BSE detector) from 
a mosque lamp (91.1.1535), 
showing a thin layer of 
lead-rich Red II enamel 
(white) over the colorless 
glass vessel (gray). Origi-
nal magnification 1200x

10 µm 20 µm

10 µm
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brown or dark brown but appear black in 
reflected light. These enamels are similar to 
the yellow, green, and high-lead red in being 
lead-silicate glasses, but they contain much 
more magnesium and aluminum. Large par-
ticles in the glass matrix of these enamels were 
found to consist mainly of chromium oxide 
(Cr2O3) along with relatively large amounts of 
iron, magnesium, and aluminum, plus traces  
of nickel (NiO). The large particles appear to 
be the brown-black mineral chromite, a  
magnesium-iron-chromium oxide often asso-
ciated with some aluminum (Figure 13).16 The 
relatively large amounts of magnesium and 
aluminum (compared to the other lead-silicate 
enamels) are mainly from the chromite, not 
from the glassy matrix. In contrast to the 
brown enamel, the two darker brown-black 
enamels contain significant amounts of copper, 
apparently accounting for the darker color.

nineteenth-centurY enAmeled 
GlAss
Two nineteenth-century French enameled-
glass bottles in the Islamic style (25.126 and 
1998.396; Figure 14) were analyzed for com-
parison. The glass and enamels used in these 
objects differ from their medieval counter-
parts in many ways. Although the body glasses 
from both are soda-lime-silica based, they dif-
fer from the Islamic examples in containing 
only traces of magnesium and less than 1 per-
cent potash. Also, these glasses have traces of 
manganese but do contain arsenic, probably 
added as a decolorant. Other minor differences 
include the presence of much smaller amounts 
of chlorine and little or no detectable phos-
phorus, presumably due to the use of purified 
raw materials.

All of the enamels on these objects have 
high-lead compositions, containing from about 
45 to more than 60 percent lead oxide. Arsenic 
is also present, at least in trace amounts, in  
all of the colors. The opaque enamels contain 
significant amounts of arsenic, mainly present 
in the form of the white opacifier lead arsenate. 
The yellow enamel from 25.126 was also found 

in several of the high-lead reds as well, such as 
that from 17.190.992. Analyses of individual crys-
tals in these yellow and green enamels revealed 
that although most consist of lead and tin, some 
of the enamels that have a relatively high pro-
portion of antimony oxide to tin oxide also con-
tain what appears to be a mixture of lead anti-
monate and lead stannate. In addition to the lead 
stannate crystals, small amounts of tin oxide 
crystals were also noted in some of the high-tin 
enamels, such as the green from 91.1.1535. 

Two of the green enamels, on vessels 
91.1.1536 and 17.190.989, stand out from the 
other yellows and greens in containing only 
traces of tin oxide, approximately 0.5 percent, 
with more antimony than tin. Analyzing the 
crystals in these enamels showed that they 
consist mainly of lead antimonate, rather than 
lead stannate, along with some mixed lead 
antimonate/stannate. These two enamels also 
contain larger traces of arsenic than any of the 
other yellows and greens. 

broWn-blAck enAmel
Three examples of black enamel were analyzed 
(91.1.1530, 91.1.1537, and 41.150). All are actually 

Figure 13 ◆ SEM micro-
graph (BSE detector) of 

dark brown enamel from 
a mosque lamp (91.1.1537), 

showing chromite par-
ticles in a lead-rich glass 

matrix. Original  
magnification 1600x

Figure 12 ◆ SEM micro-
graph (BSE detector) of 

yellow enamel from a vase 
(91.1.1531), showing lead-

tin yellow crystals (white) 
in a lead-rich glass matrix. 

Dark areas are unreacted 
silica particles. Original 

magnification 2000x

10 µm

10 µm
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to contain crystals of lead antimonate but  
no tin, whereas the yellow from 1998.396 con-
tains uranium (UO3), first introduced as a  
glass colorant in the nineteenth century. The 
green enamels do not appear to contain any 
yellow colorant or opacifier but are colored by  
a mixture of chromium and cobalt. Cobalt is 
also present in both blue enamels, probably 
associated with small traces of nickel; no zinc 
was detected. One similarity noted between 
the medieval and the nineteenth-century 
enamels, however, is that iron is used as the  
red colorant in both. 

discussion
The analytical results presented in this study 
are, for the most part, consistent with those 
found in earlier studies. The colorless glasses 
from the vessels examined showed the same 
range as reported by Ian C. Freestone and Col-
leen P. Stapleton.17 This general compositional 
type of high-magnesia, high-potash soda-lime-
silica glass, with plant ash as one of its raw 
materials, is typical of glass produced in the 
Islamic world from about the ninth century 
onward, whereas most earlier Islamic glass was 
made of low-magnesia, low-potash soda-lime-
silica glass, made with natron, a naturally 
occurring mineral source of sodium.18 A low-
alumina plant-ash glass, similar to the vessel 
glass characterized in this study, has been 
reported for various Islamic sites, including a 
glass workshop at Raqqa in northern Syria.19

One of the mosque lamps (91.1.1536; Figure 
15) was found to be unusual in several ways, 
possibly indicating a different origin than the 
majority of the pieces in this study. The glass 
has a distinctly greenish tone instead of the 
more common brown, yellow, or golden cast 
found among the so-called colorless glasses. 
Although the overall composition is similar, it 
contains more potassium and less magnesium, 
which may indicate the use of a different 
source of plant ash in its production. One 
other glass found to be comparable is a bottle 
(06.1036.2), which also stands out in having an 
unusual low-tin green enamel. A detailed sty-
listic examination might help further distin-
guish these works from the others, possibly 
supporting a separate origin for them and 
other similar pieces.

Allowing for differences due to the addition 
of the colorants, the composition of the glass 
phase in the red, blue, and bone white enamels 
appears to be about the same as that found in 
the body glasses. However, some of these 
enamels have differences in their ratios of 
magnesia to potash, indicating different ori-
gins for the glass particles mixed with the col-
orants. For example, the composition of the 
blue enamel on 91.1.1536, like the glass body, 

Figure 14 ◆ Attributed to 
Philippe-Joseph Brocard 
(French, 1813–1896).  
Bottle. Paris, ca. 1870–80. 
Glass, enamels, gilding, 
H. 50.0 cm (1911/16 in.),  
Diam. 24.0 cm (97/16 in.). 
The Metropolitan 
Museum of Art, Gift of 
Anthony Blumka, in 
honor of Justin Frederick 
Nasatir, 1998 (1998.396)
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has more potash than magnesia, while the low-
lead Red I enamel on this mosque lamp is more 
typical of the majority of the glasses and con-
tains more magnesia than potash. On 91.1.1539, 
the vessel glass and the red enamel are very 
similar, whereas the blue enamel appears to be 
somewhat different, even allowing for the large 
amount of aluminum from the lapis particles. 
The white and blue enamels from the so-called 
Rothschild Bucket, formerly in the possession 
of the Rothschild family, also have reported 
compositions with more potash than magnesia, 
although the colorless vessel glass has a more 
typical composition.20 This may be seen as evi-
dence that some enamels, or possibly just the 
glass used in their manufacture, were made in 
different locations than the vessel glass.

Earlier studies of medieval Islamic enamels 
have reported relatively few examples of the use 
of calcium phosphate as a white opacifier, com-
pared to tin oxide opacified white enamel. Yet 
the objects analyzed here show that calcium 
phosphate was apparently much more com-
monly used than previously thought, with three 
examples of whites, as well as opaque light blue 
and pink, containing a mixture of both types of 
opacifier. One other white enamel, examined in 
a previous study and described simply as a “tin 
oxide white,” was reported to contain some-
what more phosphate than typically found in 
the soda-based enamels and may be another 
example of a white containing both opacifiers.21 
It is unclear why the two were mixed, when 
either one seems to work satisfactorily by itself. 
However, compared to the other enamels on 
the same objects, many of the calcium phos-
phate whites show some signs of buff-colored 
or brownish surface deterioration. The large 
number of calcium phosphate particles in some 
of these whites may have interfered with the 
fusing of the glass particles in the firing pro-
cess, leaving a more open framework of glass in 
the enamel, which is susceptible to preferential 
corrosion (Figure 16).

Only a single instance of blue enamel colored 
solely with cobalt was found here (1974.120), 
compared to the more than twenty examples 
of blues, light blues, and purple that contain 
particles of lapis lazuli. Earlier studies had 
revealed the use of lapis in Islamic blue enamel, 
confirmed in a few instances by X-ray diffrac-
tion analysis as well as compositional studies.22 
Evidence from the present study indicates that 
the use of cobalt blue enamel may have been 

Figure 16 ◆ SEM micro-
graph (BSE detector) of 

white enamel from a 
mosque lamp (17.190.989), 

showing colorless glass 
with a large number of 

calcium phosphate par-
ticles. Original magnifica-

tion 900x

Figure 15 ◆ Mosque lamp. 
Syria, Mamluk, second 

half of 14th century. Glass, 
enamels, H. 26.9 cm  

(103/4 in.), Diam. (max.) 
21.4 cm (87/16 in.). The 

Metropolitan Museum of 
Art, Edward C. Moore 
Collection, Bequest of 

Edward C. Moore, 1891 
(91.1.1536)

20 µm



compositional study of medieval islamic enameled glass ◆  119 

different ratios of antimony and arsenic, indi-
cating that the enamels may have been pro-
duced at different times or places, using differ-
ent lead sources. For example, the yellow on 
91.1.1530 contains five times the amount of 
antimony oxide found in the green enamel on 
the same object, although the amount of lead 
oxide is approximately the same in both. In 
one blue enamel (91.1.1536), antimony in trace 
amounts was found distributed throughout, in 
association with the lead-silicate glass phase.

Two of the green enamels stand out from 
the other greens and the yellows in that they 
contain only small amounts of tin and appear 
to be opacified mainly with lead antimonate 
(91.1.1536 and 17.190.989). Two examples of sim-
ilar greens have also been reported on enam-
eled fragments from the British Museum.26 
Although antimony in most of the high-lead 
enamels was almost certainly unintentionally 
introduced with the lead, in a very few enamels 
it may have been deliberately substituted for 
the tin. Lead antimonate could have been 
added, intentionally or unintentionally, in the 
form of bindheimite, a yellow mineral contain-
ing lead and antimony, although there appears 
to be little evidence for its use.27 Alternatively, 
it has been speculated that lead antimonate 
was added in the form of litharge, a yellow lead 
oxide, often a by-product of the cupellation of 
silver- or gold-containing lead ores. Cupella-
tion of lead ores that contain antimony can 
produce antimonial litharge, which may have 
served as the source of lead antimonate yellow 
in Roman glassmaking.28 Lead antimonate yel-
low appears to have been used only rarely after 
the fourth century until its rediscovery in Ven-
ice in the late fifteenth century. However, 
instances of the reuse of Roman-era glass have 
been noted in Byzantine and medieval Euro-
pean contexts, mostly in enamels on metal.29 
These green enamels with more antimony than 
tin might be another example of this practice.

Most enamel decoration consists of ground 
colored glass or a mixture of colorless glass 
and colorant suspended in a liquid, applied to a 
substrate, and then fused in place by intense 

even less common than previously thought. 
One example (17.190.987) also revealed a mix-
ture of lapis with cobalt-colored glass. A simi-
larly mixed blue enamel also appears to have 
been used on the so-called Cavour Vase, now 
in the collection of the Museum of Islamic Art, 
Qatar.23 Medieval Islamic and European blue 
glasses colored with cobalt typically contain 
traces of zinc, testifying to the use of zinc- 
containing cobalt ores. This type of blue glass 
appears to have been used in the mixed 
enamel identified in the present study and was 
found in the blue glass pontil mark on 91.1.1534. 

A different cobalt mineral, one containing 
arsenic rather than zinc, seems to have been 
used in the production of the blue enamel on 
1974.120. A similar composition was also found 
in one of the blue enamels from a previous 
study.24 The use of an arsenical cobalt source 
instead of the better-known zinc-cobalt min-
eral probably was due to a change in availabil-
ity. This may have occurred toward the end of 
the fourteenth century, perhaps indicating that 
the use of cobalt rather than lapis lazuli for 
blue enamels came late in the development 
of Islamic enameled-glass technology. Until 
more data are available, however, this is only 
speculation. 

Earlier studies also elucidated the use of 
hematite as the colorant in red enamels, either 
combined with soda-glass particles or mixed 
in a lead-silicate glass matrix.25 As noted ear-
lier, the high-lead red (Red II) was found on 
the same vessels as the more common soda-
glass red (Red I). Red II may be more prevalant 
than appears from earlier studies but might 
not have been analyzed because of difficulty in 
sampling the very thin enamel layer. Lead- 
silicate glasses were also noted for the yellows, 
greens, and browns. Traces of antimony and 
arsenic were found in many of the lead-silicate 
enamels, with several containing more than 1 
percent antimony oxide. These elements may 
be associated with some lead ores, and their 
varying ratios suggest that different sources of 
lead may have been in use. Interestingly, even 
enamels from the same object can show very 
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Acc. No.  
Description Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SrO SnO2 Sb2O3 BaO PbO

91.1.1530
Mosque lamp

Colorless glass 10.8 3.5 1.2 69.0 0.26 0.19 1.2 3.0 9.3 0.08 nd 0.78 0.56 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 11.4 3.1 3.5 66.1 0.22 1.4 1.1 3.0 8.7 0.07 nd 0.72 0.35 nd nd nd nd nd 0.06 0.13 nd 0.03 0.18
Red I 10.3 3.0 1.3 64.0 0.23 0.28 1.1 2.6 8.6 0.07 nd 0.73 5.5 nd nd 0.08 nd nd 0.05 0.03 nd 0.02 2.0
White  7.4 1.7 0.38 46.7 2.4 0.27 0.89 1.4 7.4 0.03 nd 0.53 0.34 nd nd 0.04 nd nd 0.04 13.5 nd 0.01 17.0
Light Blue  9.0 2.3 2.0 52.8 1.7 0.69 0.88 2.0 8.0 0.05 nd 0.55 0.32 nd nd 0.04 nd nd 0.05 8.3 nd 0.02 11.3
Pink  7.9 2.0 0.51 48.7 2.0 0.20 0.90 1.6 7.6 0.04 nd 0.61 0.88 nd nd 0.06 nd nd 0.03 11.7 nd 0.01 15.2
Yellow  0.72 0.26 0.22 22.2 0.05 0.09 0.54 0.22 1.0 0.02 nd 0.07 0.29 nd nd 0.33 nd 0.12 nd 4.4   1.1 nd 68.3
Green  0.18 0.10 0.25 21.0 0.04 0.20 0.50 0.18 0.81 0.02 nd 0.01 0.28 nd nd 1.8 0.02 0.02 nd 6.5 0.22 nd 67.8
Brown-Black  3.2 3.2 2.5 34.6 0.28 0.59 0.52 1.6 3.8 0.09 8.2 0.24 2.8 nd 0.03 1.5 0.02 nd 0.02 0.02 0.02 0.01 36.7
Red II  3.5 0.80 1.8 33.3 1.0 0.92 0.80 1.7 3.5 0.07 nd 0.13 20.5 nd nd 1.4 0.04 0.03 0.02 0.05 0.07 0.02 30.2

91.1.1531
Vase

Colorless glass 13.6 3.1 1.2 68.8 0.22 0.19 0.89 3.1 7.3 0.08 nd  1.0 0.40 nd nd nd nd nd 0.07 nd nd 0.01 nd
Blue 12.6 3.5 2.8 66.5 0.21 0.93 0.85 3.4 7.5 0.10 nd 0.78 0.43 nd nd 0.02 nd nd 0.07 0.02 nd 0.01 0.36
Red I 13.1 3.0 1.2 65.0 0.19 0.26 0.82 2.8 7.0 0.06 nd 0.77 4.6 nd nd nd nd nd 0.07 0.11 nd 0.02 1.0
White  8.0 2.0 0.67 52.0 0.21 0.20 0.50 1.7 5.5 0.07 nd 0.65 0.42 nd nd nd nd nd 0.05 11.6 nd 0.03 16.4
Yellow  2.2 0.59 0.36 27.0 0.09 0.12 0.24 0.57 1.7 0.03 nd 0.11 0.41 nd nd 0.48 nd 0.05 nd 5.2 0.53 0.02 60.4

91.1.1532
Basin

Colorless glass 11.9 3.2 1.2 71.4 0.18 0.12 1.2 2.9 7.0 0.08 nd 0.57 0.33 nd nd nd nd nd 0.04 nd nd 0.02 nd
Blue 11.2 3.1 6.0 59.8 0.19 2.0 1.0 2.9 7.0 0.08 nd 0.49 0.40 nd nd 0.18 nd nd 0.05 nd nd 0.04 5.6
Red I 10.8 3.0 1.5 62.2 0.25 0.20 1.0 3.3 7.6 0.08 nd 0.43 6.8 nd 0.01 0.09 nd 0.03 0.05 nd 0.11 0.04 2.5
White  9.8 3.0 1.3 59.6 6.2 0.20 1.1 3.0 14.6 0.07 nd 0.47 0.37 nd nd nd nd nd 0.06 nd nd 0.03 0.10
Green  6.3 2.1 0.78 35.4 0.22 0.24 0.69 1.8 4.1 0.05 nd 0.06 0.38 nd nd 3.3 nd 0.10 nd 2.1 0.83 nd 41.6
Red II  5.2 2.1 2.6 39.6 0.35 0.76 1.0 2.3 5.4 0.09 nd 0.06 9.8 nd nd 1.3 0.07 0.25 0.02 0.01 0.84 0.02 28.4

91.1.1533
Plate

Colorless glass 12.3 2.6 1.3 69.4 0.25 0.26 0.71 2.0 8.7 0.08 nd  1.9 0.29 nd nd 0.01 nd nd 0.07 nd nd 0.04 nd
Blue 12.3 2.9 2.4 69.0 0.29 0.89 0.71 2.3 8.4 0.07 nd 0.33 0.33 nd nd nd nd nd 0.06 nd nd 0.04 nd
Red I 12.5 2.6 0.96 64.9 0.26 0.23 0.79 1.9 7.7 0.07 nd 0.13 6.2 nd nd 0.02 nd nd 0.05 nd nd 0.02 1.6
White 13.4 2.7 0.62 60.2 0.27 0.28 0.91 2.0 7.5 0.04 nd 0.32 0.30 nd nd 0.01 nd nd 0.04 6.8 nd 0.02 4.6

91.1.1534
Mosque lamp

Colorless glass 14.2 3.7 1.1 67.2 0.21 0.27 0.91 2.7 8.1 0.06 nd 0.85 0.46 nd nd 0.01 nd nd 0.07 nd nd 0.03 nd
Blue glass (pontil) 15.0 4.0 1.1 65.3 0.29 0.25 0.97 2.9 7.9 0.07 nd 0.73 0.78 0.10 nd 0.09 0.26 nd 0.05 nd   nd 0.02 0.15
Blue 13.3 3.8 3.9 64.4 0.19 1.1 0.80 2.9 8.2 0.06 nd 0.76 0.42 nd nd 0.03 nd nd 0.06 nd nd 0.02 0.08
Red I 13.0 3.7 1.0 63.3 0.25 0.32 0.78 2.9 7.6 0.06 nd 0.80 5.5 nd nd 0.21 0.02 nd 0.06 0.05 nd 0.03  0.38
White  8.9 3.1 0.75 51.6 0.22 0.28 0.54 2.2 5.6 0.05 nd 0.56 0.36 nd nd 0.09 nd nd 0.04 10.8 nd 0.02 14.8
Green  1.1 0.30 0.26 24.4 0.06 0.14 0.10 0.21 1.6 0.01 nd 0.08 0.26 nd 0.01 3.0 0.03 0.07 nd 6.2 0.21 nd 61.8

91.1.1535
Mosque lamp

Colorless glass 12.6 4.6 0.95 67.8 0.13 0.24 0.95 2.7 8.7 0.05 nd 0.69 0.34 nd nd nd nd nd 0.12 nd nd 0.04 nd
Blue 12.8 4.1 4.0 65.0 0.15 1.3 0.80 2.9 7.9 0.06 nd 0.55 0.32 nd nd 0.01 nd nd 0.08 nd nd 0.03 0.06
Red I 12.3 4.3 1.1 65.6 0.28 0.26 0.84 2.9 8.3 0.06 nd 0.62 3.2 nd  nd nd nd nd 0.09 nd nd 0.03 0.07
White 12.1 4.0 0.93 61.8 4.2 0.30 0.81 2.8 11.8 0.05 nd 0.56 0.32 nd nd nd nd nd 0.08 nd nd 0.03 0.19
Yellow  0.54 0.16 0.17 20.5 0.06 0.03 0.16 0.12 0.74 nd nd 0.02 0.13 nd nd 0.17 nd 0.02 nd 3.5 0.11 nd 73.5
Green  0.22 0.10 0.18 22.6 0.03 0.04 0.14 0.10 0.65 0.01 nd 0.02 0.12 nd 0.01 2.5 nd 0.03 nd 7.0 0.27 0.01 65.8
Red II  2.4 0.50 1.4 32.8 0.14 0.32 0.25 0.59 1.9 0.05 nd 0.16 10.8 nd nd 0.13 nd 0.01 nd 0.14 0.10 nd 48.2

91.1.1536
Mosque lamp

Colorless glass 12.8 3.0 1.5 66.4 0.25 0.18 1.1 4.1 9.4 0.10 nd 0.61 0.44 nd nd nd nd nd 0.06 nd nd 0.04 nd
Blue 12.0 2.5 5.6 60.6 0.17 2.0 0.97 3.5 7.1 0.07 nd 0.61 0.31 nd nd 0.02 nd nd 0.05 nd 0.08 0.04 4.4
Red I 11.8 3.6 1.3 65.7 0.22 0.23 1.1 2.5 8.5 0.08 nd 0.64 4.0 nd nd nd nd nd 0.06 nd nd 0.06   0.22
White 10.0 3.2 1.2 57.0 7.0 0.35 1.0 2.4 15.5 0.06 nd 0.44 0.27 nd nd 0.03 0.01 nd 0.08 nd nd 0.04 1.4
Yellow  2.0 0.48 0.33 25.0 0.14 0.27 0.29 0.41 1.6 nd nd 0.08 0.39 nd nd 0.33 nd 0.07 nd 4.9 0.97 nd 62.7
Green  2.6 0.78 0.53 28.6 0.14 0.37 0.37 0.89 2.2 0.04 nd 0.01 0.28 nd nd 2.1 nd 0.40 nd 0.48  1.4 0.01 58.8
Red II  1.1 0.40 2.7 25.5 0.18 0.69 0.41 0.61 1.6 0.07 nd 0.03 14.8 0.03 nd 0.40 0.04 0.14 nd nd 0.26 0.01 51.0

91.1.1537
Mosque lamp

Colorless glass 12.5 3.9 1.3 68.0 0.26 0.21 0.93 3.2 8.3 0.07 nd 0.78 0.40 nd nd nd nd nd 0.06 nd nd 0.02 nd
Blue 12.5 4.0 4.7 64.2 0.22 1.8 0.87 3.2 7.5 0.08 nd 0.56 0.36 nd nd nd nd nd 0.05 nd nd 0.02 nd
Red I 12.1 4.1 1.3 65.0 0.23 0.34 0.84 2.8 7.3 0.07 nd 0.58 5.2 nd nd 0.02 0.01 nd 0.06 nd nd 0.02 0.06
White  9.7 3.1 1.0 52.8 2.5 0.26 0.70 2.0 9.0 0.07 nd 0.59 0.35 nd nd 0.03 nd nd 0.04 7.0 nd 0.02 10.8
Green  3.7 1.5 0.42 26.7 0.14 0.18 0.30 1.1 2.6 0.03 nd 0.03 0.24 nd nd 2.6 nd 0.01 0.02 3.0 0.36 nd 57.0
Brown-Black  3.4 4.1 3.0 28.8 0.09 0.17 0.16 0.69 2.6 0.05 12.2 0.27 3.3 0.02 0.05 1.8 0.04 nd 0.02 nd nd nd 39.4

91.1.1538
Footed bowl (tazza)

Colorless glass 14.0 3.4 1.1 67.8 0.23 0.16 1.3 2.5 7.8 0.08 nd  1.1 0.42 nd nd nd nd nd 0.08 nd nd 0.02 nd
Blue 13.1 3.1 3.4 65.8 0.20 1.0 1.0 2.4 8.6 0.08 nd 0.61 0.38 nd nd 0.03 0.01 nd 0.08 0.03 nd 0.02 0.06
Red I 13.2 3.0 1.2 64.8 0.20 0.31 1.1 2.0 7.9 0.07 nd 0.71 5.4 nd nd nd nd nd 0.06 nd nd 0.02 0.05
White 10.3 2.2 1.0 55.3 0.17 0.20 0.83 1.6 6.3 0.07 nd 0.60 0.38 nd nd 0.03 nd 0.01 0.04 9.0 nd 0.04 11.9
Yellow  0.27 0.11 0.16 20.4 0.04 0.07 0.32 0.10 0.62 0.01 nd 0.02 0.13 nd nd 0.19 nd 0.02 nd 8.8 0.20 nd 68.4

91.1.1539
Mosque lamp

Colorless glass (pontil) 14.4 3.1 1.3 67.9 0.24 0.22 1.0 2.4 8.1 0.09 nd 0.76 0.40 nd nd nd nd nd 0.07 nd nd 0.02 nd
Colorless glass (handle) 14.3 3.1 1.3 67.9 0.24 0.23 1.0 2.5 8.1 0.07 nd 0.75 0.40 nd nd nd nd nd 0.06 nd nd 0.03 nd
Blue 13.1 2.7 4.8 62.5 0.21 1.4 0.86 3.1 7.1 0.08 nd 0.75 0.4 nd nd 0.04 nd nd 0.06 nd nd 0.03 2.9
Red I 12.6 3.0 1.3 63.7 0.24 0.27 0.92 2.4 7.1 0.08 nd 0.67 6.6 0.01 nd nd nd nd 0.07 nd nd 0.01 1.0
White 11.0 2.7 1.2 51.2 10.8 0.33 0.73 1.9 19.0 0.06 nd 0.63 0.35 nd nd nd nd nd 0.05 nd nd 0.02 nd
Yellow  3.7 0.62 0.37 25.9 0.15 0.20 0.25 0.92 3.0 0.02 nd 0.01 0.24 nd nd 0.22 nd 0.06 nd 3.0 0.80 nd 60.6
Green  4.0 1.0 0.51 30.8 0.14 0.31 0.20 1.0 3.2 0.07 nd 0.27 0.44 nd nd 3.4 0.13 0.04 0.04 3.2 0.33 0.01 51.0

06.1036.1  Bottle Colorless glass 12.3 4.2 0.82 68.0 0.18 0.22 1.0 2.8 9.1 0.05 nd 0.75 0.43 nd nd nd nd nd 0.08 nd nd 0.03 nd

06.1036.2
Bottle (qum qum)

Colorless glass 13.6 2.9 1.3 69.1 0.20 0.17 1.1 3.8 6.7 0.08 nd 0.61 0.26 nd nd nd nd nd 0.07 nd nd 0.04 nd
Blue 10.2 2.7 4.1 68.6 0.29 1.8 1.0 3.3 6.5 0.07 nd 0.72 0.30 nd nd 0.12 0.01 nd 0.05 nd nd 0.03 0.15
Yellow  4.2 0.93 0.64 34.0 0.21 0.18 0.68 1.2 2.6 0.03 nd 0.03 0.20 nd nd 0.12 nd 0.04 0.03 2.2 0.57 0.02 52.1
Green  3.0 0.50 0.79 20.6 0.64 0.25 1.4 0.56 2.3 0.05 nd 0.11 0.42 0.02 nd 3.2 0.02 0.02 0.02 12.2 0.11 nd 53.6

Table 1 ◆ SEM-EDS/WDS Analyses of Glass and Enamels from Medieval Islamic Glasses (Weight %)

nd = not detected
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Acc. No.  
Description Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SrO SnO2 Sb2O3 BaO PbO

91.1.1530
Mosque lamp

Colorless glass 10.8 3.5 1.2 69.0 0.26 0.19 1.2 3.0 9.3 0.08 nd 0.78 0.56 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 11.4 3.1 3.5 66.1 0.22 1.4 1.1 3.0 8.7 0.07 nd 0.72 0.35 nd nd nd nd nd 0.06 0.13 nd 0.03 0.18
Red I 10.3 3.0 1.3 64.0 0.23 0.28 1.1 2.6 8.6 0.07 nd 0.73 5.5 nd nd 0.08 nd nd 0.05 0.03 nd 0.02 2.0
White  7.4 1.7 0.38 46.7 2.4 0.27 0.89 1.4 7.4 0.03 nd 0.53 0.34 nd nd 0.04 nd nd 0.04 13.5 nd 0.01 17.0
Light Blue  9.0 2.3 2.0 52.8 1.7 0.69 0.88 2.0 8.0 0.05 nd 0.55 0.32 nd nd 0.04 nd nd 0.05 8.3 nd 0.02 11.3
Pink  7.9 2.0 0.51 48.7 2.0 0.20 0.90 1.6 7.6 0.04 nd 0.61 0.88 nd nd 0.06 nd nd 0.03 11.7 nd 0.01 15.2
Yellow  0.72 0.26 0.22 22.2 0.05 0.09 0.54 0.22 1.0 0.02 nd 0.07 0.29 nd nd 0.33 nd 0.12 nd 4.4   1.1 nd 68.3
Green  0.18 0.10 0.25 21.0 0.04 0.20 0.50 0.18 0.81 0.02 nd 0.01 0.28 nd nd 1.8 0.02 0.02 nd 6.5 0.22 nd 67.8
Brown-Black  3.2 3.2 2.5 34.6 0.28 0.59 0.52 1.6 3.8 0.09 8.2 0.24 2.8 nd 0.03 1.5 0.02 nd 0.02 0.02 0.02 0.01 36.7
Red II  3.5 0.80 1.8 33.3 1.0 0.92 0.80 1.7 3.5 0.07 nd 0.13 20.5 nd nd 1.4 0.04 0.03 0.02 0.05 0.07 0.02 30.2

91.1.1531
Vase

Colorless glass 13.6 3.1 1.2 68.8 0.22 0.19 0.89 3.1 7.3 0.08 nd  1.0 0.40 nd nd nd nd nd 0.07 nd nd 0.01 nd
Blue 12.6 3.5 2.8 66.5 0.21 0.93 0.85 3.4 7.5 0.10 nd 0.78 0.43 nd nd 0.02 nd nd 0.07 0.02 nd 0.01 0.36
Red I 13.1 3.0 1.2 65.0 0.19 0.26 0.82 2.8 7.0 0.06 nd 0.77 4.6 nd nd nd nd nd 0.07 0.11 nd 0.02 1.0
White  8.0 2.0 0.67 52.0 0.21 0.20 0.50 1.7 5.5 0.07 nd 0.65 0.42 nd nd nd nd nd 0.05 11.6 nd 0.03 16.4
Yellow  2.2 0.59 0.36 27.0 0.09 0.12 0.24 0.57 1.7 0.03 nd 0.11 0.41 nd nd 0.48 nd 0.05 nd 5.2 0.53 0.02 60.4

91.1.1532
Basin

Colorless glass 11.9 3.2 1.2 71.4 0.18 0.12 1.2 2.9 7.0 0.08 nd 0.57 0.33 nd nd nd nd nd 0.04 nd nd 0.02 nd
Blue 11.2 3.1 6.0 59.8 0.19 2.0 1.0 2.9 7.0 0.08 nd 0.49 0.40 nd nd 0.18 nd nd 0.05 nd nd 0.04 5.6
Red I 10.8 3.0 1.5 62.2 0.25 0.20 1.0 3.3 7.6 0.08 nd 0.43 6.8 nd 0.01 0.09 nd 0.03 0.05 nd 0.11 0.04 2.5
White  9.8 3.0 1.3 59.6 6.2 0.20 1.1 3.0 14.6 0.07 nd 0.47 0.37 nd nd nd nd nd 0.06 nd nd 0.03 0.10
Green  6.3 2.1 0.78 35.4 0.22 0.24 0.69 1.8 4.1 0.05 nd 0.06 0.38 nd nd 3.3 nd 0.10 nd 2.1 0.83 nd 41.6
Red II  5.2 2.1 2.6 39.6 0.35 0.76 1.0 2.3 5.4 0.09 nd 0.06 9.8 nd nd 1.3 0.07 0.25 0.02 0.01 0.84 0.02 28.4

91.1.1533
Plate

Colorless glass 12.3 2.6 1.3 69.4 0.25 0.26 0.71 2.0 8.7 0.08 nd  1.9 0.29 nd nd 0.01 nd nd 0.07 nd nd 0.04 nd
Blue 12.3 2.9 2.4 69.0 0.29 0.89 0.71 2.3 8.4 0.07 nd 0.33 0.33 nd nd nd nd nd 0.06 nd nd 0.04 nd
Red I 12.5 2.6 0.96 64.9 0.26 0.23 0.79 1.9 7.7 0.07 nd 0.13 6.2 nd nd 0.02 nd nd 0.05 nd nd 0.02 1.6
White 13.4 2.7 0.62 60.2 0.27 0.28 0.91 2.0 7.5 0.04 nd 0.32 0.30 nd nd 0.01 nd nd 0.04 6.8 nd 0.02 4.6

91.1.1534
Mosque lamp

Colorless glass 14.2 3.7 1.1 67.2 0.21 0.27 0.91 2.7 8.1 0.06 nd 0.85 0.46 nd nd 0.01 nd nd 0.07 nd nd 0.03 nd
Blue glass (pontil) 15.0 4.0 1.1 65.3 0.29 0.25 0.97 2.9 7.9 0.07 nd 0.73 0.78 0.10 nd 0.09 0.26 nd 0.05 nd   nd 0.02 0.15
Blue 13.3 3.8 3.9 64.4 0.19 1.1 0.80 2.9 8.2 0.06 nd 0.76 0.42 nd nd 0.03 nd nd 0.06 nd nd 0.02 0.08
Red I 13.0 3.7 1.0 63.3 0.25 0.32 0.78 2.9 7.6 0.06 nd 0.80 5.5 nd nd 0.21 0.02 nd 0.06 0.05 nd 0.03  0.38
White  8.9 3.1 0.75 51.6 0.22 0.28 0.54 2.2 5.6 0.05 nd 0.56 0.36 nd nd 0.09 nd nd 0.04 10.8 nd 0.02 14.8
Green  1.1 0.30 0.26 24.4 0.06 0.14 0.10 0.21 1.6 0.01 nd 0.08 0.26 nd 0.01 3.0 0.03 0.07 nd 6.2 0.21 nd 61.8

91.1.1535
Mosque lamp

Colorless glass 12.6 4.6 0.95 67.8 0.13 0.24 0.95 2.7 8.7 0.05 nd 0.69 0.34 nd nd nd nd nd 0.12 nd nd 0.04 nd
Blue 12.8 4.1 4.0 65.0 0.15 1.3 0.80 2.9 7.9 0.06 nd 0.55 0.32 nd nd 0.01 nd nd 0.08 nd nd 0.03 0.06
Red I 12.3 4.3 1.1 65.6 0.28 0.26 0.84 2.9 8.3 0.06 nd 0.62 3.2 nd  nd nd nd nd 0.09 nd nd 0.03 0.07
White 12.1 4.0 0.93 61.8 4.2 0.30 0.81 2.8 11.8 0.05 nd 0.56 0.32 nd nd nd nd nd 0.08 nd nd 0.03 0.19
Yellow  0.54 0.16 0.17 20.5 0.06 0.03 0.16 0.12 0.74 nd nd 0.02 0.13 nd nd 0.17 nd 0.02 nd 3.5 0.11 nd 73.5
Green  0.22 0.10 0.18 22.6 0.03 0.04 0.14 0.10 0.65 0.01 nd 0.02 0.12 nd 0.01 2.5 nd 0.03 nd 7.0 0.27 0.01 65.8
Red II  2.4 0.50 1.4 32.8 0.14 0.32 0.25 0.59 1.9 0.05 nd 0.16 10.8 nd nd 0.13 nd 0.01 nd 0.14 0.10 nd 48.2

91.1.1536
Mosque lamp

Colorless glass 12.8 3.0 1.5 66.4 0.25 0.18 1.1 4.1 9.4 0.10 nd 0.61 0.44 nd nd nd nd nd 0.06 nd nd 0.04 nd
Blue 12.0 2.5 5.6 60.6 0.17 2.0 0.97 3.5 7.1 0.07 nd 0.61 0.31 nd nd 0.02 nd nd 0.05 nd 0.08 0.04 4.4
Red I 11.8 3.6 1.3 65.7 0.22 0.23 1.1 2.5 8.5 0.08 nd 0.64 4.0 nd nd nd nd nd 0.06 nd nd 0.06   0.22
White 10.0 3.2 1.2 57.0 7.0 0.35 1.0 2.4 15.5 0.06 nd 0.44 0.27 nd nd 0.03 0.01 nd 0.08 nd nd 0.04 1.4
Yellow  2.0 0.48 0.33 25.0 0.14 0.27 0.29 0.41 1.6 nd nd 0.08 0.39 nd nd 0.33 nd 0.07 nd 4.9 0.97 nd 62.7
Green  2.6 0.78 0.53 28.6 0.14 0.37 0.37 0.89 2.2 0.04 nd 0.01 0.28 nd nd 2.1 nd 0.40 nd 0.48  1.4 0.01 58.8
Red II  1.1 0.40 2.7 25.5 0.18 0.69 0.41 0.61 1.6 0.07 nd 0.03 14.8 0.03 nd 0.40 0.04 0.14 nd nd 0.26 0.01 51.0

91.1.1537
Mosque lamp

Colorless glass 12.5 3.9 1.3 68.0 0.26 0.21 0.93 3.2 8.3 0.07 nd 0.78 0.40 nd nd nd nd nd 0.06 nd nd 0.02 nd
Blue 12.5 4.0 4.7 64.2 0.22 1.8 0.87 3.2 7.5 0.08 nd 0.56 0.36 nd nd nd nd nd 0.05 nd nd 0.02 nd
Red I 12.1 4.1 1.3 65.0 0.23 0.34 0.84 2.8 7.3 0.07 nd 0.58 5.2 nd nd 0.02 0.01 nd 0.06 nd nd 0.02 0.06
White  9.7 3.1 1.0 52.8 2.5 0.26 0.70 2.0 9.0 0.07 nd 0.59 0.35 nd nd 0.03 nd nd 0.04 7.0 nd 0.02 10.8
Green  3.7 1.5 0.42 26.7 0.14 0.18 0.30 1.1 2.6 0.03 nd 0.03 0.24 nd nd 2.6 nd 0.01 0.02 3.0 0.36 nd 57.0
Brown-Black  3.4 4.1 3.0 28.8 0.09 0.17 0.16 0.69 2.6 0.05 12.2 0.27 3.3 0.02 0.05 1.8 0.04 nd 0.02 nd nd nd 39.4

91.1.1538
Footed bowl (tazza)

Colorless glass 14.0 3.4 1.1 67.8 0.23 0.16 1.3 2.5 7.8 0.08 nd  1.1 0.42 nd nd nd nd nd 0.08 nd nd 0.02 nd
Blue 13.1 3.1 3.4 65.8 0.20 1.0 1.0 2.4 8.6 0.08 nd 0.61 0.38 nd nd 0.03 0.01 nd 0.08 0.03 nd 0.02 0.06
Red I 13.2 3.0 1.2 64.8 0.20 0.31 1.1 2.0 7.9 0.07 nd 0.71 5.4 nd nd nd nd nd 0.06 nd nd 0.02 0.05
White 10.3 2.2 1.0 55.3 0.17 0.20 0.83 1.6 6.3 0.07 nd 0.60 0.38 nd nd 0.03 nd 0.01 0.04 9.0 nd 0.04 11.9
Yellow  0.27 0.11 0.16 20.4 0.04 0.07 0.32 0.10 0.62 0.01 nd 0.02 0.13 nd nd 0.19 nd 0.02 nd 8.8 0.20 nd 68.4

91.1.1539
Mosque lamp

Colorless glass (pontil) 14.4 3.1 1.3 67.9 0.24 0.22 1.0 2.4 8.1 0.09 nd 0.76 0.40 nd nd nd nd nd 0.07 nd nd 0.02 nd
Colorless glass (handle) 14.3 3.1 1.3 67.9 0.24 0.23 1.0 2.5 8.1 0.07 nd 0.75 0.40 nd nd nd nd nd 0.06 nd nd 0.03 nd
Blue 13.1 2.7 4.8 62.5 0.21 1.4 0.86 3.1 7.1 0.08 nd 0.75 0.4 nd nd 0.04 nd nd 0.06 nd nd 0.03 2.9
Red I 12.6 3.0 1.3 63.7 0.24 0.27 0.92 2.4 7.1 0.08 nd 0.67 6.6 0.01 nd nd nd nd 0.07 nd nd 0.01 1.0
White 11.0 2.7 1.2 51.2 10.8 0.33 0.73 1.9 19.0 0.06 nd 0.63 0.35 nd nd nd nd nd 0.05 nd nd 0.02 nd
Yellow  3.7 0.62 0.37 25.9 0.15 0.20 0.25 0.92 3.0 0.02 nd 0.01 0.24 nd nd 0.22 nd 0.06 nd 3.0 0.80 nd 60.6
Green  4.0 1.0 0.51 30.8 0.14 0.31 0.20 1.0 3.2 0.07 nd 0.27 0.44 nd nd 3.4 0.13 0.04 0.04 3.2 0.33 0.01 51.0

06.1036.1  Bottle Colorless glass 12.3 4.2 0.82 68.0 0.18 0.22 1.0 2.8 9.1 0.05 nd 0.75 0.43 nd nd nd nd nd 0.08 nd nd 0.03 nd

06.1036.2
Bottle (qum qum)

Colorless glass 13.6 2.9 1.3 69.1 0.20 0.17 1.1 3.8 6.7 0.08 nd 0.61 0.26 nd nd nd nd nd 0.07 nd nd 0.04 nd
Blue 10.2 2.7 4.1 68.6 0.29 1.8 1.0 3.3 6.5 0.07 nd 0.72 0.30 nd nd 0.12 0.01 nd 0.05 nd nd 0.03 0.15
Yellow  4.2 0.93 0.64 34.0 0.21 0.18 0.68 1.2 2.6 0.03 nd 0.03 0.20 nd nd 0.12 nd 0.04 0.03 2.2 0.57 0.02 52.1
Green  3.0 0.50 0.79 20.6 0.64 0.25 1.4 0.56 2.3 0.05 nd 0.11 0.42 0.02 nd 3.2 0.02 0.02 0.02 12.2 0.11 nd 53.6
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Table 1 ◆ SEM-EDS/WDS Analyses of Glass and Enamels from Medieval Islamic Glasses (Weight %), continued

Acc. No.  
Description Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SrO SnO2 Sb2O3 BaO PbO

17.190.987
Mosque lamp

Colorless glass 14.6 3.0 1.0 68.2 0.22 0.22 1.1 2.1 8.3 0.06 nd 0.65 0.38 nd nd nd nd nd 0.05 nd nd 0.02 nd
Blue 12.9 3.8 4.0 64.0 0.15 1.6 0.80 2.2 9.1 0.07 nd 0.51 0.49 0.04 nd 0.10 0.12 nd 0.05 nd nd 0.04 0.12
Red I 12.0 3.3 0.94 61.3 0.25 0.47 0.90 2.6 7.0 0.05 nd 1.0 8.0 nd nd nd nd nd 0.05 nd nd 0.03 2.0
White 11.1 3.8 0.84 59.6 3.2 0.25 0.86 2.7 10.7 0.06 nd 0.67 0.31 nd nd nd nd nd 0.07 2.6 nd 0.02 3.2
Yellow 0.85 0.29 0.34 22.6 0.15 0.24 0.51 0.41 1.0 0.02 nd 0.09 0.20 nd nd 0.16 0.04 0.01 nd 6.3 0.13 0.03 66.5
Green 0.50 0.20 0.20 26.0 0.06 0.22 0.26 0.19 0.70 0.01 nd nd 0.11 nd nd 0.83 0.01 0.02 nd 5.8 0.12 0.02 64.8
Red II 2.7 0.29 1.5 24.0 0.35 0.43 0.59 1.4 2.2 0.03 nd 0.06 16.8 0.02 nd 0.25 nd nd nd nd 0.05 0.03 49.4

17.190.989
Mosque lamp

Colorless glass (pontil) 12.7 3.7 1.1 68.2 0.22 0.17 1.1 2.6 8.8 0.08 nd 0.86 0.40 nd nd nd nd nd 0.06 nd nd 0.04 nd
Colorless glass (handle) 14.7 3.0 1.3 68.1 0.23 0.19 1.1 2.7 7.4 0.09 nd 0.81 0.43 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 13.9 2.7 6.0 60.3 0.19 2.1 0.91 2.9 6.7 0.07 nd 0.65 0.38 nd nd 0.08 nd nd 0.06 nd nd 0.03 3.2
Red I 13.8 3.0 1.3 64.6 0.22 0.32 0.93 2.8 7.0 0.09 nd 0.77 4.2 nd nd 0.02 nd nd 0.06 nd nd 0.02 0.90
White 9.0 3.8 1.2 52.0 9.6 0.17 1.2 2.7 19.0 0.07 nd 0.62 0.38 nd nd nd nd nd 0.05 nd nd 0.01 0.12
Yellow 2.6 0.69 0.50 25.9 0.09 0.15 0.22 0.55 1.8 0.03 nd 0.07 0.39 nd nd 0.15 nd 0.08 0.03 2.2 0.44 nd 64.2
Green 4.6 1.6 0.60 23.5 0.15 0.26 0.44 1.2 2.8 0.04 nd 0.02 0.28 nd nd 2.2 nd 0.24 0.02 0.56 0.83 nd 60.8

17.190.990
Ewer

Colorless glass 12.4 3.3 1.2 69.4 0.20 0.19 1.0 2.7 8.3 0.06 nd 0.66 0.35 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 13.5 3.0 4.1 64.8 0.18 1.5 0.98 2.7 7.9 0.07 nd 0.96 0.32 nd nd nd nd nd 0.05 nd nd 0.04 nd
Red I 12.1 2.9 1.1 63.9 0.16 0.29 0.83 2.4 7.7 0.06 nd 0.79 5.8 nd nd 0.01 nd nd 0.06 0.64 nd 0.03 1.1
White 7.6 2.3 0.60 50.5 0.17 0.20 0.60 1.9 6.2 0.08 nd 0.63 0.43 nd nd nd nd nd 0.04 11.0 nd 0.05 17.5

17.190.991
Mosque lamp

Colorless glass 14.1 4.3 0.95 66.7 0.23 0.24 0.88 2.6 8.4 0.05 nd 0.97 0.33 nd nd 0.05 nd nd 0.06 nd nd 0.02 nd
Blue 13.5 3.8 3.7 65.0 0.27 1.5 0.83 2.6 7.6 0.07 nd 0.75 0.34 nd nd 0.06 nd nd 0.04 nd nd 0.02 nd
Red I 10.4 2.6 0.98 65.5 0.48 0.36 0.63 2.3 8.5 0.04 nd 1.4 5.4 nd nd 0.09 nd nd 0.05 0.02 nd 0.01 1.2
White 12.0 3.7 0.92 58.8 5.8 0.41 0.77 2.2 14.0 0.05 nd 0.92 0.32 nd nd 0.05 nd nd 0.06 nd nd 0.02 nd
Yellow 0.65 0.09 0.14 24.2 0.06 0.06 0.11 0.08 0.40 0.02 nd 0.01 0.08 nd nd 0.22 0.02 nd nd 6.4 0.06 0.01 67.2

17.190.992
Mosque lamp

Colorless glass 12.3 4.0 1.1 69.2 0.23 0.12 1.2 2.8 7.8 0.09 nd 0.60 0.39 nd nd nd nd nd 0.06 nd nd 0.03 0.07
Blue 12.7 3.3 3.4 66.2 0.18 1.4 1.0 2.7 7.6 0.09 nd 0.64 0.38 nd nd 0.01 nd nd 0.06 0.02 nd 0.03 0.34
Red I 11.8 3.9 1.3 64.7 0.24 0.20 1.1 2.6 7.3 0.08 nd 0.57 5.5 0.01 nd 0.01 nd nd 0.05 0.15 nd 0.03 0.48
White 7.0 2.1 0.61 48.0 0.23 0.15 0.66 1.6 5.5 0.06 nd 0.46 0.35 nd nd 0.02 nd nd 0.04 13.2 nd 0.02 20.0
Yellow 4.2 1.2 0.54 33.1 0.14 0.17 0.52 1.0 3.0 0.04 nd 0.24 0.21 nd nd 0.13 nd 0.02 nd 4.1 nd nd 51.5
Green 2.9 1.0 0.60 31.3 0.11 0.18 0.37 0.79 2.9 0.05 nd 0.21 0.33 nd nd 1.8 nd 0.02 0.02 4.0 0.07 nd 53.3
Red II 0.20 0.18 0.84 26.2 0.06 0.07 0.25 0.28 2.3 0.02 nd nd 12.0 0.02 nd 0.18 nd 0.29 nd nd 1.0 0.01 56.2

17.190.2039
Beaker

Colorless glass 12.7 3.2 0.94 68.8 0.30 0.29 0.84 3.3 8.1 0.05 nd 0.93 0.39 nd nd nd nd nd 0.07 nd nd 0.02 nd

White 12.0 3.0 0.85 62.0 4.2 0.30 0.84 2.8 12.0 0.05 nd 0.80 0.35 nd nd 0.02 nd nd 0.07 nd nd 0.03 0.66

36.33
Bottle

Colorless glass 11.5 3.3 1.3 68.7 0.21 0.21 1.1 2.8 9.5 0.07 nd 0.81 0.31 nd nd nd nd nd 0.08 nd nd 0.02 nd
Blue 12.0 3.0 4.4 64.8 0.20 1.8 0.93 3.1 8.4 0.07 nd 0.79 0.27 nd nd nd nd nd 0.07 nd nd 0.05 0.05
Red I 10.5 3.1 1.2 61.4 0.18 0.35 0.72 2.7 8.6 0.06 nd 0.66 5.9 nd nd 0.19 nd nd 0.06 0.30 nd 0.02 4.0
White 10.0 3.0 1.1 59.6 6.0 0.33 0.89 2.6 15.0 0.06 nd 0.70 0.28 nd nd nd nd nd 0.08 nd nd 0.02 0.24
Yellow 0.33 0.12 0.22 24.3 0.04 0.11 0.27 0.12 0.76 0.02 nd 0.04 0.33 nd nd 0.28 nd 0.12 nd 2.8 1.1 nd 69.0
Red II 1.4 0.14 0.40 22.2 0.58 0.26 0.52 0.77 1.4 0.02 nd 0.02 12.5 nd nd 0.36 0.04 0.10 nd 0.02 1.3 0.02 58.0

41.150
Bottle

Colorless glass 12.8 3.8 1.3 68.5 0.21 0.16 1.2 2.7 7.7 0.07 nd 0.80 0.50 nd nd nd nd nd 0.06 nd nd 0.04 nd
Blue 12.8 3.0 4.4 65.2 0.17 1.7 0.93 3.3 7.1 0.09 nd 0.69 0.45 nd nd nd nd nd 0.06 nd nd 0.04 nd
Red I 12.2 3.0 1.3 65.6 0.16 0.16 1.0 2.5 7.4 0.07 nd 0.75 5.4 nd nd nd nd nd 0.05 0.06 nd 0.02 0.15
White 7.0 2.1 0.64 48.0 0.20 0.16 0.55 1.6 5.2 0.07 nd 0.51 0.46 nd nd 0.02 nd nd 0.04 13.3 nd 0.03 20.2
Light Blue 9.4 2.8 2.4 53.7 0.16 0.48 0.65 2.2 6.2 0.07 nd 0.52 0.54 nd nd nd nd nd 0.04 8.0 nd 0.03 12.8
Pink 7.6 2.1 0.68 51.1 0.18 0.14 0.58 1.7 5.5 0.07 nd 0.52 1.0 nd nd nd nd nd 0.04 11.4 nd 0.03 17.4
Purple 12.8 3.0 3.2 65.7 0.17 1.3 0.90 3.1 7.2 0.07 nd 0.72 1.7 nd nd nd nd nd 0.06 nd nd 0.04 0.12
Yellow 3.3 0.66 0.42 26.6 0.10 0.16 0.49 0.70 2.1 0.02 nd 0.11 0.33 nd nd 0.12 nd 0.12 nd 4.9 0.79 0.01 59.0
Green 3.9 1.3 0.51 30.3 0.13 0.19 0.40 1.0 3.0 0.04 nd 0.19 0.46 nd nd 3.4 0.09 0.06 nd 4.7 0.22 0.01 50.2
Brown-Black 1.3 2.3 2.1 22.6 0.15 0.10 0.24 0.28 1.5 0.06 7.8 0.09 2.3 0.02 0.04 0.13 nd 0.03 nd 0.05 0.85 nd 58.0

1972.118.42
Perfume sprinkler

Blue glass 13.5 2.6 1.1 71.0 0.28 0.25 0.76 2.0 6.4 0.16 nd 0.54 0.80 0.08 nd 0.15 0.25 nd 0.05 nd nd 0.02 0.14
Turquoise glass 11.6 2.1 0.71 50.3 0.21 0.29 0.97 1.6 3.8 0.06 nd 0.03 0.41 nd nd 2.6 nd 0.02 0.03 5.0 nd 0.02 20.2

1974.120
Perfume sprinkler

Colorless glass 14.2 3.1 1.2 68.0 0.26 0.18 1.0 2.0 8.5 0.08 nd 0.80 0.58 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 13.0 3.0 1.2 68.6 0.25 0.28 0.76 2.4 8.4 0.05 nd 0.58 1.0 0.22 nd 0.02 nd 0.07 0.06 nd nd 0.01 0.15
White 10.5 2.6 0.73 43.4 0.23 0.21 0.68 1.5 6.0 0.05 nd 0.42 0.36 nd nd 0.09 nd 0.02 0.06 17.1 0.11 nd 16.0

Acc. No.  
Description Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SrO SnO2 Sb2O3 BaO PbO

25.126 
Bottle

Colorless glass 16.3 0.16 0.30 73.6 nd 0.21 0.23 0.92 6.5 0.03 nd 0.10 0.04 nd nd nd nd 0.14 nd nd 0.11 0.01 1.5
Blue 4.8 0.05 1.2 37.2 0.04 0.18 0.15 1.7 2.0 nd nd 0.04 0.11 0.44 0.01 nd nd 0.08 nd nd 0.05 0.07 51.8
Red 2.8 0.23 1.3 36.6 0.04 0.34 0.22 3.1 1.1 0.03 nd nd 1.6 nd nd nd nd 0.06 nd 0.75 nd nd 52.0
White 2.0 0.04 0.39 30.0 0.38 0.10 0.13 1.0 1.0 nd nd 0.02 0.09 nd nd 0.01 nd 1.5 nd 0.02 0.08 0.05 63.2
Yellow 2.3 0.04 0.38 28.5 0.25 0.13 0.11 1.0 1.0 nd nd nd 0.09 nd nd 0.01 nd 1.3 nd nd 1.2 0.06 63.6
Green 2.2 0.04 0.47 30.0 0.30 0.14 0.13 1.0 1.2 0.01 0.09 nd 0.08 0.10 nd nd nd 1.6 nd nd 1.0 0.03 61.5

1998.396
Bottle

Colorless glass 10.7 0.17 1.0 72.4 0.02 0.51 0.12 0.40 14.0 0.06 nd 0.02 0.18 nd nd nd nd 0.22 0.03 nd nd 0.08 0.14
Blue 0.35 nd 0.72 45.6 0.02 0.08 0.20 8.0 0.13 0.02 nd 0.01 0.14 0.42 0.02 nd nd 0.13 nd nd nd 0.02 44.0
Red 0.09 0.02 0.44 43.2 0.04 0.04 0.20 7.8 0.03 0.02 nd 0.01 1.3 nd nd nd nd 0.09 nd nd nd 0.01 46.7
White 0.93 0.01 0.11 43.0 0.04 0.10 0.18 7.0 0.40 0.02 nd 0.04 0.20 nd nd nd nd 1.8 nd nd nd 0.02 46.2
Yellow† 1.5 0.02 0.13 42.3 0.03 0.07 0.21 6.4 0.51 0.01 0.26 0.05 0.08 nd 0.02 nd nd 1.9 nd nd nd nd 45.0
Green 1.3 nd 0.31 42.2 0.04 0.08 0.16 6.8 0.39 0.02 1.5 0.13 0.11 0.27 0.03 nd nd 1.7 nd nd nd nd 45.0

nd = not detected
† = also contains approximately 1.5% UO3

Table 2 ◆ SEM-EDS/WDS Analyses of Glass and Enamels from Nineteenth-Century Imitations (Weight %) 
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Acc. No.  
Description Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SrO SnO2 Sb2O3 BaO PbO

17.190.987
Mosque lamp

Colorless glass 14.6 3.0 1.0 68.2 0.22 0.22 1.1 2.1 8.3 0.06 nd 0.65 0.38 nd nd nd nd nd 0.05 nd nd 0.02 nd
Blue 12.9 3.8 4.0 64.0 0.15 1.6 0.80 2.2 9.1 0.07 nd 0.51 0.49 0.04 nd 0.10 0.12 nd 0.05 nd nd 0.04 0.12
Red I 12.0 3.3 0.94 61.3 0.25 0.47 0.90 2.6 7.0 0.05 nd 1.0 8.0 nd nd nd nd nd 0.05 nd nd 0.03 2.0
White 11.1 3.8 0.84 59.6 3.2 0.25 0.86 2.7 10.7 0.06 nd 0.67 0.31 nd nd nd nd nd 0.07 2.6 nd 0.02 3.2
Yellow 0.85 0.29 0.34 22.6 0.15 0.24 0.51 0.41 1.0 0.02 nd 0.09 0.20 nd nd 0.16 0.04 0.01 nd 6.3 0.13 0.03 66.5
Green 0.50 0.20 0.20 26.0 0.06 0.22 0.26 0.19 0.70 0.01 nd nd 0.11 nd nd 0.83 0.01 0.02 nd 5.8 0.12 0.02 64.8
Red II 2.7 0.29 1.5 24.0 0.35 0.43 0.59 1.4 2.2 0.03 nd 0.06 16.8 0.02 nd 0.25 nd nd nd nd 0.05 0.03 49.4

17.190.989
Mosque lamp

Colorless glass (pontil) 12.7 3.7 1.1 68.2 0.22 0.17 1.1 2.6 8.8 0.08 nd 0.86 0.40 nd nd nd nd nd 0.06 nd nd 0.04 nd
Colorless glass (handle) 14.7 3.0 1.3 68.1 0.23 0.19 1.1 2.7 7.4 0.09 nd 0.81 0.43 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 13.9 2.7 6.0 60.3 0.19 2.1 0.91 2.9 6.7 0.07 nd 0.65 0.38 nd nd 0.08 nd nd 0.06 nd nd 0.03 3.2
Red I 13.8 3.0 1.3 64.6 0.22 0.32 0.93 2.8 7.0 0.09 nd 0.77 4.2 nd nd 0.02 nd nd 0.06 nd nd 0.02 0.90
White 9.0 3.8 1.2 52.0 9.6 0.17 1.2 2.7 19.0 0.07 nd 0.62 0.38 nd nd nd nd nd 0.05 nd nd 0.01 0.12
Yellow 2.6 0.69 0.50 25.9 0.09 0.15 0.22 0.55 1.8 0.03 nd 0.07 0.39 nd nd 0.15 nd 0.08 0.03 2.2 0.44 nd 64.2
Green 4.6 1.6 0.60 23.5 0.15 0.26 0.44 1.2 2.8 0.04 nd 0.02 0.28 nd nd 2.2 nd 0.24 0.02 0.56 0.83 nd 60.8

17.190.990
Ewer

Colorless glass 12.4 3.3 1.2 69.4 0.20 0.19 1.0 2.7 8.3 0.06 nd 0.66 0.35 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 13.5 3.0 4.1 64.8 0.18 1.5 0.98 2.7 7.9 0.07 nd 0.96 0.32 nd nd nd nd nd 0.05 nd nd 0.04 nd
Red I 12.1 2.9 1.1 63.9 0.16 0.29 0.83 2.4 7.7 0.06 nd 0.79 5.8 nd nd 0.01 nd nd 0.06 0.64 nd 0.03 1.1
White 7.6 2.3 0.60 50.5 0.17 0.20 0.60 1.9 6.2 0.08 nd 0.63 0.43 nd nd nd nd nd 0.04 11.0 nd 0.05 17.5

17.190.991
Mosque lamp

Colorless glass 14.1 4.3 0.95 66.7 0.23 0.24 0.88 2.6 8.4 0.05 nd 0.97 0.33 nd nd 0.05 nd nd 0.06 nd nd 0.02 nd
Blue 13.5 3.8 3.7 65.0 0.27 1.5 0.83 2.6 7.6 0.07 nd 0.75 0.34 nd nd 0.06 nd nd 0.04 nd nd 0.02 nd
Red I 10.4 2.6 0.98 65.5 0.48 0.36 0.63 2.3 8.5 0.04 nd 1.4 5.4 nd nd 0.09 nd nd 0.05 0.02 nd 0.01 1.2
White 12.0 3.7 0.92 58.8 5.8 0.41 0.77 2.2 14.0 0.05 nd 0.92 0.32 nd nd 0.05 nd nd 0.06 nd nd 0.02 nd
Yellow 0.65 0.09 0.14 24.2 0.06 0.06 0.11 0.08 0.40 0.02 nd 0.01 0.08 nd nd 0.22 0.02 nd nd 6.4 0.06 0.01 67.2

17.190.992
Mosque lamp

Colorless glass 12.3 4.0 1.1 69.2 0.23 0.12 1.2 2.8 7.8 0.09 nd 0.60 0.39 nd nd nd nd nd 0.06 nd nd 0.03 0.07
Blue 12.7 3.3 3.4 66.2 0.18 1.4 1.0 2.7 7.6 0.09 nd 0.64 0.38 nd nd 0.01 nd nd 0.06 0.02 nd 0.03 0.34
Red I 11.8 3.9 1.3 64.7 0.24 0.20 1.1 2.6 7.3 0.08 nd 0.57 5.5 0.01 nd 0.01 nd nd 0.05 0.15 nd 0.03 0.48
White 7.0 2.1 0.61 48.0 0.23 0.15 0.66 1.6 5.5 0.06 nd 0.46 0.35 nd nd 0.02 nd nd 0.04 13.2 nd 0.02 20.0
Yellow 4.2 1.2 0.54 33.1 0.14 0.17 0.52 1.0 3.0 0.04 nd 0.24 0.21 nd nd 0.13 nd 0.02 nd 4.1 nd nd 51.5
Green 2.9 1.0 0.60 31.3 0.11 0.18 0.37 0.79 2.9 0.05 nd 0.21 0.33 nd nd 1.8 nd 0.02 0.02 4.0 0.07 nd 53.3
Red II 0.20 0.18 0.84 26.2 0.06 0.07 0.25 0.28 2.3 0.02 nd nd 12.0 0.02 nd 0.18 nd 0.29 nd nd 1.0 0.01 56.2

17.190.2039
Beaker

Colorless glass 12.7 3.2 0.94 68.8 0.30 0.29 0.84 3.3 8.1 0.05 nd 0.93 0.39 nd nd nd nd nd 0.07 nd nd 0.02 nd

White 12.0 3.0 0.85 62.0 4.2 0.30 0.84 2.8 12.0 0.05 nd 0.80 0.35 nd nd 0.02 nd nd 0.07 nd nd 0.03 0.66

36.33
Bottle

Colorless glass 11.5 3.3 1.3 68.7 0.21 0.21 1.1 2.8 9.5 0.07 nd 0.81 0.31 nd nd nd nd nd 0.08 nd nd 0.02 nd
Blue 12.0 3.0 4.4 64.8 0.20 1.8 0.93 3.1 8.4 0.07 nd 0.79 0.27 nd nd nd nd nd 0.07 nd nd 0.05 0.05
Red I 10.5 3.1 1.2 61.4 0.18 0.35 0.72 2.7 8.6 0.06 nd 0.66 5.9 nd nd 0.19 nd nd 0.06 0.30 nd 0.02 4.0
White 10.0 3.0 1.1 59.6 6.0 0.33 0.89 2.6 15.0 0.06 nd 0.70 0.28 nd nd nd nd nd 0.08 nd nd 0.02 0.24
Yellow 0.33 0.12 0.22 24.3 0.04 0.11 0.27 0.12 0.76 0.02 nd 0.04 0.33 nd nd 0.28 nd 0.12 nd 2.8 1.1 nd 69.0
Red II 1.4 0.14 0.40 22.2 0.58 0.26 0.52 0.77 1.4 0.02 nd 0.02 12.5 nd nd 0.36 0.04 0.10 nd 0.02 1.3 0.02 58.0

41.150
Bottle

Colorless glass 12.8 3.8 1.3 68.5 0.21 0.16 1.2 2.7 7.7 0.07 nd 0.80 0.50 nd nd nd nd nd 0.06 nd nd 0.04 nd
Blue 12.8 3.0 4.4 65.2 0.17 1.7 0.93 3.3 7.1 0.09 nd 0.69 0.45 nd nd nd nd nd 0.06 nd nd 0.04 nd
Red I 12.2 3.0 1.3 65.6 0.16 0.16 1.0 2.5 7.4 0.07 nd 0.75 5.4 nd nd nd nd nd 0.05 0.06 nd 0.02 0.15
White 7.0 2.1 0.64 48.0 0.20 0.16 0.55 1.6 5.2 0.07 nd 0.51 0.46 nd nd 0.02 nd nd 0.04 13.3 nd 0.03 20.2
Light Blue 9.4 2.8 2.4 53.7 0.16 0.48 0.65 2.2 6.2 0.07 nd 0.52 0.54 nd nd nd nd nd 0.04 8.0 nd 0.03 12.8
Pink 7.6 2.1 0.68 51.1 0.18 0.14 0.58 1.7 5.5 0.07 nd 0.52 1.0 nd nd nd nd nd 0.04 11.4 nd 0.03 17.4
Purple 12.8 3.0 3.2 65.7 0.17 1.3 0.90 3.1 7.2 0.07 nd 0.72 1.7 nd nd nd nd nd 0.06 nd nd 0.04 0.12
Yellow 3.3 0.66 0.42 26.6 0.10 0.16 0.49 0.70 2.1 0.02 nd 0.11 0.33 nd nd 0.12 nd 0.12 nd 4.9 0.79 0.01 59.0
Green 3.9 1.3 0.51 30.3 0.13 0.19 0.40 1.0 3.0 0.04 nd 0.19 0.46 nd nd 3.4 0.09 0.06 nd 4.7 0.22 0.01 50.2
Brown-Black 1.3 2.3 2.1 22.6 0.15 0.10 0.24 0.28 1.5 0.06 7.8 0.09 2.3 0.02 0.04 0.13 nd 0.03 nd 0.05 0.85 nd 58.0

1972.118.42
Perfume sprinkler

Blue glass 13.5 2.6 1.1 71.0 0.28 0.25 0.76 2.0 6.4 0.16 nd 0.54 0.80 0.08 nd 0.15 0.25 nd 0.05 nd nd 0.02 0.14
Turquoise glass 11.6 2.1 0.71 50.3 0.21 0.29 0.97 1.6 3.8 0.06 nd 0.03 0.41 nd nd 2.6 nd 0.02 0.03 5.0 nd 0.02 20.2

1974.120
Perfume sprinkler

Colorless glass 14.2 3.1 1.2 68.0 0.26 0.18 1.0 2.0 8.5 0.08 nd 0.80 0.58 nd nd nd nd nd 0.07 nd nd 0.03 nd
Blue 13.0 3.0 1.2 68.6 0.25 0.28 0.76 2.4 8.4 0.05 nd 0.58 1.0 0.22 nd 0.02 nd 0.07 0.06 nd nd 0.01 0.15
White 10.5 2.6 0.73 43.4 0.23 0.21 0.68 1.5 6.0 0.05 nd 0.42 0.36 nd nd 0.09 nd 0.02 0.06 17.1 0.11 nd 16.0

Acc. No.  
Description Sample Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO As2O3 SrO SnO2 Sb2O3 BaO PbO

25.126 
Bottle

Colorless glass 16.3 0.16 0.30 73.6 nd 0.21 0.23 0.92 6.5 0.03 nd 0.10 0.04 nd nd nd nd 0.14 nd nd 0.11 0.01 1.5
Blue 4.8 0.05 1.2 37.2 0.04 0.18 0.15 1.7 2.0 nd nd 0.04 0.11 0.44 0.01 nd nd 0.08 nd nd 0.05 0.07 51.8
Red 2.8 0.23 1.3 36.6 0.04 0.34 0.22 3.1 1.1 0.03 nd nd 1.6 nd nd nd nd 0.06 nd 0.75 nd nd 52.0
White 2.0 0.04 0.39 30.0 0.38 0.10 0.13 1.0 1.0 nd nd 0.02 0.09 nd nd 0.01 nd 1.5 nd 0.02 0.08 0.05 63.2
Yellow 2.3 0.04 0.38 28.5 0.25 0.13 0.11 1.0 1.0 nd nd nd 0.09 nd nd 0.01 nd 1.3 nd nd 1.2 0.06 63.6
Green 2.2 0.04 0.47 30.0 0.30 0.14 0.13 1.0 1.2 0.01 0.09 nd 0.08 0.10 nd nd nd 1.6 nd nd 1.0 0.03 61.5

1998.396
Bottle

Colorless glass 10.7 0.17 1.0 72.4 0.02 0.51 0.12 0.40 14.0 0.06 nd 0.02 0.18 nd nd nd nd 0.22 0.03 nd nd 0.08 0.14
Blue 0.35 nd 0.72 45.6 0.02 0.08 0.20 8.0 0.13 0.02 nd 0.01 0.14 0.42 0.02 nd nd 0.13 nd nd nd 0.02 44.0
Red 0.09 0.02 0.44 43.2 0.04 0.04 0.20 7.8 0.03 0.02 nd 0.01 1.3 nd nd nd nd 0.09 nd nd nd 0.01 46.7
White 0.93 0.01 0.11 43.0 0.04 0.10 0.18 7.0 0.40 0.02 nd 0.04 0.20 nd nd nd nd 1.8 nd nd nd 0.02 46.2
Yellow† 1.5 0.02 0.13 42.3 0.03 0.07 0.21 6.4 0.51 0.01 0.26 0.05 0.08 nd 0.02 nd nd 1.9 nd nd nd nd 45.0
Green 1.3 nd 0.31 42.2 0.04 0.08 0.16 6.8 0.39 0.02 1.5 0.13 0.11 0.27 0.03 nd nd 1.7 nd nd nd nd 45.0

Table 2 ◆ SEM-EDS/WDS Analyses of Glass and Enamels from Nineteenth-Century Imitations (Weight %) 
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heating. Different enamel types can be 
described in various ways. High-fire enamels, 
sometimes referred to as “hard” enamels, 
require such a high firing temperature for an 
extended period that a glass vessel being enam-
eled may soften enough to deform or even col-
lapse under its own weight. Low-fire, or “soft,” 
enamels fuse at a temperature well below the 
softening point of the vessel glass.30 Cold-
mixed or unfritted enamel is essentially glass 
particles mixed with a coloring agent, whereas 
premelted or prefritted enamel consists of par-
ticles of colored glass.

The enamels found on medieval Islamic ves-
sels consist of several different types. The reds 
and blues are cold-mixed enamels of colorless 
glass with particles of hematite or lapis lazuli, 
or both in the case of purple. These appear to 
be high-fire enamels with essentially the same 
softening temperature as the vessel glass. The 
yellow, green, and brown high-lead enamels, 
however, can be categorized as premelted, low-
fire types. The whites vary in composition, with 
some being mixtures of glass and white cal-
cium phosphate particles, similar to the reds 
and blues, whereas the tin oxide whites appear 
to be premelted, relatively homogeneous 
glasses. As noted above, a few examples were 
observed that contain both types of white. The 
white enamels opacified with tin oxide gener-
ally contain about 10 to 20 percent lead oxide. 
This is enough to lower the softening point 
below that of the vessel glass but perhaps not 
enough to consider them as a group to be truly 
low-fire enamels.

It has been suggested that Islamic glassmak-
ers tried to obtain low-fire enamels to reduce 
the risk of vessel collapse or deformation dur-
ing the firing process.31 This is clearly not the 
case, since both high- and low-fire enamel dec-
oration are found side by side on the same 
objects. In contrast to the Islamic enamels, the 
nineteenth-century enamels presented here all 
appear to be premelted, low-fire enamels. 

William Gudenrath’s studies of historical 
glassworking and glass-decorating tech-
niques have led him to conclude that until  

the nineteenth century, when kiln firing of 
enameled glass developed, the only method 
available to fix enamels on to the glass surface 
was furnace firing.32 This involved holding the 
decorated glass object on the end of a long 
metal tool and reintroducing it into the glass-
working furnace, gradually reheating it above 
the annealing point of the glass. After suffi-
cient heating, it could be attached to the pontil 
rod and held in the high-temperature glass 
furnace until the enamels had fully fused. 
After the firing, the glass was broken free of 
the pontil and placed in an annealing oven. 
Enameled objects produced this way exhibit 
double pontil marks, or scars, on the under-
side—one produced in making the glass vessel 
itself, and a second when it was reattached 
during firing of the enamel.

Visual observation has indicated that this is 
indeed the case on many Islamic enameled 
vessels.33 However, the marks can sometimes 
be difficult to see, as they usually were made 
with colorless glass on a colorless glass vessel. 
But in the instance of the mosque lamp 
(91.1.1534) that bears one colorless and one 
translucent blue pontil mark, the evidence is 
chemical as well as visual (see Figure 5): both 
marks were sampled and found to have similar 
yet distinctly different compositions. The 
glasses in this study were generally sampled 
from a sharp edge on the pontil mark, but sev-
eral were also sampled from areas of loss else-
where. One of these (91.1.1539) was found to 
have the same glass used for the pontil and for 
the body; a second (17.190.989) proved to have 
two different compositions, showing that the 
glass used for the pontils is not always the 
same as that used in the manufacture of the 
vessel.

The occurrence of certain colorants in some 
of the enamels on these Islamic glasses is 
interesting in other ways as well. Ground lapis 
lazuli, known as natural ultramarine, was used 
as a pigment by painters long before its occur-
rence in Islamic enameled-glass decoration.34 
Blue glasses and enamels are traditionally pro-
duced with cobalt, with copper, or with a 
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types of ceramic decoration, notably on mina’i 
ware dating from at least as early as the twelfth 
century, and examples of chromite decoration 
have recently been identified on some Bronze 
Age faience as well.40 In the glassmaking world, 
therefore, the use of chromite decoration 
appears to be unique to these types of medi-
eval Islamic enameled vessels. As Ian C. Free-
stone has pointed out, the use of hematite and 
chromite as colorants in Islamic enameled 
glass is a strong indication of a technological 
transfer between the pottery and glass indus-
tries in the Islamic world.41

The impact of Islamic glassmaking in 
Europe can be seen in the development of the 
Venetian glass industry in the late medieval 
period, particularly in the production of enam-
eled glass in the late thirteenth and fourteenth 
centuries.42 Compositional studies have shown 
that Venetian glass contains the same elements 
as Islamic glass, but in slightly different pro-
portions, suggesting that it was produced in 
Venice and not imported. The same can be 
demonstrated for the red, yellow, and green 
enamels. The yellow and green Venetian enam-
els, for example, have higher proportions of tin 
oxide than generally found in their Islamic 
counterparts. 

White Venetian enamels are found to be 
opacified with tin oxide, but in proportions 
that differ significantly from those found in 
any Islamic enamels. No use of calcium phos-
phate as a white opacifier has been reported in 
Venetian enamels. Perhaps the biggest differ-
ence is that none of the Venetian blue enamels 
has been found to contain lapis lazuli; all were 
colored with cobalt, in association with zinc.43 
Venetian enameled glass from the sixteenth 
century differs from the earlier Islamic enam-
els in the use of the yellow opacifier lead anti-
monate in the yellow and green enamels, as 
well as in the use of a different cobalt source in 
the blue glass and enamel.44

The fairly large number of gilded and enameled 
Islamic glass objects that survive indicates that 
such objects were highly prized and probably 

mixture of both. The use of lapis in Islamic 
enamels is therefore highly unusual. Only a 
few other uses of this stone have been reported 
as a colorant in vitreous materials, such as laj-
vardina ware from Iran and Italian proto-
majolica.35 However, recent research has indi-
cated that lapis was used in enameled glass as 
early as the Roman period.36 

Although bone white is also known primar-
ily as a painters’ pigment, a few instances of the 
use of calcium phosphate as a white opacifier 
have been found in ancient glass, notably late 
Roman and Byzantine.37 Throughout history, 
red glass and enamels on metal were typically 
colored by reduced copper oxide compounds, 
whereas the only red colorant found in these 
Islamic enamels, as well as in Venetian enamels 
on glass, contains iron. Various iron oxides, 
including hematite, are among the oldest and 
most common painters’ pigments. Hematite 
red is also known from the decoration of some 
painted glazed ceramics, such as mina’i ware 
from Persia.38

The occurrence of a chromium-based colo-
rant, here found in the brown-black enamels, 
is highly unusual in early glass technology. 
Throughout history, “black” glasses and enam-
els from different cultures have been found to 
be actually a very dark blue, purple, brown, or 
green, which appears black in reflected light. 
These colors were produced using relatively 
large amounts of cobalt, manganese, iron, or 
copper, either singly or in combination. Chro-
mium, however, is not known as a glass colo-
rant until about the nineteenth century, when 
it began to be used in the production of green 
glass. Unlike typical metallic glass colorants, 
the chromium found in the brown-black 
enamels examined in this study is not dis-
persed in the glass but contained in particles 
of the mineral chromite that are suspended in 
the glass matrix. One other example has been 
reported of an Islamic glass fragment with 
“black” enamel that contains a significant 
amount of chromium, although the author did 
not identify chromite as the source.39 Chro-
mite is known to have been used in certain 
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used for special occasions. This type of glass, 
along with other kinds such as stained glass, is 
collectively known as “painted glass.” Glass 
often has been decorated with cold paints, but, 
as must have been recognized very early on, 
cold paint is highly ephemeral, especially when 
compared to decoration fused to the surface. 
As other studies have shown, and as these 
analyses have confirmed, many of the pig-
ments used in these enamels are better known 
from painting or even ceramic decoration than 
from glassworking.

It is not yet clear whether the uses of the 
different enamel colorants and opacifiers iden-
tified here are indicative of dating or of a par-
ticular site of production. Further work on 
securely dated and provenienced objects may 
demonstrate, for instance, that one type of 
white enamel was used first, with the second 
type used only later. Because the only two 
thirteenth-century white enamels in this study 
(91.1.1538 and 41.150) both have tin oxide opaci-
fier, and because many of the white enamels 
dated to the fourteenth century contain cal-
cium phosphate, it is possible that the use of 
the latter as an opacifier was a fourteenth- 
century development. This hypothesis must, 
however, be tested through further analyses. It 
is also clear that tin oxide, by itself or mixed 
with calcium phosphate, continued to be used 
in the fourteenth century. 

Distinctive combinations of two types of 
enamels on the same object may also help to 
suggest origin. For example, the basin with 
lapis lazuli blue enamel and calcium phosphate 
white enamel (91.1.1532) may well come from a 
different production site than the perfume 
sprinkler with cobalt blue enamel and tin 
oxide white (1974.120). Objects with specific 
combinations of enamels; those with enamels 
containing both types of white opacifiers, such 
as 91.1.1530; or those with both blue colorants— 
17.190.987, for example—appear to be relatively 
rare. Further lines of investigation, such as the 
identification of the cobalt or lead sources used 
in the enamels, might also help shed light on 
the identity of poorly contextualized pieces.

The data presented here are, for the most 
part, consistent with earlier findings on 
Islamic enameled glass but reveal new details 
about the different types and specific composi-
tions of glasses and enamels used, and provide 
a large body of relevant data about Mamluk 
period manufacturing practices. Definite 
chemical differences were revealed between 
enamels from the medieval Islamic period and 
those of the nineteenth century in the Islamic 
style.45 Although not by any means a represen-
tative sample of imitation medieval glasses, the 
compositions found in these two nineteenth-
century objects, as well as evidence from other 
studies, indicate that chemical analysis should 
be able to distinguish authentic Islamic enam-
eled work from later works in the Islamic style.

mArk t. WYpYski
Research Scientist 
Department of Scientific Research 
The Metropolitan Museum of Art
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checklist of enAmeled 
GlAsses

91.1.1530
Mosque lamp
Syria, Mamluk, first half of 14th century 
H. 42.5 cm (17 in.), Diam. (max.) 25.7 cm (10 ⅛ in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Marilyn Jenkins. “Islamic Glass: A Brief History.” Metro-
politan Museum of Art Bulletin 44, no. 2 (Fall 1986), front 
cover. 

91.1.1531
Vase
Syria, Mamluk, second half of 14th century
H. 38.3 cm (15 1/16 in.), Diam. (max.) 21.7 cm (8 9/16 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, p. 418; vol. 2, pl. 184, no. 2.

91.1.1532
Basin
Syria, Mamluk, 14th century
H. 13.6 cm (6 1/2 in.), Diam. (max.) 18.8 cm (11 1/2 in.) 
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, p. 419; vol. 2, pl. 184, no. 3.

91.1.1533
Plate
Syria, Mamluk, 14th century
Diam. 21.6 cm (8 1/2 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Glass of the Sultans. Edited by Stefano Carboni and David 
Whitehouse. New Haven: Yale University Press, 2001, 
p. 273, fig. 105. 

91.1.1534
Mosque lamp
Egypt or Syria, Mamluk, ca. 1325
H. 26.7 cm (10 1/2 in.), Diam. 20.8 cm (8 3/16 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
See Figures 3 and 5

91.1.1535
Mosque lamp
Egypt or Syria, Mamluk, first half of 14th century
H. 29.2 cm (11 1/2 in.), Diam. (max.) 20.2 cm (7 ⅞ in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin: D. 
Reimer, 1929–30, vol. 1, pp. 443–44; vol. 2, pl. 201, no. 4.

91.1.1536
Mosque lamp
Syria, Mamluk, second half of 14th century
H. 26.9 cm (10 3/4 in.), Diam. (max.) 21.4 cm (8  7/16 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
See Figure 15

91.1.1537
Mosque lamp
Syria, Mamluk, second half of 14th century
H. 33.3 cm (13 in.), Diam. (max.) 29.1 cm (11 7/16 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Stefano Carboni. “Islamic Art.” In “Ars Vitraria: Glass in 
The Metropolitan Museum of Art.” Metropolitan Museum 
of Art Bulletin 59, no. 1 (Summer 2001), p. 31.

91.1.1538
Footed bowl (tazza)
Syria, Mamluk, mid-13th century
H. 18.3 cm (7 3/16 in.), Diam. (max.) 19.7 cm (7 3/4 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
See Figure 2; also Glass of the Sultans. Edited by Stefano 
Carboni and David Whitehouse. New Haven: Yale Uni-
versity Press, 2001, cat. no. 120, pp. 240–42.

91.1.1539
Mosque lamp
Egypt or Syria, Mamluk, 14th century
H. 31.8 cm (12 1/2 in.), Diam. (max.) 22.4 cm (8 3/16 in.)
Edward C. Moore Collection, Bequest of Edward C. 
Moore, 1891
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, p. 452; vol. 2, pl. 201, no. 2.

06.1036.1
Bottle
Syria, Mamluk, 13th–14th century
H. 8.7 cm (3  7/16 in.), W. 6.2 cm (2 7/16 in. )
Rogers Fund, 1906
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, p. 398; vol. 2, pl. 176, no. 2.

06.1036.2 
Bottle (qum qum) 
Syria, Mamluk, 13th–14th century
H. 20.3 cm (8 in.); Diam. (max.) 12.5 cm (415/16 in.)
Rogers Fund, 1906
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, p. 398; vol. 2, pl. 176, no. 3.
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25.126
Bottle
France, 19th century
H. 27.9 cm (11 in.), Diam. 16.0 cm (6  5/16 in. )
Anonymous gift, 1925
Unpublished

36.33
Bottle
Egypt or Syria, Mamluk, first half of 14th century
H. 50.2 cm (19 3/4 in.), Diam. 24.9 cm (9 3/16 in. )
Purchase, Joseph Pulitzer Bequest, 1936
See Figure 1; also Marilyn Jenkins. “Islamic Glass: A Brief 
History.” Metropolitan Museum of Art Bulletin 44, 
no. 2 (Fall 1986), no. 49, pp. 44–45. 

41.150
Bottle
Probably Syria, late 13th century
H. 43.5 cm (17 1/8 in.), Diam. (max.) 27.9 cm (11 in.)
Rogers Fund, 1941
Glass of the Sultans. Edited by Stefano Carboni and David 
Whitehouse. New Haven: Yale University Press, 2001, cat. 
no. 126, pp. 254–56.

1972.118.42
Perfume sprinkler
Syria, early 13th century(?)
H. 6.3 cm (2 1/2 in.), Diam. 3.4 cm (1 3/8 in.) 
Bequest of Walter C. Baker, 1971
Marilyn Jenkins. “Islamic Glass: A Brief History.” Met-
ropolitan Museum of Art Bulletin 44, no. 2 (Fall 1986), 
no. 45, p. 37.

1974.120
Perfume sprinkler
Egypt, Mamluk, late 13th–14th century
H. 8.7 cm (3 7/16 in.), W. 18.6 cm (7   5/16 in.)
Gift of Mrs. Ruth Blumka, in memory of Leopold 
Blumenthal, 1974
The Property of the Kevorkian Foundation. Sale cat.,  
Parke-Bernet Galleries, New York, December 18, 1970,  
p. 6, no. 18.

1998.396
Bottle
France, ca. 1870–80
H. 50 cm (19 11/16 in.), Diam. 24.0 cm (9 7/16 in.)
Gift of Anthony Blumka, in honor of Justin Frederick 
Nasatir, 1998
See Figure 14; also Glass of the Sultans. Edited by Stefano 
Carboni and David Whitehouse. New Haven: Yale Uni-
versity Press, 2001, cat. no. 153, p. 306.  

17.190.987
Mosque lamp
Syria, Mamluk, first half of 14th century
H. 32.5 cm (13 in.), Diam. 21.6 cm (8 5/8 in.)
Gift of J. Pierpont Morgan, 1917
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten, 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, p. 435; vol. 2, pl. 199, no. 1.

17.190.989
Mosque lamp
Syria, Mamluk, late 14th century
H. 37.1 cm (14 5/8 in.), Diam. (max.) 24.4 cm (9 5/8 in.)
Gift of J. Pierpont Morgan, 1917
Maurice S. Dimand. A Handbook of Mohammedan Deco-
rative Arts. New York: Metropolitan Museum of Art, 1930, 
p. 196; for image, see http://www.scholars resource.com/
browse/work/2144612168

17.190.990
Ewer
Syria, Mamluk, 14th century
H. 27.0 cm (10 5/8 in.), Diam. 17.3 cm (6 13/16 in.)
Gift of J. Pierpont Morgan, 1917
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, pp. 198, 418; vol. 2, pl. 184, no. 1.

17.190.991
Mosque lamp
Syria, Mamluk, ca. 1329–35
H. 35.9 cm (14 1/8 in.), Diam. (max.) 25.6 (10 1/16 in.)
Gift of J. Pierpont Morgan, 1917
Glass of the Sultans. Edited by Stefano Carboni and David 
Whitehouse. New Haven: Yale University Press, 2001, cat. 
no. 116, pp. 232–34.

17.190.992
Mosque lamp
Egypt or Syria, Mamluk, 14th century
H. 27.0 cm (10 ⅝ in.), Diam. (max.) 18.6 cm (7  5/16 in.)
Gift of J. Pierpont Morgan, 1917
Carl Johan Lamm. Mittelalterliche Gläser und Stein-
schnittarbeiten aus dem Nahen Osten. 2 vols. Berlin:  
D. Reimer, 1929–30, vol. 1, pp. 441–42; vol. 2, pl. 201, no. 1.

17.190.2039
Beaker
Syria, Mamluk, 13th–14th century
H. 13.3 cm (5 1/4 in.), Diam. 5.4 cm (2 1/8 in.)
Gift of J. Pierpont Morgan, 1917
Maurice S. Dimand. A Handbook of Mohammedan Deco-
rative Arts. New York: Metropolitan Museum of Art, 1930, 
p. 190; for image, see http://www.scholars resource.com/
browse/work/2144612145
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AbstrAct
Close investigation of early Chinese bronze 
Buddha figures demonstrates that the works 
were cast using a piece-mold process and not 
the lost-wax technique, contrary to earlier 
hypotheses. Over sixty representations of the 
Buddha were examined; presented in detail 
in this paper are two examples in The Met-
ropolitan Museum of Art and a third in the 
Asian Art Museum of San Francisco. The three 
bronzes, all attributed to northern China, 
range from 10 to 140 cm in height and date 
from A.D. 338 to 486. Two distinct piece-mold 
casting strategies were identified. For the two 
smaller figures, metal spacers were used to hold 
the core in position within the mold assem-
blage during the casting process. For the larger 
Buddha image, extensions from the loess core 
served the same purpose of providing structural 
support. Beyond questions of manufacture, this 
paper considers how certain limitations inher-
ent to the chosen casting method are reflected 
in the style common to the three works.

Much has been written on the historical 
and stylistic aspects of early Chinese 

Buddhist bronze sculpture (third to seventh 
century a.d.), but only rarely have questions 
of manufacture been addressed. Since no 
ancient foundries for casting Buddhist images 
have ever been located in China, methods of 
production can be deduced only from features 
observed on extant works. Many small bronze 
Buddha figures have survived, though usually 
lacking any information concerning their find 
spot, and they can be seen throughout the 
world in museums with Asian art collections. 
The majority measure under 20 cm in height; 
most originally wore a halo and stood or sat 
on a base. The bases of the seated figures were 
often decorated with a pair of grinning lions 
below the Buddha’s knees. On larger sculp-
tures, it was common for the base and halo to 
be cast separately, then attached mechanically 
to the figure using pins. Some Buddha statues 
were placed on altars that incorporated sepa-
rately cast apsaras, donors, monks, lions, and 
incense burners.

More than sixty stylistically related Chi-
nese bronze sculptures dating to the fourth 
and fifth centuries a.d. were examined as 
part of this study.1 The three Buddha figures 
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production of sculptural art.3 Central to Bud-
dhist practice is the making of images, a process 
that served the dual purpose of worship and 
attaining merit, and to this day some believe 
that the more Buddha images one commissions, 
the more favor is garnered for the next life. 

As Buddhism traveled overland from India 
through Afghanistan and into western China, 
believers probably brought with them small 
images of the Buddha that served as models 
for local production. In the ancient region of 
Gandhara, Buddha figures were produced at 
this time by the lost-wax method, from bronze 
and brass alloys containing varying amounts 
of copper, tin, zinc, and lead (2003.593.1; Figure 
1).4 During the initial period following Bud-
dhism’s arrival in China, it is unlikely that 
either the technology of fabricating images 
or the metalworkers themselves traveled with 
the monks. Therefore, when local Chinese 
craftsmen were asked to copy the imported 
images, it was natural for them to employ their 
own traditional casting methods and alloys. 
The first locally produced freestanding cast 
bronze Buddhist icons appear around the end 
of the third century. The so-called 338 Bud-
dha in the Asian Art Museum of San Fran-
cisco (B60B1034; Figures 2, 3)—a seated figure 
inscribed with a date corresponding to 338— 
is the earliest securely dated example.

In her discussion of early Buddhist art in 
China, Marylin Martin Rhie describes the 338 
Buddha as “an outstanding artistic work which 
reflects both adherence to sources of its style 
in the Buddhist art of Central Asia and north-
ern India and the strongly abstract tendency 
in the North China adaptation of this art in 
the 4th century.”5 This shift in style, from the 
fluid, dynamic shapes of lost-wax cast images 
imported from India and Afghanistan (see Fig-
ure 1) to the blocky, stiff images made locally, 
can be attributed in part to Chinese taste. It is 
also directly related to the strictures of tradi-
tional Chinese piece-mold casting technology, 
which had been developed for the manufacture 
of ritual vessels and was not so easily adapted 
to the production of figural works. 

presented here are attributed to northern 
China and were chosen because they vary in 
size and stance and can be dated between 
338 and 486—in two cases, by inscription. All 
three exhibit extensive copper corrosion from 
long-term burial, as well as evidence of wear, 
traces of gilding, and in two cases, pigments. 
Contrary to the few earlier technical studies 
investigating the manufacture of early Bud-
dhist bronzes,2 this paper will demonstrate 
that these three figures were cast using a piece-
mold method and not by the lost-wax tech-

nique. Of key importance is that they represent 
two distinct piece-mold casting strategies, one 
used for the two smaller figures and another 
for the large one. In addition to questions 
regarding their fabrication, this paper consid-
ers how the casting process relates to their 
style, which is characteristic of early northern 
Chinese Buddhist sculpture derived from cen-
tral Asian models. 

Buddhism was known in China by at least 
the second century a.d., coming from India by 
both land and sea. The earliest evidence of the 
new religion can be seen in Buddhist imagery 
on funerary pottery and tomb walls. During 
the third century, Buddhism gained a strong 
foothold in China, and by the fourth century, 
the religion had imperial sanction. The arrival 
of Buddhism triggered an unprecedented need 
for a multitude of images, promoting a vast 

Figure 1 ◆ Seated Buddha. 
Pakistan or Afghanistan, 
ancient region of Gand-

hara, 1st–2nd century. 
Bronze, lost-wax cast, 

with traces of gold leaf,  
H. 11.4 cm (4½ in.). The 
Metropolitan Museum 

of Art, Gift of Muneichi 
Nitta, 2003 (2003.593.1)
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In addition to stylistic and technological 
predilections, another important factor may 
have contributed to the style of the Buddha 
images. The third and fourth centuries, when 
political upheavals and constant warfare 
greatly disrupted life, particularly in north-
ern China, were a low point in the history of 
Chinese bronze manufacture. Although Hebei 

province had produced outstanding bronzes 
from the late Warring States period (ca. 475– 
221 b.c.) to the Western Han dynasty (206 b.c.– 
a.d. 9), its bronze industry had declined signifi-
cantly in the following periods. The stiff look 
of the Buddha images, therefore, may also be 
the result of the limitations of local workshops, 
since the bronze industry in the north did not 

Figure 2 ◆ Seated Buddha. 
Also known as the 338 
Buddha. China, dated 338. 
Bronze, piece-mold cast, 
with amalgam gilding,  
H. 39.4 cm (15½ in.). Asian 
Art Museum of San Fran-
cisco, The Avery Brundage 
Collection (B60B1034) 
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undercuts in the model were avoided. Once the 
mold was dismantled, the metal worker had 
access to the interior surfaces, which could 
then be further carved and decorated directly. 
At this time, presumably, the model itself, or 
a replica made in the piece mold, was shaved 
down to serve as the core, with enough mate-
rial removed to permit the unrestricted flow 
of molten metal during casting and to ensure 
that the walls of the finished cast were thick 
enough to withstand the finishing process. 
Shaving down the core usually produced walls 
of uneven thickness in the completed work. 
During casting, metal seam lines invariably 
developed along mold joins on the exterior 
surfaces of the cast. For the most part, these 
seams were removed during the finishing pro-
cess, but often traces can be detected in X-ray 
radiographs, if not on the surface of the object 
itself. In preparation for casting, as the mold 

begin to recover until the fifth century, when 
Hebei became a leading center for the produc-
tion of Buddhist bronzes.6 

Chinese bronzes from the pre-Shang 
Bronze Age (ca. 2100–1600 b.c.) through the 
Shang (ca. 1600–1050 b.c.) and Zhou (1046–
256 b.c.) dynasties were mainly vessels and 
weapons, which were cast using piece molds 
taken from rigid models. Many fragments of 
piece molds made of loess have been system-
atically excavated at Shang and Zhou dynasty 
foundry sites. The method has been extensively 
studied and is well described by Robert W. 
Bagley and W. Thomas Chase.7 

The design of an object cast using this 
method is constrained by the fact that loess 
becomes rigid as it dries. For this reason, the 
ancient molds were made in as many sections 
as necessary to allow them to be taken off the 
model without being damaged, and as a rule, 

Figure 3 ◆ 338 Buddha. 
Left and right profiles 
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pieces were reassembled, small rectangular 
metal spacers, often scrap from discarded 
casts, were placed at intervals between the 
core and the mold sections. The spacers held 
the assembled mold away from the core during 
casting; upon solidification, they were incor-
porated within the freshly poured metal. 

Starting about 500 b.c., the preferred 
method for casting in Yunnan, in the far south 
of China, was the lost-wax technique. At this 
time, southern China was cut off politically 
and geographically from the main centers 
of Chinese civilization in Henan, Hebei, and 
Hubei. Non-Chinese peoples living in this 
region employed untraditional metalwork-
ing skills in the production of large drums 
and vessels with elaborate three-dimensional 
scenes of ritual and warfare.8 

Although existing literature on the subject 
generally states that the lost-wax method came 
into use for casting components for complex 
vessels in northern China sometime in the fifth 
century b.c., during the Eastern Zhou dynasty, 
some scholars now believe it more likely that 
piece-mold casting continued to predominate 
there. Weirong Zhou, for example, has 
proposed that the lost-wax casting method 
was not in use in northern China until the late 
sixth to early seventh century a.d., long after 
the arrival of Buddhism.9 However, it has been 
suggested by Changping Zhang that the lost-
wax method was used for making minor com-
ponents for piece-mold cast objects.10 Current 
investigations into the manufacture of early 
bronze Buddha images from northern China 
contribute to this ongoing debate and are also 
relevant to technological studies of metalwork-
ing traditions elsewhere in the world.11 

Lost-wax casting can be carried out by 
direct or indirect methods. Through the use of 
armatures, cores, and a plastic material such as 
wax for the model, figures made by using these 
methods can be abstract and static or, just as 
easily, naturalistic or expressive, with deep 
undercuts and projections in all directions. 
Direct lost-wax casting produces only a single 
image, since the wax model is melted out and 

lost. With the indirect method, the image is 
cast using a piece mold made from a model 
that can be reused. To cast a hollow image, the 
mold, once removed from the model, is reas-
sembled and lined with wax. The core is intro-
duced, the mold disassembled, and indepen-
dently modeled wax components are appended. 
Similarly, surface detail can be scored into the 
wax inter-model before it is invested.12 

Significantly, the cavity within the inter-
model is accessible during the mold-making 
process, and evidence of this sometimes sur-
vives on the interior surfaces of the cast. For 
example, if the wax was molten and poured 
or brushed into the mold, then drip or brush 
marks may be reproduced in the metal. If, 
instead, wax sheets were pressed into the mold, 
fingerprints, tool marks, or seam lines might 
be visible. On rare occasions, in large sculp-
tures, internal wax struts or feeders and vents 
were used to promote the flow of metal from 
one area to another,13 ensuring that the entire 
mold was filled as quickly as possible, thereby 
avoiding excessive porosity, cold shuts, and 
other casting flaws. During the casting process, 
the wax struts were replaced by those of metal; 
if not removed, they are visible on the interior 
or in radiographs. Both direct and indirect 
hollow lost-wax casting depend on core pins to 
support the core within the investment after 
the wax has been melted out and until the mol-
ten metal is poured in. These core pins may be 
left in the finished sculpture or removed, leav-
ing a void that can be filled with plugs either 
hammered into position or cast in situ.

smAll seAted buddhA ImAges
The 338 Buddha and a smaller seated Bud-
dha in The Metropolitan Museum of Art 
(1974.268.8a–c; Figure 4) were selected from 
more than sixty similar figures attributed 
to northern China. Both figures are leaded 
bronzes (see Tables 1 and 2, page 139, for alloy 
compositions) and were cast hollow with open 
bases.14 The trapezoidal form of the base, the 
lack of undercuts, the flat hands, and the sim-
ple, shallow drapery of both images all suggest 
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largest of the seated figures examined. Its con-
secration date in the eighth month of the Chi-
nese year corresponding to a.d. 338 is engraved 
on the base. Fortunately, part of a lengthy 
inscription also survives, even though the oth-
erwise nearly complete figure is missing a large 

that they were produced using piece molds.
The earliest known sculpture of this type 

dated by inscription, the 338 Buddha is con-
sidered the “stable mile post in establishing 
a chronology of Buddhist art from the early 
periods.”15 At 39.4 cm in height, it is also the 

Figure 4 ◆ Buddha, 
probably Shakyamuni. 

China, Sixteen Kingdoms 
period (304–439), late 
4th–early 5th century. 

Bronze, piece-mold cast, 
with amalgam gilding, 

H. 16.5 cm (6½ in.). The 
Metropolitan Museum 

of Art, Purchase, Arthur 
M. Sackler Gift, 1974 

(1974.268.8a–c) 
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section from the back of its base (Figure 5).16 
There is a tang extending from the back of 

the head for the attachment of a halo, now 
missing. As on comparable works, there may 
also have been a second tang at the back of the 
base, in the area of loss. The rectangular recess 
cast into the top of the head may have held a 
metal spacer or perhaps was intended for ritual 
deposits or to hold a separately cast flame. The 
three circular holes on the front of the base 
were also made in the original casting and 
would have been used to secure a separately 
cast miniature incense burner and two lions or 
donor figures. 

The smaller seated Buddha was acquired by 
the Metropolitan Museum in 1974 and is tenta-
tively dated 426.17 Good fortune has preserved 
the original gilded halo and the copper pin 
that attaches it to the image (Figures 6, 7). The 
figure and base measure 16.5 cm high, and the 
halo has a diameter of 9 cm. 

The reconstruction of the piece-mold casting 
process proposed here is based on several find-
ings on both sculptures. There is no evidence 
on either one of core pins, which are typically 
associated with lost-wax casts. Instead, metal 

spacers, characteristic of the piece-mold cast-
ing method, were used to hold the core and 
the mold assembly apart. For the 338 Buddha, 
square and rectangular metal spacers were 
inserted at various strategic locations (Figure 
8). Radiographs reveal the locations of five large 
spacers that are not visible on the sculpture’s 
surface (Figure 9): there is one diamond-
shaped spacer in the middle of the back (1.2 x 
1.2 cm); another, nearly square, in the front of 
the base on the proper left side (1.3 x 1.2 cm); 
and a third, even larger rectangular spacer in 
the base on the proper right side in the center 
of a raised band (2.5 x 1.6 cm). The fourth and 
fifth spacers are located just below the knees. 
The small Metropolitan Museum Buddha also 
has five spacers that are visible in the radio-
graphs: one in the center of the chest, one in 
each shoulder blade, and in each leg at mid-
thigh, where it meets the base (Figures 10, 11). 
The remains of a filed-off rectangular-section 
extension can be seen on the back of the base 
in the center at the top edge (see Figure 7). 

The metal walls around the bottom of the 
base of the 338 Buddha are approximately 
2 mm thick, but wall thicknesses vary widely. 

Table 1 ◆ ICP-MS Analysis (Weight %) 

AAM 60B1034 Fe Co Ni Cu Zn As Ag Sn Sb Pb Bi Au

Base 0.05 0.008 0.09 91.0 nd 0.33 0.10 3.7 0.26 5.0 0.04 0.005

nd = not detected

Table 2 ◆ SEM-EDS/WDS Analyses (Weight %)

MMA 1974.268.8 Fe Co Ni Cu Zn As Ag Sn Sb Pb Bi Au

Base 0.02 0.01 0.06 87.6 nd 0.33 0.12 5.3 0.32 6.2 0.04 nd

Halo 0.03 0.02 0.05 90.2 nd 0.31 0.12 4.5 0.28 4.4 nd nd

Pin 0.05 nd nd 98.2 nd 0.20 0.06   0.03 0.27 1.1 nd nd

MMA 26.123 

Base 0.40 0.05 0.07 86.5 0.12 0.34 0.15 8.3 0.26 3.8 nd nd

Left hand 0.50 0.05 0.08 85.7 0.18 0.35 0.20 9.3 0.39 3.2 nd nd

Core extension 0.04 0.02 0.08 85.7 0.02 0.34 0.20 6.8 0.34 6.4 0.05 nd

nd = not detected
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The upper half, including the neck and head, 
is much thicker than the knees or the base. 
This degree of variation points to the use of a 
shaved-down core, which can be associated 
with the use of a piece mold. As a rule, wax 
sheets applied in the lost-wax process are pro-
duced in relatively even thicknesses and yield 
correspondingly even walls. 

The piece molds used to cast both images 
were probably similar in design, each with 
three pieces: the front, the back, and a bottom 
section that was integrated with the core (see 
Figures 8, 10). Once removed from the model, 
the mold sections would be fired, probably 
between 800̊ C and 900̊ C,18 and then reas-
sembled and bound together. During casting, 
the mold assemblages were probably tilted 
away from a vertical position at an acute angle, 

Figure 5 ◆ 338 Buddha. 
Reverse

Figure 6 ◆ Buddha 
(1974.268.8). Left profile, 

with halo removed

Figure 7 ◆ Buddha 
(1974.268.8). Reverse, with 

halo removed
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with the Buddha’s face on the downward side, 
since the two tangs surely served as ingate and 
riser. Seen in the radiograph of the 338 Bud-
dha, just above the diamond-shaped spacer 
in the figure’s back, are flow lines that reveal 
the direction taken by the molten metal from 
head to base (see Figure 9). A more explicit 
understanding of the orientation of the mold 
assembly can be deduced in the case of the 
Metropolitan Museum Buddha, because the 
core slipped out of position during the casting 
process and shifted toward the back and to 
the left at an angle, causing the back wall to be 
thinner than the front. Caliper measurements 
along the opening at the base established that 
the metal thickness varies, with the front edge 
being the thickest, at 4.23 mm, and the back 
wall the thinnest, at 1.22 mm (Figure 12). The 
thickness of the proper right side of the base 
ranges between 2.11 and 2.20 mm, and on the 
left, between 2.68 and 3.45 mm. The shifted 
core also blocked the metal flow, producing 
holes in the figure’s back, right knee, left shoul-
der, and right shoulder blade. Furthermore, the 
entire head was miscast. 

After the casting assemblages were 

dismantled, all the core material was removed 
from both sculptures, except for some left in 
the head of the 338 Buddha. Although cor-
roded, the exposed interior walls of both 
figures display rough textures typical of “as 
cast” bronze surfaces. They do not exhibit any 
tool marks, brush marks, fingerprints, joins 
at seams between wax sheets, or drip marks, 
which might have been present if the sculp-
tures had been cast using the indirect lost-wax 
method. 

The flaws at the knee, left shoulder, and head 
of the Metropolitan Museum Buddha were 
repaired with cast-in patches (see Figure 11). 
The repair on the right shoulder blade incor-
porated the spacer, which can be seen in the 
middle of the replacement metal. Similarly, 
the spacer in the chest is partly covered with a 
metal repair, causing it to be obscured in the 
radiograph. The part of the spacer that is vis-
ible is more porous than the body wall, and 
shrinkage occurred around it during solidifi-
cation, leaving a fine radiotransparent gap on 
the perimeter. At some time after the figure 
was completed, the spacer in the left shoulder 
blade fell out, leaving an unfilled cavity.

On both figures, the seam lines located at 
mold junctures were removed mechanically, 
eliminating any evidence of piece-mold section 

Figure 8 ◆ 338 Buddha. 
Exploded view of conjec-
tured piece-mold sections 
and core, with locations 
of metal spacers shown as 
red rectangles. Spacers on 
the reverse of the sculp-
ture are indicated with a 
lighter red. 

Figure 9 ◆ 338 Buddha. 
Digitally enhanced X-ray 
radiograph revealing a 
diamond-shaped spacer in 
the back of the torso
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Metropolitan Museum’s seated Buddha.
The inscription on this Buddha figure 

appears to have been made with a chasing tool 
used as a punch after the bronze was removed 
from the burial environment. There is gild-
ing in the recesses of each stroke, but it has 
not pooled there as would be expected if the 
amalgam gilding had been applied after the 
inscription was executed. Moreover, cracks are 
present in the gilding along the edges of many 
of the character strokes. There is no evidence 
that archaeological corrosion was removed 
from the inscription after retrieval as part 
of a cleaning process; instead, the corrosion 
appears to have been crushed by the single 
oblong tool used to produce each character 
stroke (Figure 14).

Of extreme rarity are the original halo and 
tapered pin that accompany this small Buddha. 

joins. To finish the surfaces, abrasive materials 
were probably used, but gilding and corrosion 
now cover most evidence of polishing on both 
Buddhas. Some chased details and decora-
tion were introduced before the surfaces were 
gilded. For example, the use of chasing tools to 
enhance the eyes, hair, and fingers and to cre-
ate the leafy vine design around the edge of the 
base of the 338 Buddha can be observed under 
magnification (Figure 13). The inscription was 
chased using a single tracer with a V-shaped 
tip. The tool was lifted after each stroke, creat-
ing discontinuous lines, especially where they 
are curved. 

Gold was applied to both figures using a 
mercury amalgam.19 Much of the reverse of 
the 338 Buddha was left ungilded, presumably 
because it would not have been visible when 
the halo was in place. The hair on both figures 
was also left ungilded. On the 338 Buddha, it 
was lacquered or painted black, traces of which 
can be seen behind the left ear. No pigmenta-
tion was detected anywhere else on the figure, 
but it may have worn off over time. There 
are no traces of pigment on the hair of the 

Figure 10 ◆ Buddha 
(1974.268.8). Exploded 

view of conjectured piece-
mold sections and core, 
with locations of metal 

spacers shown as  
red rectangles. Spacers  

on the reverse of the 
sculpture are indicated 

with a lighter red. 

Figure 11 ◆ Buddha 
(1974.268.8). Digitally 

enhanced X-ray radio-
graph with three spacers 

noted. The radiopaque 
(white) areas of the head, 
left shoulder, right knee, 

and center of the chest are 
cast-in repairs. 
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The halo was cast in a two-piece mold and has 
a central square hole for mounting it onto the 
tang on the Buddha’s head. This hole was likely 
created by clay extending from one side of the 
mold, which served to separate the two mold 
sections. It is probable that the halo’s decora-
tive rays were modeled in the mold. The halo 
is a leaded bronze, similar in composition to 
the alloy used to cast the figure, and was also 
gilded using a mercury amalgam. The pin is 
nearly pure copper and was not gilded (Table 
2). There is no evidence that the base of either 
sculpture was sealed, although figures of this 
type were possibly used as reliquaries.

A lArge stAndIng Buddha 
Maitreya
The third figure included in this study is a 
large standing Buddha Maitreya in the Met-
ropolitan Museum (26.123; Figure 15), which 
measures 140.3 cm in height and weighs 
approximately 65 kilograms.20 It is the largest 
early Chinese bronze Buddha image known. 
Previously, based on its style and unusual size, 
its authenticity was questioned,21 but today the 
attribution stands firm on stylistic grounds. 
It has been suggested that the piece, dated by 
inscription to 486, was perhaps even made 
for the Empress Wenming (442–490) herself.22 
Like those observed on both the seated Buddha 
figures discussed above, all details on the large 
Maitreya were executed in low relief. This 
image also has an angular appearance and is 
without undercuts. 

Notwithstanding its far greater size and 
articulated limbs, the technical evidence dem-
onstrates that, like the two small seated Bud-
dhas, the Buddha Maitreya was cast using a 
piece mold, although the challenges of creating 
such a large sculpture necessitated a different 
strategy. The figure is a leaded bronze corre-
sponding in composition to the two seated fig-
ures (see Table 2), and the alloy, in fact, is simi-
lar to those typically used in China for bronze 
vessels and weapons since the Shang dynasty.

Originally, a separately cast mandorla 
was attached to and supported by four large 

Figure 13 ◆ 338 Buddha. 
Detail of chased vine 
design

Figure 12 ◆ Buddha 
(1974.268.8). Underside, 
showing the different wall 
widths due to shifting of 
the core during casting 

Figure 14 ◆ Buddha 
(1974.268.8). Detail with 
modern inscription on 
proper right side of base. 
Each stroke compressed 
the archaeological corro-
sion on the surface. 
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Figure 15 ◆ Buddha  
Maitreya. China, Shanxi 
province, Northern Wei 
period (386–534), dated 

486. Bronze, piece-mold 
cast, amalgam gilding, 

with traces of pigment,  
H. 140.3 cm (55¼ in.).  

The Metropolitan Museum  
of Art, John Stewart Ken-
nedy Fund, 1926 (26.123)
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have been (see Figure 17). The only remaining 
traces of seam lines on the Buddha Maitreya 
are found on the inner surfaces of the perfo-
rated tangs, on the inside of the right forearm, 
and on the underside of the robe, between the 
legs (Figures 19–21). In this context, it may be 
helpful to examine later Chinese cast-iron stat-
uary, as the methods used for casting iron and 
for casting large bronzes were likely quite sim-
ilar. Cast iron is extremely hard and so brittle 
that it was nearly impossible, with the tools 
then available, to remove the metal seam lines 
that formed between mold sections. Therefore, 
they often survive in as-cast condition, provid-
ing marvelous maps of exactly where the mold 
sections joined (1975.413; Figure 22).

The positioning of the core extensions 
on the standing Buddha Maitreya, seen in 
relation to less obvious seam lines, points to 
another aspect of mold construction: each 
double-lobed lotus corresponded to a single 
mold section with two core extensions. Pairs 
of core extensions were probably used on mold 
sections for other parts of the base, the bottom 
of the Buddha’s garment, and the Buddha’s 
shoulders as well (Figures 17, 23, 24). 

The mold sections would have been built 
on the front and back from the bottom up. 
Because of the placement and size of the large 
opening, fewer sections were needed on the 
back, which is reflected in the number of core 
extensions that were placed there. At the time 
of reassembly, the separately cast, solid hands 
would have been placed inside the mold con-
figuration so that the body and arms would  
in effect be cast onto the hands. The core  
and mold sections probably were reassembled 
and bound together in the casting pit, which 
would have been filled with soil to prevent  
the mold sections from shifting when exposed 
to the tremendous forces produced by the  
flow of the metal during the casting process. 
Casting such a large sculpture required the 
preparation of a vast amount of molten metal, 
and in all probability multiple crucibles were 
heated at the same time for an assembly-line-
style pour. 

projecting tangs on the Maitreya’s back (Fig-
ure 16). A large opening in the back (39 x 19 
cm) was originally covered with a separate 
panel, which is now missing.23 This opening 
gave easy access for removal of the core after 
casting and for the insertion of ritual depos-
its.24 The figure itself was cast in one piece, 
with the exception of the hands. The model 
of the Buddha was probably created in loess, 
and because of its large size and standing pos-
ture, it would have needed a sturdy internal 
armature of metal or wood to support its own 
weight. After all the details were completed 
on the model, it would have been allowed to 
dry and possibly was fired. Next, a release 
agent, such as charcoal, would have been 
applied. Mold sections would have been made 
sequentially and allowed to dry in situ, so that 
they could be keyed to their neighbors at each 
seam. When the mold was complete, it was 
disassembled, and at this point, any necessary 
adjustments or refinements were made.25

Presumably, the model or replica was then 
shaved down to serve as the core by remov-
ing a thickness of loess corresponding to the 
intended wall thickness of the finished sculp-
ture, which had to be sufficient to support a 
large sculpture without an internal armature. 
The wall thickness of the finished sculpture 
varies from 7 to 10 mm. This relatively small 
variation shows that subtle contours were pre-
served as the model was reduced. During this 
process, numerous rectangular protrusions, 
measuring 2.0–2.2 x 2.4–2.8 cm, were left 
standing, to separate the core from the mold 
during the casting. These core extensions are 
positioned at regular intervals over the entire 
sculpture, and in many cases their locations on 
the back of the sculpture mirror those on the 
front (Figures 17, 18). The large opening in the 
back of the sculpture also played a key role, as 
it would have accommodated what was effec-
tively a very large core extension. 

Since most of the mold’s seam flashings 
were removed during the finishing process, it 
is not entirely clear how many mold sections 
were used or what their exact placement would 
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and flowing over the outer surfaces of the wall, 
thus helping to secure the patch (Figure 25).26 
The patches would have been barely visible on 
the exterior after the surface was ground, pol-
ished, and gilded, but today some seams are 
detectable through the gold. The patches are 

Once the assemblage had cooled, the mold 
sections were broken away. At that time, the 
core extensions were removed and recesses 
were gouged into the core that undercut the 
edges of the extension openings. Molten bronze 
was poured into each hole, filling the undercuts 

Figure 16 ◆ Buddha  
Maitreya. Reverse 
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holes left by the core extensions were plugged. 
The large volume of metal in the upper third 
of the head was probably introduced during 
repair of the casting flaw. The position and size 
of this repair may be an indication that the 
image was cast upright, as the flaw could well 
have been caused by gas trapped in the mold at 
the crown of the head.

After the major repairs were cast in, the 
core and any supporting armature were 
removed through the opening in the back of 
the figure and through the bottom of the base, 
while the metal gating system was cut away 

also clearly identifiable from the pooled ridges 
of metal on the interior, and the exact shapes 
of the original core extensions are revealed as 
black outlines in radiographs (Figure 26).

The casting of the Buddha Maitreya was 
not entirely successful, producing a sculpture 
with several large holes. These flawed areas are 
located on the left side of the face, the top of 
the left shoulder, the lower half of the drapery 
on the right arm, and at the proper right bot-
tom corner of the opening on the back. During 
the finishing process, these gaps were filled in 
with molten bronze in the same way that the 

Figure 17. ◆ Buddha  
Maitreya. Conjectured 
piece-mold sections and 
core, with core extensions 
shown as green rectangles
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Figure 18 ◆ Buddha  
Maitreya. Detail of  

interior wall, with loca-
tions of four patched 
core-extension holes 

indicated

Figure 19 ◆ Buddha  
Maitreya. Detail of 

reverse, showing a mold 
seam line inside a tang 

Figure 20 ◆ Buddha  
Maitreya. Detail of right 

forearm, with mold  
seam line 

Figure 21 ◆ Buddha  
Maitreya. Detail of 

reverse, with seam line 
along bottom edge of  

the robe. The rough finish 
of the as-cast surface is 

visible on the robe  
and legs.

Figure 22 ◆ Monk. 
China, Ming dynasty 

(1368–1644). Cast iron, 
H. 91.4 cm (36 in.). The 

Metropolitan Museum of 
Art, Gift of Fong Chow, 

in memory of his grand-
parents, Sir Shouson 

and Lady Yip Chow, 1975 
(1975.413). The seam lines 

on the surface indicate 
locations of joins between 

piece-mold sections. 
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and flashings that developed where the mold 
sections joined were removed by abrasion. A 
small amount of core material remaining in 
the Buddha’s head was sampled and analyzed 
(see Federico Carò, “Petrographic and 
Mineralogical Analysis of the Casting Core of 
a Chinese Bronze Buddha Maitreya,” in this 
volume). 

The decorative surfaces were polished 
smooth, and details in the drapery, face, and 
hair enhanced with tracers. Before the gilding 
was applied, multiple inscriptions were chased 
around the base.27 The entire front of the 
image, extending well around the sides of the 
arms and legs, and the entire base were gilded 
using a mercury amalgam. The hair was left 
ungilded and painted black. Traces of cinna-
bar are found on the base and scattered over 
the entire drapery, but so little remains that 
a pattern, if present, cannot be discerned.28 
Traces of cinnabar are also found on the lips 
and along the hairline above the ears. The 
corners of the eyes contain traces of white 
pigment. The reverse of the Buddha Maitreya 
was not finished or gilded after casting, as it 
would have been covered by the mandorla and 
thus not visible to viewers. It is therefore pre-
served in as-cast condition, bearing corrosion 
products and accretions accumulated during 
burial (see Figures 16, 21). 

Technology can have a significant effect on 
style, as is clearly demonstrated by these early 
Chinese bronze Buddha figures, produced 
using a traditional, local method of manu-
facture applied to imported forms. With the 

expansion of Buddhism in China in the fourth 
century a.d., a new demand for images of the 
Buddha arose. The subject matter and its phys-
ical expression were based on Gandharan pro-
totypes, but their style was adapted to suit the 
available local technology: piece-mold casting. 
As a result, the fluid, naturalistic prototypes 
were transformed into much more angular and 
compact figures. 

Visual and radiographic examination 
formed the basis of this investigation. Just as 
these sculptures provide strong evidence of 
piece-mold casting, so too do they demonstrate 
a complete lack of characteristics associated 
with lost-wax processes. Two piece-mold-

Figure 23 ◆ Buddha  
Maitreya. Underside of 
base, with arrows show-
ing several patched core-
extension holes and the 
modern wooden plugs 
used to seal the interior

Figure 24 ◆ Buddha  
Maitreya. X-ray radio-
graph of a detail of the 
base, showing cast-in  
fills on the lotus petals 
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casting strategies were identified, one used for 
the smaller sculptures, including works exam-
ined but not discussed in this article,29 and a 
second for the Buddha Maitreya. During the 
production of the large sculpture, extensions 
from the core were used to position it within 
the mold assemblage. For the two small seated 
Buddha figures, metal spacers performed the 
same function. The three sculptures studied 
in depth represent a large number of Buddha 
figures of similar style made during the fourth 
and fifth centuries that also were most cer-
tainly cast using a piece-mold process. Inves-
tigations currently underway at The Sherman 
Fairchild Center for Objects Conservation are 
focused on the casting methods used to pro-
duce sixth- and early seventh-century Chinese 
Buddha sculpture and the more naturalistic 
seventh- to ninth-century figures. 

Figure 25 ◆ Buddha Mai-
treya. Detail of proper left 
side, looking into core 
cavity, as seen from the 
reverse. Note (a) pooled 
metal around two patched 
core extensions; (b) high 
relief of drapery folds 
below the left forearm 
modeled in the core, seen 
as negative impressions 
on the interior; (c) possible 
repair of core extension 
patch. 

Figure 26 ◆ Buddha Mai-
treya. Digitally enhanced 
X-ray radiograph of  
the left arm with robe 
and separately cast hand, 
showing (a) patched  
core extensions and  
(b) drapery folds 

a

b

a

c

a

b

a
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notes
1 The author examined Buddha figures in the follow-

ing American and Chinese collections: Asian Art 
Museum of San Francisco; Capital Museum, Beijing; 
Freer Gallery of Art and Arthur M. Sackler Gal-
lery, Smithsonian Institution, Washington, D.C.; 
Harvard Art Museum, Cambridge, Massachusetts; 
The Metropolitan Museum of Art; Palace Museum, 
Beijing; Shanxi Provincial Museum, Taiyuan; Shouy-
ang Museum, Shouyang. For the most part, these 
examinations were visual, but some included X-ray 
radiography. 

2 See Tan 1989, pp. 85–86; Jett and Douglas 1992, p. 206; 
Cowell et al. 2003, pp. 80–81.

3 Since the 1970s, caches of Buddha images have been 
found in Shanxi and Shaanxi provinces. To name a 
few locations: Shouyang, Shanxi; Zhili Tonglingsi, 
Lintong County, Shaanxi; and Xingjia Village, Lintong 
County, Shaanxi. Juliano 2007, p. 104, refers to the  
last two.

4 Elemental compositions of Gandharan bronzes are 
reported in Reedy 1992, p. 246.

5 Rhie 2002, pp. 254–60.
6 Personal communication, Zhixin Jason Sun, associate 

curator, Department of Asian Art, The Metropolitan 
Museum of Art, January 29, 2008; Leidy 2008,  
pp. 81–99. 

7 Bagley 1987, pp. 17–18; Chase 1991, pp. 23–31.
8 Chinese Bronzes 1983, pp. 7–24.
9 Zhou et al. 2006; Zhou et al. 2009.
10 Zhang 2007.
11 There is, for example, considerable discussion as to 

whether bronze drums produced in Southeast Asia 
from the fifth century b.c. to the third century a.d. 
were cast using a piece-mold or lost-wax method.  
Bennett 2006; Meyers 2006; see also Söderberg 2001, 
for a study of medieval Scandinavian ceramic molds.

12 The useful term “inter-model,” perhaps first intro-
duced in Haynes 1992, has not been widely adopted in 
technological literature.

13 Haynes 1992, pp. 69–70.
14 A drilled sample removed by the author from the 

underside of the base of the 338 Buddha was analyzed 
by West Coast Analytical Services, Santa Fe Springs 
(California) using inductively coupled plasma mass 
spectrometry (ICP-MS). The results were reported 
in weight percentages of the elements analyzed (Job 
no. 85319, March 14, 2006). Microsamples removed 
with a steel scalpel from multiple sites on each of 
the two Metropolitan Museum Buddha figures were 
analyzed by Mark T. Wypyski, research scientist, 
Department of Scientific Research, The Metropolitan 
Museum of Art, using energy dispersive and wave-
length dispersive X-ray spectrometry in the scanning 
electron microscope (SEM-EDS/WDS). An Oxford 
Instruments INCA Energy 300 Microanalysis sys-
tem equipped with a Link Pentafet high resolution 
Si(Li) SATW energy dispersive X-ray detector and 
a Microspec WDX-400 wavelength dispersive X-ray 
spectrometer, attached to a LEO Electron Microscopy 
model 1455VP variable pressure scanning electron 
microscope, was operated under high-vacuum condi-
tions at an accelerating voltage of 20 kV, with a beam 
current of approximately 1 nA for EDS analysis and 50 
nA for WDS. The results were calculated against well-
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25 How the mold sections were keyed can only be con-
jectured, since no ancient foundry for producing Bud-
dhist statuary has ever been found. Mold sections for 
casting vessels, dating to the Shang dynasty—some 
with “mortises and tenons,” some without—have been 
excavated at Anyang. See Li 2003, pp. 109–11.

26 SEM-EDS/WDS analysis revealed that the alloy used 
to plug the holes was higher in lead than the body 
composition (see Table 2, page 139).

27 For a translation of the inscriptions, see Leidy 2005–6, 
p. 23. 

28 The red pigment was analyzed by polarized light 
microscopy and identified as cinnabar. The presence 
of mercury was detected using XRF analysis in gilded 
and pigmented areas. 

29 Supported by findings from a recent examination by 
the author, it can be demonstrated that the Winthrop 
Buddha in the Harvard Art Museum (1943.53.80; 
H. 32 cm) was cast by the piece-mold method as 
well. The figure was executed in low relief, has a 
trapezoidal base, and bears metal spacers similar 
to those observed on the 338 Buddha. A sample of 
the core material is being analyzed, and details are 
now being prepared for publication. Grateful thanks 
are expressed to the following staff members of the 
Harvard Art Museum for their time and assistance 
in studying this sculpture: Henry Lie, Anthony Sigel, 
Francesca Bewer, and Robert Mowry.
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分铸法：四至五世纪中国青铜佛像的传
统制作方式

摘要
当前学术界对早期中国青铜佛像的研究证实其制

作工艺采用分铸法，而非失蜡法，这与以往的研究

结论相反。本研究从初次检测的六 十多件作品中，

选取纽约大都会博物馆收藏的两件和旧金山亚洲

博物馆收藏的一件进行重点分析研究。这三件作

品的体量有差，其年代在公元338至486年之间。

研究发现了分铸法的两种不同的方式：两件小型

铜佛的铸造过程中采用了金属垫片支撑外范内的

泥芯，而大型铜佛的铸造则采用了泥芯的延伸部

分来支撑其在外范内的位置。除铸造工艺以外，本

文还探讨青铜佛像的艺术风格与铸造技术之间的

相互关系。

徐德娜

donnA strAhAn
The Metropolitan Museum of Art
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AbstrAct
Petrographic and textural analyses of the core 
material of a bronze Buddha Maitreya in The 
Metropolitan Museum of Art are presented and 
compared to published data for casting cores 
from other Chinese bronzes. Energy dispersive 
X-ray spectrometry in the scanning electron 
microscope was used to complete the dataset. 
The core can be characterized as an assemblage 
of coarse silt grains ranging in shape from sub-
rounded to very angular, in a subordinate clay-
rich matrix. The silty framework is composed 
of, in order of abundance, quartz, feldspars, 
micas, and other accessory minerals. Green 
hornblende is predominant among the latter. 
The grain-size distribution of the framework, its 
mineralogy and grain shape, and the relative 
abundance of the clay matrix all are compat-
ible with loess from northern China. Although 
it appears certain that such loess was the raw 
material used to define the interior cavity of 
the Buddha sculpture, it remains unclear if 
the core underwent firing prior to casting.

A      sample of the core material of The 
Metropolitan Museum of Art’s Buddha 

Maitreya (26.123; see Figure 15 in Donna 
Strahan, “Piece-Mold Casting: A Chinese 
Tradition for Fourth- and Fifth-Century 
Bronze Buddha Images,” in this volume) was 
analyzed petrographically and compared to 
existing data on the earthen cores used in 
casting Chinese bronzes. The core of this fig-
ure is of special interest in terms of its materi-
als and technology. Specifically, in addition 
to characterizing these materials, this article 
investigates whether the core was fired prior 
to casting or whether it was heated only when 
the metal was poured. The following discus-
sion borrows descriptive terminology from the 
field of sedimentary petrology to the extent 
that it facilitates a visualization of structure 
and components. Because few other Chinese 
Buddha sculptures have had their core materi-
als analyzed, the data presented here can be 
compared only to earlier studies of Shang and 
Zhou dynasty bronze vessels. Publishing the 
results of the current study will make this new 
data available for future research into Chinese 
bronze-casting technology.

Several fragments of the earthen core were 
removed from the interior of the Buddha’s 

Petrographic and Mineralogical  
Analysis of the Casting Core of a Chinese 
Bronze Buddha Maitreya
◆

Federico Carò
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grains seem to be cemented by oxidation prod-
ucts, and the clay matrix cannot be resolved. 
According to the Munsell color system, the 
color of the core ranges between 7.5 YR 5/4 and 
7.5 YR 4/4.

Under the petrographic microscope, the 
framework is seen to consist of subrounded 
to very angular, coarse silt grains (31–62 μm) 
in a subordinate clay-rich matrix. The matrix 
shows a convolute laminated structure, within 
which the framework grains are aligned. In 
general, the matrix appears uniformly distrib-
uted, although some clay-rich nodules were 
observed, which may reflect incomplete mix-
ing or segregation during the forming of the 
earthen core (Figure 1c).

In order of abundance, the framework is 
composed of quartz (70.5%), feldspars (16.4%), 
micas (4.3%), and other accessory minerals and 
rock fragments (see Table 1, page 158). Almost 
all the grains show sharp angles, which are 
more common among the finer fraction of the 
framework, as coarser quartz and feldspars 
exhibit more rounded shapes (Figure 1a). In 
the framework, grain-size distribution var-
ies somewhat as a function of the mineral-
ogy (Figure 2). Specifically, feldspars exhibit 
a positively skewed distribution toward the 
coarser fractions, with more than 30 percent 
of grains between 63 μm and 250 μm, whereas 
quartz and accessory minerals share a similar 
distribution, with a common mean grain size 
of 40 μm and a negative skew toward the finer 
fractions.

Angular to subangular quartz is represented 
by non-undulose and undulose monocrystal-
line grains in equal proportion and by subordi-
nate polycrystalline grains (1.7%). Feldspars are 
subangular to subrounded and slightly coarser 
than the quartz fraction. K-feldspar (12.6%) 
and plagioclase (3.8%) were identified. Micas 
are present as flakes ranging from 400 μm to 
less then 10 μm, with muscovite (3.0%) prevail-
ing over biotite (1.3%). Scattered oxidized chlo-
rite lamellae are also present.

Among the accessory minerals, green 
hornblende predominates, constituting 

head for examination. First, intact fragments 
were analyzed under a binocular microscope 
and their aspect and texture qualitatively 
described. A standard thin section with a 
nominal thickness of 30 μm was prepared 
from a subset of intact fragments embedded 
in epoxy resin so that the original core struc-
ture was retained during examination. Using a 
Zeiss Axioplan II petrographic microscope, at 
least three hundred points were counted, and 
the framework grains classified and measured 
by means of a micrometric eyepiece.1

A carbon-coated thin section was also ana-
lyzed using a scanning electron microscope 
(SEM) and an energy dispersive X-ray spec-
trometer (EDS).2 An additional disaggregated 
sample of the core was collected and mounted 
with Vaseline on a low-background quartz 
plate for analysis by open-architecture X-ray 
diffractometry (XRD).3

results 
MinerAlogy

XRD analysis of the disaggregated sample 
yielded a well-defined pattern, showing quartz 
as the principal phase, together with a lesser 
amount of albite. No evidence was found in the 
pattern for calcite, dolomite, gypsum, anhy-
drite, or other common species. Although a 
few residual lines might plausibly represent 
illite or its micaceous analogue, the identifica-
tion or exclusion of clay-mineral components 
was inconclusive because of the decidedly 
heterogeneous and unoriented nature of the 
mounted sample as well as the possible effects 
of heating. Thin-section analysis was therefore 
undertaken in order to identify and quantify 
additional constituents of the casting core.

texturAl And PetrogrAPhic 
FeAtures

Under the binocular microscope, the earthen 
core appears as an extremely brittle, homo-
geneous assemblage of silty mineral grains 
(Figure 1). Among them can be recognized 
quartz, biotite, and muscovite flakes, as well 
as opaque minerals. At this magnification, the 
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Based on the point counting, the propor-
tion of the matrix fraction in the analyzed 
core is close to 30 percent. It is composed 
of undefined, fine lamellae of oxidized clay 
minerals, fine particles of iron oxides and 
hydroxides, and other accessory minerals. 
Using SEM-EDS, galena, rutile, ilmenite, and 
monazite have been identified. The abundance 
of these very fine accessory minerals may have 
been underestimated in the point counting 
because of the difficulty in recognizing them 
using optical microscopy. Under SEM, slight 
vitrification of the matrix seems to occur 
in the form of fine amorphous threads sur-
rounding and bridging the framework grains 
(Figures 3b–3d).

3 percent of the entire framework popula-
tion (see Figure 1b). Less common are epidote, 
zircon, apatite, and clinopyroxene. Iron oxides 
and hydroxides (mostly hematite and mag-
netite) are present both in the matrix and as 
single or clustered grains in the framework.

Rock fragments are present only rarely 
among the framework grains (1.2%), and 
appear to be mostly of a metamorphic nature 
(micaceous schist). Accessory clastic dolomite, 
characterized by etched surfaces, was also 
observed under both the petrographic and the 
scanning electron microscopes (Figures 3c and 
3d). The sample studied does not contain any 
appreciable remains of organic material, such 
as vegetal or animal fibers.

Figures 1a–d ◆ Micro-
graphs of the core sample: 
(a) general view of the 
texture of the earthen 
core showing angular 
quartz (Qtz), K-feldspar 
(Fsp), biotite (Bt) (crossed 
Nicols); (b) closer view of 
the core with hornblende 
crystal (Hbl) (crossed 
Nicols); (c) clay-rich  
nodule (parallel Nicols);  
(d) accessory epidote (Ep) 
(crossed Nicols)

petrographic and mineralogical analysis of the casting core of a Bronze Buddha Maitreya
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Table 1 ◆ Detrital Modes of the Earthen Core in Volume % and Relative Abundance of the Core Fractions  
Compared to the Published Data on Northern Chinese Casting Cores and Molds

Buddha Maitreya Gettens 1969 Freestone et al. 1989

Core fractions % % %

Framework  70.8 72 to 86  80.0

Matrix  29.2 14 to 28  20.0

Framework modes

Quartz monocrystalline  32.1 - -

Quartz undulose  36.3 - -

Quartz polycrystalline   1.7 - -

Chert   0.4 - -

Total quartz  70.5 -  70.0

Plagioclase   3.8 - -

K-feldspar  12.6 - -

Total feldspars  16.4 -  20.0

Metamorphic rock fragment   0.8 - -

Carbonate rock fragment  0.4 -   1.0

Total rock fragment   1.2 -   1.0

Biotite   1.3 - -

Muscovite   3.0 - -

Chlorite   1.7 - -

Transparent heavy minerals   5.5 - -

Opaque heavy minerals   0.4 - -

Total accessories  11.9 -   9.0

Total framework 100.0 - 100.0

Table 2  ◆ Key Textural Parameters of the Earthen Core Compared to the Published Data on Other 
Northern Chinese Casting Cores and Molds

Mean (µm) Median (µm) Sorting (σ)*
Buddha Maitreya

Framework 45 43 0.81

Quartz 41 41 0.74

Feldspar 61 52 0.87

Accessory 40 41 0.74

Gettens 1969

Framework 8.6 - -

Freestone et al. 1989

Framework 35 - -

*  The sorting index describes the dispersion of values around the mean grain size.  
σ ranges from 0 to 2; the higher the index, the greater is the observed variability in dimension.

carò
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Figure 2 ◆ Grain-size 
curves of the three key 
petrological parameters  
of (a) the earthen core  
and (b) their relative  
abundance

Figures 3a–d ◆ SEM 
micrographs (backscat-
tered electron detector) 
of the core sample: (a) 
angularity of quartz (Qtz) 
and porosity (black areas) 
are clearly visible; (b) a 
finely grained or amor-
phous phase surrounds 
and bridges the frame-
work grains; (c and d) the 
slightly sintered matrix 
follows the original  
habit of leached clastic 
carbonate grains. 
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published, making the comparison of the pres-
ent results with existing data difficult.

A peculiarity of the core material examined 
is the absence of any organic remains within 
the framework or the matrix. The use of such 
additives to increase the performance of the 
cores was common in bronze casting.11 How-
ever, the current findings are in agreement 
with the conclusions of Ian Freestone and his 
colleagues, who studied Shang dynasty cast-
ing molds from northern China. They found 
that no coarse organic materials were added 
to the earthen core, suggesting that the loess 
was used in its raw form or that only very fine-
grained material was added.12 

It appears certain that loess was used as 
raw material to define the interior space of the 
object under study, but it still is unclear if the 
core underwent firing prior to use. Observa-
tion under SEM suggests that slight sintering 
occurred in the clay matrix, mostly along 
framework grains (see Figure 3b). However, 
the presence of preserved carbonate grains 
in the core testifies that it was not heated 
above 900°C, which is the temperature at 
which the complete breakdown of dolomite 
(CaMg(CO3)2) to periclase (MgO) and calcium  
oxide (CaO) occurs. No clear evidence of 
an intentional firing of the core studied was 
found. Indeed, the sintering observed can 
be explained by the rapid, brief heating of 
the earthen material by the molten metal, as 
already suggested by other authors.13 The fact 
that the samples have been collected close 
to the inner bronze surface strengthens this 
hypothesis.

Federico cArò
Andrew W. Mellon Fellow 
Department of Scientific Research 
The Metropolitan Museum of Art

discussion
Previous studies of earthen material from cast-
ing cores and mold fragments used for making 
bronze vessels from northern China refer to 
loess as the most probable raw material used 
by bronze founders.4 This material is always 
described as a quartz-rich silt with a low clay 
content, in which the angularity of the quartz 
grains is the most characteristic feature.5

By definition, loess is an oxidized, imma-
ture, and mostly unconsolidated silt that can 
show a wide range in mineral composition. 
The gross features are the predominance of 
quartz over feldspars and accessory minerals 
and the extremely fine grain size, with about 
60 percent of the particles between 30 and  
60 μm (medium to coarse silt).6

The sediment constituting the vast Loess 
Plateau that accumulated in northern China 
during the late Cenozoic era displays these 
characteristic features, with a mean grain size 
that slowly decreases from northwest to south-
east.7 Seventy to 90 percent of the framework 
has a coarse grain size (16–32 μm) and is gen-
erally well sorted. A fine component (< 16 μm), 
of up to 30 percent of the whole framework, 
constitutes the secondary mode of the grain-
size curve.8 In addition to quartz and feldspars, 
which together constitute 90 percent of the 
framework, micas, hornblende, pyroxene, and 
calcite are often mentioned as accessory min-
erals.9 Organic materials and pedogenic car-
bonates are the most common loess cements.10

Petrographic and textural data from the 
examination of the casting core from this Bud-
dha Maitreya are in agreement with published 
qualitative data from other studies of casting 
cores and molds from northern China. This 
strengthens the hypothesis that loess was the 
primary raw material used for the core.

The specific grain-size distribution of the 
framework, its mineralogy and grain shape, 
and the relative abundance of the clay matrix 
are the parameters key to the characterization 
of this material (see Tables 1, 2). Unfortunately, 
few quantitative petrographic descriptions 
of northern Chinese casting cores have been 
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notes
1 Pettijohn 1975, pp. 13–99.
2 Qualitative analyses of mineral phases and imaging 

were performed with an Oxford Instruments INCA 
Energy 300 Microanalysis system equipped with a 
Link Pentafet high resolution Si(Li) SATW energy 
dispersive X-ray detector attached to a LEO Electron 
Microscopy model 1455VP variable pressure scanning 
electron microscope. Analyses were done under high-
vacuum conditions at an accelerating voltage of 20 kV.    

3 X-ray diffraction analysis was carried out with a Philips 
PW1835 open-architecture diffractometer using Cu Kα 
radiation and a graphite monochromator on the dif-
fracted beam. Scans were performed between 5° and 
60° 2α at 45 kV and 35 mA at a continuous scan rate 
of 1.2°/min with a 0.04° step size using a 15 mm beam 
mask. The divergence, receiving, and scatter slits were 
set at 1°, 0.2 mm, and 1°, respectively.

4 Gettens 1969, pp. 107–20; Freestone et al. 1989;  
Holmes and Harbottle 1991.

5 Gettens 1969, pp. 107–20.
6 Pettijohn 1975, pp. 290–91.
7 Freestone et al. 1989; Donghuai et al. 2004.
8 Donghuai et al. 2004.
9 Gettens 1969, pp. 107–20.
10 Donghuai et al. 2004.
11 Lombardi 2002; Reedy and Meyers 2007.
12 Freestone et al. 1989.
13 Ibid.; Gettens 1969, pp. 107–20.
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青铜弥勒佛立像的铸造内芯的岩相
和矿物结构分析

摘要
本文对大都会博物馆收藏的一尊弥勒佛像

(26.123)的铸造内芯做了岩相和结构成分分析，
并将结果与已经发表的中国青铜器的铸造内

芯分析相关数据做了对比。研究过程中采用了

扫描电子显微镜X射线能谱仪分析。以完善数

据分析确定该铸造内芯是由大量从近似圆形

到棱角粗糙的粉质沙砾和富含粘土的基质材

料组成。按照其在铸造内芯中的含量多寡排

列，粉质沙砾的成分包括石英、长石、云母

以及一些副产矿物。副产矿物的主要成分是

绿色角闪石。泥芯中粉质沙砾的晶粒大小的

分布，其矿物结构和晶粒形状，以及相当大

量的富含粘土的基质材料都与中国北方的黄土

相同。这种黄土显然是制造泥芯的原始材料，

但是目前尚不能确定其铸造前是否经过烧制。

Federico cArò
The Metropolitan Museum of Art
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