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Preface
Around 1450 BC in Egypt knowledge of both materials and technique was perfected to the level that the
glass masters were able to produce true glass objects. For the ancient Egyptians glass was perceived a new
artificial stone which was precious and highly admired. Most likely glass production remained under the
patronage of the pharaoh and the objects suited well as presents for favored officials and foreign rulers.
Our knowledge and modern technology to analyze chemical components makes it possible to determine the
composition of materials with high accuracy. In antiquity, on the other hand, material knowledge had to
develop through careful observation and experiment. With glassmaking this meant that creating a certain
color would probably need several attempts, a learning process by trial and error. As soon as a decisive result
was reached, it was important to carefully record the procedure and ingredients involved. The next step
must have been replication by using the same, or seemingly the same, ingredients.
The ancient Egyptians called glass iner en wedeh – stone that flows. It is therefore not surprising that
ingredients for colored glass were sought in stones and minerals. It seems logical to search for materials that
were expected to yield the desired result. The achievement of making colored glass was not just about
creating artificial stone. The most important innovation was the technology itself, which allowed the material
to be cast and molded by tooling. In addition to producing glass vessels, which were core formed, colorful
glass became used in ornaments and jewelry. One of the well-known examples is the death mask found in
the tomb of Tutankhamun where the eyebrows and eye linings as well as the elongated inlays of the nemes
head cloth are all blue glass.
This catalog offers a summary of the research on eight glass objects dating from the late 18th and early 19th
Dynasties, circa 1350 – 1250 BC. Chemical compositions are analyzed while the local coherence of elements
and clusters of particles is studied with the aim to identify the nature of the materials used.
I owe special thanks to Dr. Hans-Peter Meyer for conducting the analysis at the Universität Heidelberg,
Institut für Geowissenschaften, as well as at his laboratory Meyer-Mikroanalyse in Berg, Germany.

W. Arnold Meijer

Brief introduction to early Egyptian glass
Egyptian glass from the New Kingdom is made from a combination of network formers, modifiers and
stabilizers. Silica, SiO2, is the most common network former in ancient glasses. The silicon atom is bonded to
oxygen atoms, and these oxygen atoms are able to further link to other silicon atoms, thereby forming a
network. In pure silica, such as quartz, this network is crystalline but when properly heated and cooled the
atoms rearrange into a random non-crystalline network. This is also what happens when obsidian is formed.
After vulcanic eruption it is imbedded in lava layers where it slowly cools and solidifies.
Making pure silica glass requires temperatures in excess of 1700 oC which was beyond the abillity of ancient
glassmaking. To reduce melting temperatures a network modifier or flux is needed. The most common fluxes
in antiquity were alkali oxides, Na2O and usually also smaller amounts of K2O, although others such as lead
oxide PbO can also influence the network and lower its melting temperature. Network modifiers may reduce
melting temperatures to less than 1000oC. When mixed with crushed silica and heated, a proportion of the Si
bonded O2- anions react with the monovalent Na+ or K+ cations. However, glass from only silica and alkali
oxides is unstable and susceptible to degradation under moisty conditions. This is a deterioration that results
when alkali is hydrated and leaches out from the surface network. If taking place for extended periods of
time it may even cause the glass to disintegrate completely.
The glass can be protected by a network stabilizer, which in ancient glass mostly is lime, CaO. Just like Si2+ the
bivalent Ca2+ cations bond with two oxygen anions making the network more resistant. While too little
stabilizer will give the glass poor chemical durability, too much stabilizer will make the glass prone to
devitrification, a process of crystallization in amorphous glass. Small amounts of Al2O3 or MgO are beneficial
to help prevent this.
Egyptian glass from the New Kingdom generally contains
58 – 68% SiO2
4 – 9% CaO
16 – 21% Na2O
0,5 – 3,5% K2O
and 3 – 5% MgO.
In addition to coloring ingredients, other elements may be present at significant levels.
Silica, the main component, either derives from sand or from crushed pebles. Suitable sands need to be high
in silica and relatively free of impurities, where especially iron containing sand should be avoided since it will
color the glass brown. Preferably a sand used should also be calcareous. Certain beach sands, containing
lime in the form of crushed shells, are considered particularly suited for glassmaking.
A major source of lime would have been calcium carbonate, CaCO3, included as particles of shell or as
limestone present in the sand. On the other hand, in case crushed pebbles is the source of silica, lime would
need to be added as an independent component.
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Also soda is expected to derive from a carbonate, Na2CO3. In Egypt natural deposits of soda are known at
Wadi el-Natrun, northwest of Cairo and at el-Barnugi in the Nile delta. However, natron deposits are hardly
ever pure carbonates and usually also contain amounts of chlorides and sulfates. Possibly sodium as well as
potash derive from salt deposits as NaCl and KCl. These clorides may have been mixed with lime-bearing
siliceous sand to produce soda-lime-silica glass. However, the salts are poorly soluble in glass and often small
bubbles with Cl2 are formed, both in the interior as on the surface. The pale Belus sand is particularly suited
for glass making since it contains calcium carbonate, from fragments of beach shell and limestone, while iron
content is low. The sand is found in the bay of Haifa, present day Israel.
The microanalysis in this catalogue will focus on coloring ingredients, finely ground components the ancient
glassmakers used to color their glass. Blue could be made by adding copper-containing minerals such as
azurite, Cu3(OH)2(CO3)2 , chrysocolla, CuSiO3·2H2O, or chalcopyrite, CuFeS2. Powder-blue shades may have
resulted from Egyptian blue CaCuSi4O10. Darker blues were popular, and cobalt is one of the strongest
coloring agents. It may have come from asbolite, a mineral aggregate CoO2·MnO2·4H2O , but is also known
from cobalt containing alum, found at St. John’s Island in the Red Sea.
The bright yellow has been understood as resulting from led antimonate Pb2Sb2O7 or Pb2Sb2O6 , synthesized
by mixing antimony and lead. Alternatively, it may have entered the glass as pulverized bindheimite Pb2Sb2O7
a mineral found in Algeria. Early Egyptian white glass mostly is attributed to calcium antimonate Ca2Sb2O7.
However, amounts of tin oxide SnO2 will also result in the desired white color.
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Scanning electron microscopy with energy dispersive spectrometry
In the present microanalysis SEM-EDS plays an important role. With scanning electron microscopy a beam of
high energy electrons is focused to an area where the surface is scanned in a raster pattern. The electrons are
capable to remove electrons from the inner shells of the atoms as they hit them. The resulting gap is not stable
and an electron from a higher shell fills up the gap. This back fall of electrons is accompanied by X-ray emissions
which are element specific. With the detected energy of the X-rays the energy dispersive spectrometer
determines the chemical composition of the sample from a selected area or at a local spot position.
SEM-EDS generates micrographs where chemical material contrasts are visualized. Areas containing high
amounts of chemically heavy elements, such as lead or tin, are shown bright while areas with light elements
appear darker. Other micrographs visualize the distribution of selected elements within the sampled area. This
is particularly helpful to localize anomalies in the glass or to study the coherence of different elements.
Spectrum graphs, representing area’s as well as local spots, provide qualitative information of the chemical
compositions, including the light elements.
The method quantifies elements at least as low as sodium 11Na providing a chart of the sample’s composition,
normalized to 100%. This quantification is usually listed as data in weight percent and calculated by the stable
oxide of the respective element. An exception is chlorine 17Cl, which is assumed to replace oxygen as an anion
and is listed by the element itself.
The figures should not be perceived as absolute values since they are measured and calculated against the
presence of all the other chemical compounds within the selected area or spot. In addition, despite EDS
measurements being quite accurate, some margin of error has to be taken into account. Geometrical
imperfections of a non-polished sample influence the analysis, causing deviations which result in less reliable
or reduced measured values. This is especially the case for the light elements.
As far as no sample is extracted SEM-EDS is a non-destructive method. This is the option chosen for the small
size objects in the current study. A clear disadvantage is that the data derives from the upper layer, mostly
only 1-3 µm deep. Consequently, the measurements cover a surface that has been exposed to exterior
influences which over prolonged periods of time may have altered the glass composition. The effect of this
shortcoming is discussed with the objects studied. Nevertheless, the method provides valuable information
about the abundant diversity in the compositions of early Egyptian glass and is especially useful in studying
local anomalies and the coherence of elements.
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Yellow glass bead
Inv. number: AM 2.250-1

Fig. 1 – Front and reverse, diam. 1.5 cm

The bead has an anticipated date in the New Kingdom, first half of Dynasty 18. It is known being part of a
“Gold of Honor Necklace”, an honorary gift to high officials. These necklaces occur with true gold disk beads 1
and strings of yellow glass beads such as the present example.2 In addition, similar necklaces are known in
brilliant blue faience.3 The beads are formed on a rod which was turned around while the heated glass was
shaped by a V-form tool and flattened. Remnants of this rotation process can be seen in the left image,
adjacent to the aperture. On both sides numerous small cavities can be observed.

1 | Analysis with SEM-EDS
Fig. 1 shows two rectangles that are selected for the analysis. The micrographs of figs. 2.1 and 2.2 document
the areas that were analyzed for the wide-ranging glass components. Sections showing bright in the
micrographs contain elements with high atomic numbers, while grey or dark sections reflect a major
presence of light elements.
Detail areas are shown with higher magnification (1500 x) and document spots which are quantified at µm
level. The results are listed in the corresponding tables. Components that are below the limit of detection
are listed as <0,05.

___________
1

2
3

Jim Tate, Katherine Eremin, Lore G. Troalen, Maria Filomena Guerra, Elizabeth Goring and Bill Manley (2009), The 17th Dynasty
Gold Necklace from Qurneh, Egypt, ArchéoSciences 33, revue d’archéométrie, p. 121 – 128. National Museum of Scotland,
Edinburg, A.1909.527.19; Metropolitan Museum, New York, 16.10.314; British Museum, London, EA 14693.
Birgit Schlick-Nolte (2006), Objects for Eternity, Egyptian Antiquities from the W. Arnold Meijer Collection, p. 112 – 113.
Metropolitan Museum, 36.3.154. From the tomb of Senenmut, joint reign of Hatshepsut and Thutmose III, ca. 1479–1458 B.C.
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Fig. 2.1 – Yellow glass bead (front), documenting three areas and detail

Tab. 2.1 – Yellow glass bead, front areas and detail (weight%)
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Fig. 2.2 – Yellow glass bead (reverse), documenting three areas and detail

Tab. 2.2 – Yellow glass bead, reverse areas and detail (weight%)
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Both at the front and reverse three areas were analyzed, each measuring circa 1,0 x 0,7 mm. The results are
quite consistent and provide a reliable image of the glass overall composition. The amount of silica, SiO22, is
slightly lower than normally found in Late Bronze Age glass (58 – 68 weight%), which has all to do with the
unusually high levels of lead.
In a comparative study44 the composition of 226 glasses from the Late Bronze Age has been examined, of which
28 examples of opaque yellow glass. These analyses were conducted with SEM-WDS that was set up for the
detection of 22 elements, analyzed from extracted microprobes that were polished. Although the methods
differ – our analysis is based on SEM-EDS which is non-destructive – comparing results is relevant.
No doubt the opaque yellow color is caused by lead antimonate while there is an excessive presence of lead.
Local spots are identified having high levels of lead together with antimony and tin, while almost no silicon or
other elements are present. In addition, Pos. 6 and 7, Table 2.2 detail area, show spots with extreme levels of
tin oxide and silica, respectively. The presence of tin is unusual, it is even considered doubtful if this element
ever played a role in Egypt’s early glassmaking.55

2 | Element mapping
The detail area of the bead’s reverse is selected to demonstrate the local coherence of selected elements.

Fig. 3 – Mosaic showing the distribution of selected elements, detail area of the reverse
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Image a shows the overall distribution of elements that occur in the sample, also documented in Fig. 2.2.
Images b and c display the presence of silicon and oxygen and, as can be expected, both correspond quite
well. They do not, however, match with the bright speck in the overall image. Apparently, it does not contain
much silica and oxygen. Confirmed by the images g, h and i the speck mostly is made up from lead, antimony
and tin, all heavy elements. In image i several bright spots are visible of which one is quantified and proved
to be almost pure SnO2 (Tab. 2.2, Detail Pos. 6).
Moreover, images d, e and f (Calcium, Sodium and Potassium) demonstrate the low overall presence of
these elements, which to certain extent combine with Silicon but have even lower presence within the
central speck.

3 | X-ray diffraction (XRD)
A crystal is composed of periodically arranged sequences of atoms in a three-dimensional space. Amorphous
materials, on the other hand, do not have that periodicity. Their atoms, or small clusters of atoms, are
randomly distributed.
When amorphous materials are exposed to a beam of X-rays this will cause reflection in multiple directions
which will lead to a band of distribution signals in the XRD diagram. With crystalline materials, however, the
X-rays will be scattered only in certain directions when they hit the atom’s lattice planes. This will lead to
wavelength spikes – Bragg peaks – in the XRD diagram, the combination of which is specific for the crystal or
crystals at hand.
When crystalline substances, or remains of crystalline substances, are found within the amorphous glass this
is a clear sign of the admixture of crushed mineral material into the heated glass. It should be noticed that in
many cases crushed mineral material will lose its crystalline structure when heated to temperatures as high
as 800 – 1000 oC and for those minerals the XRD method will not be effective in obtaining information about
a possible mineral origin of glass components.

Fig. 4 – Yellow glass bead, XRD pattern
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The material shows mainly amorphous. The diffraction pattern displays a wide base signal coming from the
overall glass composition. In addition, measurable phases stem from Bindheimite (a Lead Antimonate) and
Lead Tin Antimonate. A single peak most likely results from quartz particles, SiO2, the presence of which is
also confirmed in Table 2.2, Detail, Pos. 7. Bindheimite, elongated mineral structures with a distinct yellow
color, to the present day are still extracted in Algeria.6

4 | Summary
An interesting finding is the presence of mineral material in the yellow glass. It would certainly be relevant to
investigate also other ancient Egyptian glass objects on this phenomenon.
Besides, there are valuable considerations regarding glass studies in general. As shown in Figs. 2.1 and 2.2
surface areas may differ significantly from each other in terms of composition, even for areas of less than
100 µm in diameter. This implies the risk of over-generalization when glass artifacts are analyzed via
microprobe, since the taken sample may not be representative for the color or object studied.
Furthermore, it is well possible that for some glass-colors there have been more than just one glass recipe in
antiquity, depending time and workshop. After all, early glassmaking has evolved in Egypt from circa 1450 BC
until 1200 BC, a period of 250 years. The discrepancies when comparing the glass composition of the current
bead with the results of the before mentioned comparative study illustrate this.

___________
4

5
6

A.J. Shortland and K. Eremin (2006), The Analysis of Second Millennium Glass from Egypt and Mesopotamia,
Part I: New WDS Analyses, Archaeometry,48-4, p. 581–603.
Paul T. Nicholson and Ian Shaw (2000), Ancient Egyptian Materials and Technology, p. 219.
Nador n'Bails Mine, Djebel Nador, Guelma, Constantine Province, Algeria.
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Decorated glass adornments

Introduction
These adornments, dating to Dynasty 18 around 1350 BC, are shaped as a flat topped column. Formed on a
rod, at first stage they were formed from a monochrome mass which was then decorated with one or two
colored threads wound in parallel. Their final shape has been formed by tooling where the disc head was
flattend and often has evidence of a rotation process showing tool marks.
Similar ornaments are known in a variety of materials while their form resembles that of a muchroom. These
are not rod formed, however, where faience examples are by far the most common. Typically these have a
plain shaft and are may be decorated, but on the dome shaped head only.
It is assumed the present glass adornments have been earplugs, inserted through a pierced hole in the ear
lobe their disc shaped head facing out, similar to their mushroom shaped counterparts.1 However they could
well have been strung as beads or even have been pendants, which would do more justice to their
decoration.2

___________
1

2

Boston MFA (1982), Egypt’s Golden Age, The Art of Living in the new Kingdom 1558 – 1085 BC, nos. 298 – 300, p. 230 – 231.
Arielle P. Kozloff and Betsy M. Bryan (1992), Egypt’s Dazzling Sun, Amenhotep III and his World, no. 1.35, p. 451.
Carol A.R. Andrews (2006), Objects for Eternity, Egyptian Antiquities from the W. Arnold Meijer Collection, no. 2.12, p. 90 – 91.
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Decorated glass adornment
Inv. number: AM 2.123-1

Fig. 1 – L. 2.7 cm, W. 1.7 cm
The object has a semi translucent blue base mass. The shaft is decorated with a white thread, wound in
parallel, while separate light blue threads decorate only disc and lower section of the shaft. It is formed on a
rod which was turned around while the heated glass was shaped by tools and the disc was flattened.
Remnants of this process can be seen adjacent to the disc’s aperture.

1 | Analysis with SEM-EDS
The rectangle shown in Fig. 1, central image, marks the position selected for the analysis. In the
corresponding micrograph of Fig 2. several numbered areas and individual spots are documented which are
analyzed on their composition.

Fig. 2 – Three glass sections, light blue, azure blue and white (top to bottom)
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Tab. 1 – Quantifications (weight %)
The main components in New Kingdom glass are SiO2 (c. 58 – 68%), CaO (c. 4 – 9%) and Na2O (c. 16 – 21%)
while usually also amounts of K2O (c. 0,5 – 3,5%) and MgO (c. 3 – 5%) are present.1
With all three colors the levels of SiO2 are higher than average while the measured levels of Na2O are low.
This can be attributed to the analytical method, since only the uppermost layer of the surface is measured.
Na+ cations are particularly vulnerable for leaching from the surface under moist atmospheric or moist burial
conditions. The glass composition below the surface may contain more sodium. The amounts of K2O, the
second network modifier, are at expected levels. As a consequence the not leached compounds will be
slightly overweighed in the analysis. CaO is responsible for the stability of the glass which remained in
excellent condition.
The light blue trailing contains significant CuO and elevated amounts of Fe2O3 but no CoO nor MnO at
quantifiable levels. Its color will be caused by CuO and Fe2O3 while also minor amounts of TiO2 and AgO are
found. In Pos. 6 and 7 high concentrations of CuO is observed. The light blue glass is opacified by calcium
antimonate Ca2Sb2O7 particles which reflect light in random directions.
The translucent azure blue has only minute amounts of CuO, just at the edge of detection limit. Here the
color results from CoO in conjunction with Fe2O3 and MnO.
Surprisingly the white trailing also contains Fe2O3. No doubt, however, its color results from abundant
calcium antimonate Ca2Sb2O7, which is found in smaller proportions in the light blue trailing as well.2 Calcium
antimonate is present as tiny crystals, appearing as light specks in the micrograph. Note that it is listed as
Sb2O3 while its corresponding amount of Ca is quantified within the second column as CaO.
_________
1
2

A.J. Shortland (2012), Lapis Lazuli from the Kiln, Glass and Glassmaking in the Late Bronze Age, p. 98, 102.
Shortland, p. 111.
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Decorated glass adornment
Inv. number: AM 2.123-2

Fig. 1 – L. 1.3 cm, W. 1.6 cm

The ornament consists of an opaque dark blue base mass which is decorated with white and dark yellow
glass. It is formed on a rod which was turned around while the heated glass was tooled and the disc was
flattened. The dark yellow is only applied at the lower part of the stem and on the disc’s rim. The surface
appears strongly weathered and has been thoroughly cleaned prior to the analysis.

1 | Analysis with SEM-EDS
The rectangle shown in Fig. 1, central image, marks the selected position, covering the three colors. In the
corresponding micrograph four numbered areas are documented as well as a substantial number of spots
which are analyzed individually.

Fig. 2 – Three glass sections, yellow, dark blue and white (left to right)
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Tab. 1 – Quantifications (weight %)
All three sections show a non-homogeneous distribution of components at the surface which is particularly
striking in the white glass. As has already been noted in the previous ornament the levels of Na2O are low. In
non-weathered glass from the New Kingdom this flux agent usually is in the range of c. 16 – 21 %. While the
amount of CaO in both the yellow and blue areas is at normal levels, its presence in the white glass areas is
excessive. CaO in area 21 reaches a level of more than 44% while in area 22 it is much lower.
The color of the yellow glass is caused by lead antimonate Pb2Sb2O7. A recent study1 has shown that in early
Egyptian glass these particles have a cubic structure where antimony is partly replaced by iron and zinc. The
particles in pos. 2, 3 and 4 contain about 50 – 58 % PbO and 24 – 29 % Sb2O3, while both Fe and Zn are at far
lower levels. Further analysis was conducted searching for metallic compounds: pos. 5, 6 and 7 show high
levels of Fe combined with Al and Mg, pos. 8 contains 55% SnO2 while ZnO in pos. 9 is found at 31%.
Also in the blue glass, area 11, lead and antimony are detected but with lesser amounts and having a
different ratio. The color results from cobalt and copper, which is opacified and darkened by manganese and
iron. The amount of CoO, CuO, MnO and Fe2O3 totals circa 2,5 weight%. It remains unclear whether titanium
oxide, present at low levels in all three glass sections, has an influence on the color.
The same question mark stands for BaO which has in area 11 low overall presence however is measured in
pos. 17 – 19 at high levels, combined with SO3. These spots almost certainly contain barium sulfate BaSO4.
Other spots demonstrate high levels of Fe (spot 12), Mg (spot 13), Al (spot 14), Zn (spot 16) and high Ti
combined with Fe (spot 15).
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For the white glass two main areas are analyzed. As noted, not only these reveal extraordinary high levels of
CaO but also their distribution as separated clusters. Possibly the glass melt has not been properly stirred
before being applied as a decorative trail. The amounts of Fe2O3 found at almost 2% in area 21 and at more
than 5% in area 22, and those of Al2O3 in these areas, circa 4% and 11%, are most unusual for white glass.
The white color itself can be attributed to calcium antimonate Ca2Sb2O7 while a smaller proportion of
CaSb2O6 may also be present.2
The analysis of pos. 26 – 29 again show metal compounds being present where iron is found at a level of
48% Fe2O3, aluminum at more than 33% Al2O3, magnesium at 32% MgO and zinc at almost 17% ZnO. This
phenomenon of isolated particles is further discussed in the following paragraph where also some other
elements are quantified.

2 | Element mapping
The documented micrograph of Fig. 2 provides information of the distribution of elements where chemically
heavy elements appear bright and elements with lower atomic numbers are shown grey or dark. However,
SEM-EDS may also provide micrographs visualizing the distribution of single elements. Bright localities
correspond with high concentrations of the element in question. Element mappings contain the chemical
data which may be used for off-line quantification.
The mosaic in Fig. 3 shows the mapping of major elements in the glass and allows to compare the relatively
low levels of both flux agents Na2O and K2O as well as that of MgO for the three glass colors.
In the mappings of Fig. 4 the positions of particles for the elements Cu, Ag and Mn are marked. These
particles, only a few microns in size, are quantified in the tables below.

Fig. 3 – Mosaic showing the distribution of some general elements in the colored glass
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Fig. 4 – Element mappings with marked individual particles
Copper has been determined in all three colors at quantifiable levels. Its presence is not at all uniform but
appears to be distributed as isolated particles only. For that reason, three spots are selected, representing
each glass color. The results show these particles are pure metal; the low oxygen readings are contributions
from the surrounding glass. This could point to the admixture of shredded cuprous metal. Also silver appears
as isolated spots from which one for each glass color is selected for quantification. Two of the readings show
strong coherence with sulfur. This hints to a phase containing Ag and S, for example silver sulfide Ag2S.
A larger size manganese particle invited further analysis. The nature of its composition, however, which
includes vanadium and high levels of the hostile lead and manganese remains a question mark.

Tab. 2 – Additional quantifications (listed as element weight %)

___________
1

2

G. Molina, G.P. Odin, T. Pradell, A.J. Shortland, M.S. Tite (2013), Production technology and replication of lead antimonate yellow
glass from New Kingdom Egypt and the Roman Empire, Journal of Archaeological Science,, Vol. 41, p. 171–184.
A.J. Shortland and K. Eremin (2006), The Analysis of Second Millennium Glass from Egypt and Mesopotamia, Part I: New WDS
Analyses, Archaeometry 48-4, p. 581–603.
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Decorated glass adornment
Inv. number: AM 2.123-3

Fig. 1 – L. 2.1 cm, W. 1.3 cm

Over the base mass of semi-transparent aquamarine base mass, the adornment is decorated with an opaque
white trailing, wound in parallel. Most likely at first stage it has been cylindrical, formed over a rod, and the
heated glass was being tooled in order to shape the flattened disc. We find indications for this process in the
pattern of the white glass wire, as seen at the disc’s flat top.

1 | Analysis with SEM-EDS
The rectangle shown in Fig. 1, central image, marks the selected position for the analysis. The corresponding
micrograph documents several numbered areas and individual spots which were analyzed. Noteworthy is the
‘cell-like’ surface structure which is most clearly visible in the white glass.

Fig. 2 – Two glass sections, aquamarine and white (top to bottom)
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Tab. 1 – Quantifications (weight %)
Aquamarine blue is a rare color in the palette of New Kingdom glass and appears to result of small amounts of
iron, copper, titanium, while in addition also lead, silver and nickel may play a role. At spot level, position 4,
the presence of copper CuO and sulfur SO33 is found at high concentrations, together with a less significant
amount of silver Ag22O.
Within the white trailing a tinge of aquamarine remains present and so are its ingredients. Its light color will
be the result of calcium antimonate Ca22Sb22O77 where possibly also elevated levels of titanium TiO22 and silver
Ag22O play a role. These admixtures cause SiO22 levels to drop to less than 60%, as is found in areas 6 – 8 and at
positions 9 – 11 even lower. In Table 2 the ratio of Sb to Ca cations is estimated for these spots, showing their
presence being about equal.

Tab. 2 – Comparison of Ca and Sb levels based on the weight percentages of CaO and Sb22O33
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Decorated glass adornment
Inv. number: AM 2.123-4

Fig. 1 – L. 2.6 cm, W. 1.5 cm
The ornament has an opaque black base mass, decorated with a yellow spiral trailing on the stem while a white
ring is applied to embellish the disc’s rim. Like the other glass ornaments the object is formed on a rod which
was turned around while the heated glass was shaped by tools and the disc was flattened. The surface remains
in a very good condition.

1 | Analysis with SEM-EDS
The two rectangles shown in Fig. 1 mark the positions that were selected for the analysis. In the corresponding
micrographs several numbered areas and individual spots are documented which are analyzed on their glass
components.

Fig. 2.1 – Two glass sections on the shaft, yellow and black (top to bottom)
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Tab. 1.1 – Quantifications of black and yellow at the shaft (weight %)
The micrograph of Fig. 2.1 shows a remarkable diversity within the yellow glass surface, while the composition
of the black glass appears to be more homogeneous. For that reason in the black glass only areas are analyzed
while in the yellow glass 4 areas and 5 spots are quantified.
In the opaque black glass several metal oxides are found at low levels. It can be expected its color results from
manganese, cobalt, iron and copper. The amount of soda is extremely low. In the yellow glass significant
amounts of lead and antimony are present and no doubt its color is caused by lead antimonate Pb2Sb2O7. The
levels of iron and zinc are at comparable levels as those found in the black glass. At spot level an isolated
particle is found where CuO is measured at 53%.
The white glass at the object’s rim is analyzed separately. Selected are two areas and nine spots.

Fig. 2.2 – Micrograph documenting white glass on the disc rim
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Tab. 2.1 – Quantifications white glass on the disc rim (weight %)
Both general areas show presence of iron and antimony. The white glass is opacified and colored by calcium
antimonate, Ca2Sb2O7 or CaSb2O6. The abundant small white specks in the micrograph indicate the presence
of heavier atoms. Spots 3 – 7 indeed contain high levels of antimony Sb2O3 together with Calcium CaO, while
also Lead PbO is found. The two dark spots 8 and 9 contain high concentrations of copper respectively zinc.
During the 18th dynasty opaque white glass – as well as blue and turquoise glasses – was opacified by calcium
antimonate crystals dispersed in a vitreous matrix. A recent study shows that Egyptian glassmakers did not use
in situ crystallization but first synthesized calcium antimonate opacifiers, which do not exist in nature, and
then added them to the glass.1

2 | Element mapping
Central to the opposite mosaic is the micrograph of Fig. 2.1. Light elements are shown dark or grey while
elements with higher atomic numbers are depicted bright. In the eight surrounding element mappings a bright
area reflects a higher concentration of the respective element. Two dark areas in the central black and white
micrograph are marked with an arrow, one in the yellow and one in the black glass.
The surrounding element mappings show that the area in the yellow glass (c. 0.25 mm) combines with Si, O
and Cl and to lesser extend with Na. While it has minor K, the area contains hardly any Ca, Mg and Al. This area
appears to be altered by weathering. Also marked in the yellow glass is a bright speck having high amounts of
Na. It corresponds to the bright area in the general micrograph and is quantified in Tab. 1.1, area 9. The speck
contains also heavier elements and its level of Na may be closer to those in the primary interior glass than
found elsewhere.
The elongated area marked in the black glass (c. 0.75 mm in length) combines with Si and less with O. It does
not combine with Ca and Mg. It contains high levels of Al and K while lesser amounts of Na and Cl are present.

___________
1

S. Lahlil, I. Biron, M. Cotte, J. Susini and N. Menguy (2010), Synthesis of calcium antimonate nano-crystals by the 18th dynasty
Egyptian glassmakers, Appl Phys A, 98 p. 1–8.
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Fig. 3.1 – Mosaic showing the distribution of selected elements, yellow and black on the shaft, (top to bottom)
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Decorated glass adornment
Inv. number: AM 2.123-5

Fig. 1 – L. 3.0 cm, W. 1.3 cm

Decorated with a yellow trail, the ornament consists of an opaque blue base mass. It is formed on a rod which
was turned around while the heated glass wire was wound in parallel and the disc was flattened. Clearly to be
observed that the yellow trail was applied first, while the relatively small disc on top was formed afterwards
by tooling. The object’s surface is in excellent condition.

1 | Analysis with SEM-EDS
The rectangle shown in Fig. 1, middle image, marks the position selected for the analysis. In the corresponding
micrograph several numbered areas and spots are documented. Contrary to the previously examined
ornaments, both sections of the glass appear quite homogeneous.

Fig. 2 – Two glass sections on the shaft, blue and yellow (top to bottom)
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Tab. 1 – Quantifications (weight %)
The blue glass – upper section of the micrograph – shows up mainly dark colored, reflecting the high content
of components with low atomic weight. The white specks contain heavier elements, where spots 11, 12 and
13 are found to be rich in the opacifier calcium antimonate. The blue color itself results from cobalt and copper
with additional iron and manganese.
Compared
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with the
the blue
blue base
base mass
mass the
the yellow
yellow trailing
trailing contains
contains more
more heavy
heavy elements.
elements. The
The abundant
abundant white
white
specs
specs include
include lead
lead antimonate,
antimonate, responsible
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the color.
color. These
These are
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and 7.
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2,
3
and
antimonate is also present at micron level in the yellow glass, and is quantified in detail areas 2, 3 and 4.
4.
However
these
particles
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too
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to
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separately.
Overall,
the
yellow
glass
contains
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However these particles are too small to show up separately. Overall, the yellow glass contains excessive lead.

2 | Element mapping
When examining single element mappings a peculiar speck located in the blue glass, left of area 8, was noted.
It
It is
is low
low in
in oxygen,
oxygen, silicon
silicon and
and calcium
calcium but
but high
high in
in sodium,
sodium, potassium
potassium and
and especially
especially high
high in
in chlorine.
chlorine.

Fig. 3 – Mosaic documenting marked speck for 6 elements (blue glass)
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Red glass figure of a bound ox
Inv. number AM 2.346

Fig. 1 – L. 3.2 cm, H. 1.6 cm, D. 0.4 cm

The figure has an anticipated date in the New Kingdom, Dynasty 18. It takes part of the tradition to magically
provide food for the afterlife. Food provisions as tomb gifts have a long-lasting history in ancient Egypt and
they exist in many forms and materials1 where examples made of red glass are very rare. The bound ox has
an old collection label at the reverse, reading 190. The figure is made by pressing hot glass into a mold.
Clearly visual are dark colored spots and veins which are particularly prominent on the reverse. On both
sides the surface has numerous small cavities. Glass has been scraped away from the edges at the back,
apparently to remove excess material, either in antiquity or in modern time.

1 | Analysis with SEM-EDS
The rectangles in Fig. 1 mark the positions selected for the analysis. The corresponding micrographs
document areas and detail areas as well as individual spots that were quantified. Fig. 2.1 (front) shows the
surface composition being arranged in a cloud-like manner. Fig. 2.2 (reverse) covers the part of the object
that has cooled down outside the mold as well as the parts near the edges that were scraped away.
Apparently, the surface outside the mold contains compounds with relatively light elements. The scraped
part near the edges – which reflects the inner composition of the glass – contains more elements with high
atomic numbers.
From the front three areas were analyzed, each measuring circa 1.0 x 0.7 mm. The results are fairly
consistent and reflect the overall composition of the glass surface. The amount of silica SiO2 is within the
range of 58 – 68 % normally found in early Egyptian glasses.2 Also lime CaO and potash K2O are at levels to
be expected. Soda Na2O has lower levels than normally found.

__________
1

2

Examples of food models: Metropolitan Museum, a wood model of a bound ox, dated Dynasty 11, Inv. Nr. 26.3.103; Cleveland
Museum of Art, different forms of faience food models, dated Dynasty 19 - 20, Inv. Nrs. 1914.706.1 – 14: Boston Museum of Fine
Art, jasper model of a bound ox, dated Late Period, Inv. Nr. 29.1395.
A.J. Shortland (2012), Lapis Lazuli from the Kiln, Glass and Glassmaking in the Late Bronze Age, p. 98.

33

Fig. 2.1 – Bound ox (front), documenting three areas and detail area

Tab. 2.1 – Bound ox, quantification front areas and detail (weight%)
34

Fig. 2.2 – Bound ox (reverse), documenting five areas and detail area

The average presence of lead is unusually high and Pos. 1 – 4 in the detail area even measure PbO at about
25%. Other local positions were examined where the presence of lead is much lower, while silica SiO2 is at
levels of 75 – 85%. Glass containing lead oxide first appears at around 1400 BC in Mesopotamia, which is
believed to be the birthplace of glass production.3 The addition of lead to the glass influences its viscosity,
rendering it more fluid than ordinary soda glass above softening temperature (c. 600 C), with a working point
of 800 C.
From the reverse of the bound ox three areas were analyzed, similar in size as those at the front, and a detail
area is shown with higher magnification. In addition, two smaller areas were selected to examine the glass
where the top layer has been removed. Surprisingly, areas 1, 2 and 3 of the reverse all measure much lower
levels of lead then those at the front, that are on average about 3 times as high. Consequently, the relative
amounts of SiO2, CaO, K2O, Al2O3, P2O5 at the reverse all are markedly higher compared to those at the front.
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Tab. 2.2 - Bound ox (reverse), quantification of areas and detail (weight%)
Tab. 2.2 - Bound ox (reverse), quantification of areas and detail (weight%)
The chemical composition of areas 4 and 5, where the top layer has been removed, is fairly similar to that of
The chemical composition of areas 4 and 5, where the top layer has been removed, is fairly similar to that of
the front. Some caution is required since their surfaces are not flat, and the readings may be somewhat less
the front. Some caution is required since their surfaces are not flat, and the readings may be somewhat less
reliable. The red color is attributed to cuprous oxide Cu2O while in addition it may be enhanced by iron.4 It is
reliable. The red color is attributed to cuprous oxide Cu2O while in addition it may be enhanced by iron.4 It is
generally believed that to produce red glass the ancient
glassmakers kept the furnace oxygen free,
generally believed that to produce red glass the ancient
glassmakers kept the furnace oxygen free,
1+
preventing the glass from turning greenish by oxidizing Cu into Cu2+.
1+
preventing the glass from turning greenish by oxidizing Cu into Cu2+.
However, it is challenging to maintain this reducing condition when pressing the hot glass into a mold as well
However, it is challenging to maintain this reducing condition when pressing the hot glass into a mold as well
as during cooling down period. Applying carbon to the surface may have played a role in this. Oxygen in the
as during cooling down period. Applying carbon to the surface may have played a role in this. Oxygen in the
air would rapidly impair the amount of cuprous oxide Cu2O on the surface and forming cupric oxide CuO
air would rapidly impair the amount of cuprous oxide Cu2O on the surface and forming cupric oxide CuO
while hot carbon will prevent this.
while hot carbon will prevent this.
2 Cu2O + O2 → 4 CuO + 2 O2
2 Cu2O + O2 → 4 CuO + 2 O2
2 Cu2O + O2 + C → 2 Cu2O + CO2
2 Cu2O + O2 + C → 2 Cu2O + CO2

color changes to green and additional oxygen becomes available
color changes to green and additional oxygen becomes available
which will accelerate the decay of other Cu2O on the surface
which will accelerate the decay of other Cu O on the surface
color remains red as carbon ‘shields-off’ the2 oxygen from the air
color remains red as carbon ‘shields-off’ the oxygen from the air

In a comparative study5 the chemical composition of 226 glasses from the late bronze age has been
In a comparative study5 the chemical composition of 226 glasses from the late bronze age has been
examined of which there were only 4 examples of opaque red glass, the lowest number of all colors sampled,
examined of which there were only 4 examples of opaque red glass, the lowest number of all colors sampled,
reflecting the rarity of red glass. Analysis was conducted with SEM-WDS that was set up for the detection of
reflecting the rarity of red glass. Analysis was conducted with SEM-WDS that was set up for the detection of
22 elements. However, in this study carbon has not been included.
22 elements. However, in this study carbon has not been included.

__________
__________
3
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5

Hugh Tait (2004), Five Thousand Years of Glass, p. 8.
Hugh Tait (2004),
Years
Glass,
p.and
8. Glassmaking in the Late Bronze Age, p. 118, 119.
Shortland
(2012), Five
LapisThousand
Lazuli from
the of
Kiln,
Glass
Shortland
(2012),
Lazuli(2006),
from the
Glassof
and
Glassmaking
in the
Latefrom
Bronze
Age,
p. Mesopotamia,
118, 119.
A.J.
Shortland
and Lapis
K. Eremin
TheKiln,
Analysis
Second
Millennium
Glass
Egypt
and
A.J. Shortland
andAnalyses,
K. Eremin
(2006), The Analysis
Second Millennium Glass from Egypt and Mesopotamia,
Part
I: New WDS
Archaeometry
48-4, p.of
581–603.
Part I: New WDS Analyses, Archaeometry 48-4, p. 581–603.
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Glass palm column cylinder, H. 10.9 cm, W. 3.9 cm
Late Dynasty 18 – early Dynasty 19
c. 1350 – 1250 BC

Glass palm column cylinder
Inv. number: AM 2.260

1.1 | Introduction
This section is dedicated to an important glass cosmetic vessel which is published1 in 2006 where it is vividly
described and exhibited in the Archeological Museum of the University of Amsterdam. At some point its
authenticity was questioned what gave rise to an extensive archaeometric research.
The object is made of a translucent dark blue glass body and is decorated with opaque white and yellow glass
trailings. Having the form of a miniature palm column, it is shaped around a cylindrical working rod. This
apparently was covered by a medium, allowing the rod to be removed after the object was worked. Part of
this layer still adheres to the interior of the tube. After forming the initial cylindrical body which has a slight
upward taper, the protruding palm fronds were shaped from excess glass applied to the body while pincer
marks reveal that their edges were separated and fashioned by indenting and tooling. The tube’s aperture
extends above these palm fronds. Examination under the microscope reveals abundant small air bubble
inclusions as well as some cavities to the surface.
A decorative pattern was created by winding thin trails of heated opaque yellow and white glass around the
body while carefully turning the working rod. As can be observed, the white trails broke at places. Afterwards
the adhered spiraling trails were combed up and down creating a tight feather pattern. During this process
the yellow threads mingled with the blue matrix and now appear greenish. The tight feather pattern is rare in
New Kingdom glass but is known from fragments excavated at Lisht.2 It was apparently worked smooth on the
surface through repeated reheating and marvering, as must also have been the procedure with the yellow
thread that roughly marks the rim of the palm fronds.
Short lengths of white glass rods were fused to the upper part of the body and adhere to the six palm fronts
to form vertical ribbed adornments. Tool marks reveal that this step was carried out by pressing tools onto the
trails. Each white rod was apparently cut short at the upper end. Reheating must have turned these glass
endings into rounded blobs due to capillary contraction, a phenomenon which is observed only exceptionally
on New Kingdom palm cylinders.3 A white trail was wound around the edge of the cylinder’s base where it is
somewhat carelessly cut overlapping and left in relief. A yellow trail was wound several times around the upper
part of the vessel, seemingly to mimic the binding of palm fronds, as it also appears on temple columns.4

___________
1

2

3
4

B. Schlick-Nolte (2006), Objects for Eternity, Egyptian Antiquities from the W. Arnold Meijer Collection, No. 2.26, p. 116 – 118, dated
to the New Kingdom, late Dynasty 18 – early Dynasty 19.
B. Nolte (1968), Die Glasgefässe im Alten Ägypten, p. 122, Pl. XX; C.A. Keller (1983), Problems in Dating Glass Industries of the Egyptian
New Kingdom: Examples from Malkata and Lisht, Journal of Glass Studies 25, p. 25, fig. 5; cf. Metropolitan Museum 11.151.361.
B. Nolte (1968), Die Glasgefässe im Alten Ägypten, Pls. XXXI - XXXIV.
A.P. Kozloff and B.M. Bryan (1992), Egypt’s Dazzling Sun, Amenhotep III and his World, p. 388 - 389.
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1.2 | Research methods
Research has been conducted both on the vessel’s core material and its glass constituents. Prior to the decision
of taking samples from the exterior surface, analysis was performed by non-destructive p-XRF method. From
the data obtained conclusions could be drawn on the glass recipe, the coloring components and opacifiers.
The study comprised:
- analysis of the three glass colors with X-Ray Fluorescence (p-XRF), conducted by PAZ Laboratories,
Bad Kreuznach, Germany (June 2011).
- dating of the core material with thermoluminescence by the Oxford Authentication Laboratory
(October 2013).
- analysis of minute glass samples with Scanning Electron Microscopy with Energy Dispersive
Spectrometer (SEM-EDS) conducted at the Universität Heidelberg, Institut für Geowissenschaften
Germany (December 2013).

2 | Thermoluminescence dating
The amorphous glass itself cannot be dated by thermoluminescence. However, from the interior of the vessel
core material could be extracted which had become fused with the glass body during its manufacture. With a
diamond coated scalpel first core material was removed from the upper layer. This was wasted to exclude
possible contamination in modern time. From the layer that had become bare a sample was extracted, while
it was noticed that this material strongly adhered to the blue glass.

Fig. 2 Documentation of the extracting core material
Thermoluminescence analysis showed that between 3,200 and 4,900 years have passed since the clay core
was heated to over 500° C.5

___________
5

Oxford Authentication, 17 October 2013, certificate N113j32.
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3 | Analysis with portable X-ray fluorescence
Examination with a portable XRF device provides a non-destructive method for chemical element analysis. The
method is based on the emission of element-specific ‘secondary’ (fluorescent) X-rays from a material that has
been excited by high-energy radiation. The method is widely used for chemical analysis, both for scientific and
industrial purposes.
A major advantage of the portable XRF method is that it can provide information of material compositions ‘on
the spot’, i.e. without the necessity to extract a sample. Unfortunately, the method is unable to measure
elements with atomic numbers below 12 (magnesium) which hampers quantifying soda Na2O. The readings in
Tab. 3 show the composition of the glass at three positions. The presence of chlorine was detected, but at
levels too small to be quantified. The column Na2O contains all chemical components that were not
measurable totaling circa 20 – 28 weight %, where it may be assumed that indeed a large portion will be taken
by soda.
Another limitation of the method is the size of the measuring area. Consequently, the results from the
measurements at position B (white glass) and position C (yellow) also include values of the blue glass matrix.
Nevertheless, most of the main components of the glass could be determined.

Fig. 3 Positions analyzed with p-XRF
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Tab. 3 Quantifications with p-XRF (weight %)
The distributions of the glass components match those found in other Egyptian glasses from the Late Bronze
Age. These generally have a silicon content of 58 – 68% SiO2. Other components are soda 16 – 21% Na2O,
lime 4 – 9% CaO and potash 0,5 – 3,5% K2O, while cobalt colored glass is known to have low potash levels.6
The glass also contains a significant amount of magnesia, although somewhat lower than the average found
in other cobalt colored specimens which is usually 3 – 5% MgO.
The vessel’s blue glass owes its color from both cobalt and copper. Cobalt in Egyptian New Kingdom blue glass
occurs in the range of 0,05 – 0,30% cobalt oxide and is one of the strongest coloring agents. An amount of
0,1% can cause a distinct blue while higher amounts can turn the glass to almost black.7 It is supposed that the
relative high level of aluminum in cobalt colored glass points to the use of cobalt containing alum 8, found in
the western oases in Egypt.9 Besides cobalt often also copper is involved in blue glasses. Especially when cobalt
levels are low it will further enhance the color. Two other coloring agents that are commonly used in Egyptian
New Kingdom glass are lead antimonate Pb2Sb2O7 for opaque yellow and calcium antimonate Ca2Sb2O7 for
opaque white.10 Position C – the yellow decoration – indeed reveals an elevated level of antimony listed by its
oxide Sb2O5 and a significant amount of lead oxide PbO. However, the readings at position B – the white
decoration – do not confirm the presence of calcium antimonate. Instead elevated levels of tin oxide SnO and
lead oxide PbO are found.

4.1 | SEM-EDS of the blue glass
To obtain more detailed information on the glass constituents minute amounts of glass were extracted. Each
sample was collected under the microscope with a diamond dissecting scalpel blade to avoid contamination
from metallic abrasion. Great care has been taken to preserve the sample’s topography. Examination of a
sample from the vessel’s base is documented in Fig 4.1, showing 2 numbered areas and 6 spots. Two details
are shown with higher magnification (5000 x) and document individual particles. The results are listed in the
corresponding tables. Surprisingly, fluorine 9F is detected and at unexpected high levels. The element cannot
be quantified but is indicated (+, ++ or +++) while the values of the other components are normalized to 100%.
Selected spectrum graphs, corresponding to area’s or local spots, are included in the annex. These provide
qualitative information on the chemical composition, including fluorine and other light elements.
__________
6
7
8
9

10

A.J. Shortland (2012), Lapis Lazuli from the Kiln, Glass and Glassmaking in the Late Bronze Age, p. 98, 102.
Shortland (2012), p. 107.
Th. Rehren (2001), Aspects of the Production of Cobalt-blue Glass in Egypt, Archaeometry, Volume 43, 4, p. 483 – 489.
A.J. Shortland, M.S. Tite and I. Ewart (2006), Ancient Exploration and Use of Cobalt Alums from the Western Oases of Egypt,
Archaeometry, Volume 48, 1, p. 153 – 168.
Shortland (2012), p. 111, 113.

44

Fig. 4.1 Blue glass vessel’s base, sample overview and two details
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Tab. 4.1 Blue glass, vessel’s base (weight %)
The readings of areas 1 and 2 show the varied composition of elements in cobalt colored blue glass from the
New Kingdom which often contains a range of metals. Common is the presence of aluminum and magnesium
while also iron, manganese and copper and small amounts of several other metals such as nickel, titanium,
zinc and lead occur.11 In both areas also small amounts of phosphorus and sulfur are found. Cobalt itself is not
listed because in these areas its presence is just at or slightly below the limit of detection (<0,10). However,
cobalt is documented in section 5.1 by means of element mapping.
The spot measurements of Pos. 1, 2 and 3 show high amounts of aluminum accompanied by calcium and
silicon. This possibly points to the admixture of pulverized anorthite CaAl2Si2O8, a feldspar mineral. The strong
presence of fluorine in combination with the elevated amount of calcium would point to the admixture of
fluorspar CaF2, which is also further investigated in section 5.1. Positions 5 and 6, showing dark grey in the
SEM image, are almost pure silica. This supports the assumption that SiO2 in early Egyptian glass was obtained,
or at least partly obtained, from crushed quartzite pebbles.12
This analysis of the blue glass shows its composition being highly inhomogeneous. Of the two isolated particles
one is almost pure copper while the other contains about 90% nickel where the amounts of cobalt and copper
make up the total. Both particles are marked in the element mappings of section 5.1 and the corresponding
spectral graphs are provided in the annex. Nickel as free state metal is seldom found on earth. A rare nickel
ore is located at St. John’s Island13 in the Red Sea, a site quarried in antiquity were also cobalt occurs.

___________
11

12
13

A.J. Shortland (2012), Lapis Lazuli from the Kiln, Glass and Glassmaking in the Late Bronze Age, p. 108, 196 – 200 (tables).
Note: CoO is found with p-XRF having low presence (Tab. 3, Pos. A); also compare the element mappings of Fig. 5.1, image j.
Shortland (2012), p. 99.
A. Lucas and J.R. Harris (2012), Ancient Egyptian Materials and Industries, p. 260, with references.
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4.2 | SEM-EDS of the white glass
The sample taken from the white trailing that encircles the vessel’s bottom is documented in Fig. 4.2. It is
examined at three areas and two spot positions. From the central detail area 5 spots were analyzed.

Fig. 4.2 White glass trailing at the base, sample overview and detail
The results found in areas 1, 2 and 3 show low levels of silicon with high proportions of metals indicating a
merger of glass and metallic phase. The elevated concentrations of lime CaO and soda Na2O suggest these
areas are residues of fritting.
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Tab. 4.2 White glass, trailing at the base (weight %)
Position 4 in the general micrograph is very low in silica, while magnesium, aluminum, iron and lead are high
combined with high levels of soda and fluorine. Position 5, on the other hand, shows high silica and aluminum
and both strongly combine with oxygen. This is visualized in the element mappings of Fig. 5.2 as well as in the
corresponding spectrum graphs included in the annex. Two bright particles, positions 4 and 5 of the detail, are
found to contain high amounts of tin. Since the spectrum graph of position 4 demonstrates very low oxygen
this particle likely is metal, while the spectrum graph of position 5 shows a more common level of oxygen.
The white opacifier in New Kingdom glass usually is calcium antimonate Ca2Sb2O7. However, just like with the
pXRF analysis, no trace of antimony is found. The results indicate the admixture of tin and lead at elevated
levels and isolated particles of these elements can be observed. Magnesium has considerable presence and is,
in addition to calcium, an important stabilizer of the glass. Most of the readings show the presence of fluorine.
Included in the annex are selected spectrum graphs, and the mappings of Fig. 5.2 visualize the overall presence
of fluorine, which is substantially higher than in the blue glass sample.
The use of metal slag for coloring glasses was discussed already at an early stage in the development of glass
archaeometry, as it was observed that the amount of tin corresponds with the growing production of bronze
in the 18th dynasty.14,15 Although it is considered unlikely that tin was used as an opacifier for the white
decoration of late bronze age glass,16 in the present cosmetic vessel the admixture of significant amounts of
tin, as well as lead, is unmistaken.

___________
14

15

16

Bernhard Neumann und Frl. Gertrud Kotyga (1925), Antike Gläser, ihre Zusammensetzung und Färbung, Zeitschrift für
Angewandte Chemie, Volume 38, Issue 38, p. 857 – 864.
E.V. Sayre and R.W. Smith (1974), Analytical Studies of Ancient Egyptian Glass, Recent Advances in Science and Technology of
Materials, Volume 3, p. 47 – 70.
Paul T. Nicholson and Ian Shaw (2000), Ancient Egyptian Materials and Technology, p. 219.
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In bronze casting the addition of tin, a silvery whitish metal, strongly lowers the melting temperature and
makes the alloy more malleable. Tin additions in glass may have a similar effect, decreasing the viscosity as
well as improving the elasticity of the heated glass and could explain how the artisan was able to pull the white
glass into thin threads that could be applied to the body and combed to create this tight feather decoration.
Possibly the admixture of lead derives from lead white,, a salt complex containing both lead carbonate and lead
hydroxide ions, which occurs as the soft mineral hydro cerussite Pb3(CO3)2(OH)2. In its natural form it can easily
be grinded to a white powder which was used in ancient Egypt as a cosmetic pigment. Synthesis of lead
carbonate from lead and vinegar has been described by Theophrastus of Eresos17 (ca. 300 BC), but it is unknow
whether this was already known in the New Kingdom.

4.3 | SEM-EDS of the yellow glass
The third analysis was carried out on the yellow glass. From the trailing at the vessel’s neck a minute sample
was extracted from which two fragments were selected, each analyzed at several positions. The results are
listed in the corresponding Tab. 4.3.1 and 4.3.2. In addition element mappings of fragment 1 are discussed in
section 5.3 while the annex includes selected spectrum graphs of both fragments.

Fig. 4.3.1 Yellow glass, trailing at the neck, fragment 1

___________
17

Theophrastus, History of Stones, in Clifford Dyer Holley (1909), The Lead and Zinc Pigments (John Wiley & Sons), p. 2.

49

Tab. 4.3.1 Yellow glass, trailing at the neck, fragment 1 (weight %)
Positions
Positions 1
1 and
and 2,
2, showing
showing grey
grey in
in Fig.
Fig. 4.3.1,
4.3.1, have
have higher
higher than
than normal
normal amounts
amounts of
of silica
silica SiO
SiO22 accompanied by
a relatively normal levels of lime CaO and magnesia MgO, while soda Na22O is low and potash K22O as well as
other secondary elements are almost absent. This could point to a pure type of sand being a source of the
18 The bright particles 3, 4 and 5 show high levels of lead that go hand in hand
silica used in the yellow glass.18
with antimony, reflecting the presence of the yellow lead antimonate Pb22Sb22O77, while also an elevated level of
iron is observed.
In
In fragment
fragment 2
2 areas
areas 1
1 and
and 2
2 show
show high
high levels
levels of
of alumina
alumina Al
Al22O33 and lime CaO. The particle of position 3 even
contains alumina to a level of about 24 %. The bright particle of position 4 contains a high amount of lead as
well as antimony, similar to the three particles found in fragment 1.

Fig. 4.3.2 Yellow glass, trailing at the neck, fragment 2

___________
18
18

A.J.
A.J. Shortland
Shortland (2012),
(2012), Lapis
Lapis Lazuli
Lazuli from
from the
the Kiln,
Kiln, Glass
Glass and
and Glassmaking
Glassmaking in
in the
the Late
Late Bronze
Bronze Age,
Age, p.
p. 99.
99.
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Tab. 4.3.2
4.3.2 Yellow
Yellow glass,
glass, trailing
trailing at
at the
the neck,
neck, fragment
fragment 2
2 (weight
(weight %)
%)
Tab.
Also in
in the
the yellow
yellow glass
glass calcium
calcium and
and magnesium
magnesium are
are stabilizing
stabilizing the
the glass
glass matrix.
matrix. Contrary
Contrary to
to fragment
fragment 1,
1, where
where
Also
no fluorine
fluorine is
is observed,
observed, in
in fragment
fragment 2
2 it
it is
is detected
detected at
at elevated
elevated levels.
levels.
no
At four
four spots
spots iron
iron is
is found
found to
to accompany
accompany the
the high
high lead
lead and
and antimony
antimony readings.
readings. These
These observations
observations are
are
At
19
consistent with
with aa recent
recent study
study19 on
on Pb
Pb22Sb
Sb22O
O77 particles
particles being
being responsible
responsible for
for the
the yellow
yellow color.
color. This
This study
study
consistent
demonstrates that
that in
in Egyptian
Egyptian glass
glass of
of the
the New
New Kingdom
Kingdom antimony
antimony is
is partially
partially replaced
replaced by
by iron
iron or
or zinc.
zinc.
demonstrates
Replication experiments
experiments showed
showed that
that in
in antiquity
antiquity yellow
yellow glasses
glasses could
could have
have been
been produced
produced either
either by
by stirring
stirring
Replication
lead antimonate
antimonate pigment
pigment or
or alternatively
alternatively anime
anime (lead–antimony–silica
(lead–antimony–silica mixture),
mixture), containing
containing excess
excess amounts
amounts of
of
lead
lead oxide,
oxide, into
into aa molten
molten colorless
colorless glass.
glass. Variation
Variation of
of the
the composition
composition proved
proved to
to steer
steer the
the color
color range
range of
of the
the
lead
yellow glass.
glass. It
It was
was further
further shown
shown that
that the
the yellow
yellow lead
lead antimonate
antimonate particles
particles in
in glass
glass are
are stable
stable up
up to
to operating
operating
yellow
temperatures
of
900
–
1000°C.
temperatures of 900 – 1000°C.

5|
| Element
Element mapping
mapping with
with SEM-EDS
SEM-EDS
5
The previously
previously documented
documented grey
grey scale
scale micrographs
micrographs contain
contain information
information of
of the
the element
element distribution
distribution where
where
The
chemically heavy
heavy elements
elements appear
appear bright
bright and
and elements
elements with
with lower
lower atomic
atomic numbers
numbers are
are shown
shown grey
grey or
or dark.
dark.
chemically
Energy dispersive
dispersive spectroscopy
spectroscopy also
also may
may produce
produce micrographs
micrographs visualizing
visualizing the
the distribution
distribution of
of aa single
single element
element
Energy
as well
well as
as of
of combined
combined elements.
elements. Bright
Bright areas
areas than
than correspond
correspond with
with high
high concentrations
concentrations of
of the
the element
element in
in
as
question. The
The technique
technique has
has aa high
high spatial
spatial resolution
resolution and
and sensitivity
sensitivity where
where elements
elements from
from 66C
C and
and up
up can
can be
be
question.
detected. Local
Local coherence
coherence of
of elements
elements and
and anomalies
anomalies can
can be
be noticed
noticed and
and the
the images
images are
are particularly
particularly useful
useful to
to
detected.
assist making
making aa selection
selection of
of areas
areas and
and spots
spots to
to be
be quantified.
quantified.
assist
The mosaics
mosaics in
in the
the following
following sections,
sections, representing
representing the
the three
three colors
colors of
of the
the glass,
glass, visualize
visualize the
the distributions
distributions of
of
The
multiple selected
selected elements.
elements.
multiple

___________
___________
19
19

G. Molina,
Molina, G.P.
G.P. Odin,
Odin, T.
T. Pradell,
Pradell, A.J.
A.J. Shortland
Shortland and
and M.S.
M.S. Tite
Tite (2014),
(2014), Production
Production technology
technology and
and replication
replication of
of lead
lead antimonate
antimonate
G.
yellow glass
glass from
from New
New Kingdom
Kingdom Egypt
Egypt and
and the
the Roman
Roman Empire,
Empire, Journal
Journal of
of Archaeological
Archaeological Science,
Science, Volume
Volume 41,
41, p.
p. 171–184.
171–184.
yellow
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5.1 | Element distribution in the blue glass
Documented in Fig. 5.1 is a section of the blue glass sample from the vessel’s base, corresponding with the
general area of Fig. 4.1. Image a shows the distribution of all elements that occur in the sample. The bright
spots in images b (Silicon) and c (Oxygen) could well originate from crushed quartz pebbles. The marked
fragment of image b, on the other hand, combines with those in the images c and e but not, for instance, with
f (Potassium)
The fragment marked in micrograph h (Fluorine) combines with the overall image a, as expected, but not with
the images b (Silicon) and c (Oxygen). It matches the images d (Calcium) and g (Aluminum) and to a minor
extend also with f (Potassium) and i (Iron).

Fig. 5.1 Mosaic of element distributions, blue glass, vessel’s base
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This particle has been analyzed with SEM-EDS where strong presence of calcium, aluminum and fluorine
(qualitative) and relatively low silicon was found (Tab. 4.1 position 1). Also notable are the bright particles in
image f (Potassium) that match those in g (Aluminum). Images f, h, and i display low and scattered presence
of their elements which is also particularly true for cobalt, copper and nickel. The marked particle in images j,
k and l has a dominant level of nickel Tab. 4.1 Detail 1). The second marked particle of image k proved to be
almost pure copper (Tab. 4.1 Detail 2).

5.2 | Element distribution in the white glass
Examined is the fragment from the white glass taken from the trailing at the vessel’s base (corresponding with
Fig. 4.2) which is selected because of its high amounts of metals.

Fig. 5.2 Mosaic of element distributions, white glass, trailing encircling the base
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Images a (overall composition), b and c (Silicon and Oxygen) represent the main constituents. Micrograph d
shows dark parts where calcium is low. Unlike the findings with the blue glass probe, here fluorine (image h)
does not combine well with calcium but with magnesium and iron and to a lesser extend with sodium and
lead. Image k shows a large part where practically no tin is present. The marked bright particle where tin is
very high is analyzed in section 4.2 (Detail area, position 4). Also the marked particles of images g and h
(Magnesium and Fluorine) and those of images j and c (Aluminum and Oxygen) are analyzed in that section.

5.3 | Element distribution in the yellow glass
Fig. 5.3 documents a fragment from the yellow trailing at the vessel’s neck, corresponding with Fig. 4.3.1.

Fig. 5.3 Mosaic of element distributions, yellow glass, trailing at the vessel’s neck, fragment 1
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Images b, c and e (Silicon, Oxygen and Sodium) show the strong overall presence of these elements. Less
present is calcium while potassium shows only at isolated spots. As expected, micrographs g and h (Lead and
Antimony) closely match and represent the yellow opacifier Pb2Sb2O7.
The marked isolated particle in micrograph i (Aluminum) corresponds with a calcium particle located at the
same position. It does not combine, however, with the two marked particles of lead and antimony of which
the location is also highlighted in the general micrograph a. Image f shows fluorine is almost absent and has
also not been detected with SEM-EDS. However, it has strong presence in fragment 2 as can also be seen in
the spectrum graphs which are included in the annex. Image k documents the distribution of iron of which
some particles exist within low overall presence. Micrograph l illustrates magnesium which has a more even
distribution.

6 | Epilogue
The cosmetic vessel has disclosed many of its secrets. First of all, the glass of each of the three investigated
colors proves to be far from homogeneous. This points to the adding of powdered material into the glass melt.
A second observation is the diversity of ingredients which in many respects matches that of other New
Kingdom glasses. Our knowledge and modern methods for the analysis of chemical components allows to
accurately determine the composition of materials. In antiquity, on the other hand, material knowledge
developed through careful observation and experiment. In glassmaking this meant that creating a certain color
would probably need several attempts, a learning process by trial and error. When a desired result was
reached it was crucial to carefully record the procedure and ingredients involved. The next step must have
been replication by using the same – or seemingly the same – ingredients.
The invention of making colored glass was not just about creating artificial gems. The most important
innovation was the technology itself, which allowed the material to be formed in the desired shape. If
necessary it could still be cold worked, and just like stone being sanded and polished. One of the well-known
examples being the death mask found in the tomb of Tutankhamen20 where the eyebrows and eye linings as
well as the elongated inlays of the nemes headcloth are all blue glass, while natural gemstones were also part
of this masterpiece.
The ancient Egyptians called glass iner en wedeh – stone that flows.21 It is therefore not surprising that the
ingredients for glassmaking were sought in stones and minerals. It seems logical to mix crushed materials that
could be expected to yield the desired result. For instance, cobalt-containing alum22 will have been recognized
as a candidate for blue glass. The effort of isolating cobalt inclusions must have been painstaking and other
ingredients may unintentionally have entered the melt. On the other hand, to put into perspective, for a
kilogram of deep blue glass, only one or two grams of cobalt is needed. When copper alone is the colorant, an
amount of 1 – 3 weight % is needed.

___________
Egyptian Museum, Cairo, discovered 1925 in KV62, Carter no. 256a, Journal d'Entrée no. JE60672.
Hugh Tait (1991 revised edition), Five Thousand Years of Glass, p. 26.
22 Julian Henderson (2013), Ancient Glass – an Interdisciplinary Exploration, p. 70 – 71.
20
21
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Azurite, a natural occurring hydrated copper carbonate with distinct blue color that is found in Sinai and the
Eastern Dessert23 could have been perceived as a candidate. Crushed azurite was used as a blue pigment in
antiquity, but it cannot sustain heated conditions. The remaining copper, however, could have unknowingly
been the true colorant. On the other hand, it is not to be excluded the coloring copper is not of mineral origin
but stems from crushed copper slag of bronze casting.
The white glass trailing in the cosmetic vessel owes its color to the admixture of tin instead of calcium
antimonate, which is unusual. Just like copper slag, the use of tin could also originate from bronze casting.
While bronze in the Early Bronze Age was made by mixing ores of copper, arsenic and tin, New Kingdom bronze
industries produced the alloy by mixing copper and tin metals.24 It is assumed that tin was imported from
western Asia in a more or less pure way as ingots, grayish white in appearance.
The yellow decoration conforms to the traditional admixture of lead antimonate particles being responsible
for its color. The amount of potash, however, is exceptionally low. It is therefore doubtful if plant ashes were
used in its making.
An important observation is the presence of fluorine that was found in all three colors of glass. Some isolated
particles could be measured having highly elevated amounts of this element. While in the blue glass it appears
to be associated with calcium and aluminum, in the white glass fluorine does not combine well with calcium,
nor with aluminum, but with magnesium and iron and to a lesser extend with sodium and lead. The fluorine
in the yellow glass appears slightly to combine with aluminum and potassium. The origin of these fluorine
compounds is uncertain.
Much remains to be unraveled from the secrets of the early Egyptian glassmakers and the materials they used
and it is hoped that the present microscopic survey will contribute to these efforts.

___________
23
24

Paul T. Nicholson and Ian Shaw (2006), Ancient Egyptian Materials and Technology, p. 111.
Nicholson and Shaw, p. 463.
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Annex
Selected spectrum graphs
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Recent collection history
2.250

Yellow glass bead from a ‘Gold of Honour’ Necklace. Acquired October 2002, Tajan Paris, Lot 83, (part).
Previously with Christie’s London, July 1995, Lot 72, the property of a Nobleman.

2.123-1

Glass adornment, dark blue, decorated with white and light blue threads. Acquired November 1998,
Phillips London, Lot 16 (part). Formerly collection of Lady Pilkington, sold for the benefit of the North
Lands Creative Glass School.

2.123-2

Glass adornment, dark blue, decorated with white and yellow threads. Acquired November 1998,
Phillips London, Lot 16 (part). Formerly collection of Lady Pilkington, sold for the benefit of the North
Lands Creative Glass School.

2.123-3

Glass adornment, translucent aquamarine blue, decorated with a white thread. Acquired June 1999,
Sotheby’s New York, Lot 403 (part). Property of the Santa Barbara Museum, Inv. Nr. 61.33.89. Gifted to
the museum by Miss Helen Norton, 1961.

2.123-4

Glass adornment, its base mass in black, decorated with a yellow thread on the shaft and a white rim at
the disc. Acquired June 1999, Sotheby’s New York, Lot 403 (part). Property of the Santa Barbara
Museum, Inv. Nr. 61.33.91. Gifted to the museum by Miss Helen Norton, 1961.

2.123-5

Glass adornment, its base mass in blue, decorated with a yellow thread. Acquired December 2003,
Sotheby’s New York, Lot 59 (part). Previously German private collection established 1955 – 1965.

2.346

Red glass figure of an Ox. Acquired November 2001, Anubis Ancient Art, Rotterdam. Previously
Collection Mr. Kurt Kramer (1914 – 2011), Karlsruhe. An old collection label reading 190 adheres to the
reverse.

2.260

A cosmetic glass Palm Column Cylinder. Acquired June 2001, Veilinggebouw De Zwaan, Amsterdam.
Property from a deceased Dutch estate, sold by the heirs. Purchased in Egypt while travelling in the
1930’s. Accompanied by a customized leather box which is antique Italian design.
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iner en wedeh – stone that flows

