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Abstract During the 18th Egyptian dynasty (1570–1292
B.C.), opaque white, blue and turquoise glasses were opaci-
fied by calcium antimonate crystals dispersed in a vitre-
ous matrix. The technological processes as well as the an-
timony sources used to manufacture these crystals remain
unknown. Our results shed a new light on glassmaking his-
tory: contrary to what was thought, we demonstrate 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 a glass. Fur-
thermore, using transmission electron microscopy (TEM)
for the first time in the study of Egyptian opaque glasses,
we show that these opacifiers were nano-crystals. Prior to
this research, such a process for glassmaking has not been
suggested for any kind of ancient opaque glass produc-
tion. Studying various preparation methods for calcium anti-
monate, we propose that Egyptian craftsmen could have pro-
duced Ca2Sb2O7 by using mixtures of Sb2O3 or Sb2O5 with
calcium carbonates (atomic ratio Sb/Ca = 1) heat treated be-
tween 1000 and 1100°C. We developed an original strategy
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focused on the investigation of the crystals and the vitre-
ous matrices using an appropriate suite of high-sensitivity
and high-resolution micro- and nano-analytical techniques
(scanning electron microscopy (SEM), X-ray diffraction
(XRD), TEM). Synchrotron-based micro X-ray absorption
near edge spectroscopy (µ-XANES) proved to be very well
suited to the selective measure of the antimony oxidation
state in the vitreous matrix. This work is the starting point
for a complete reassessment not only of ancient Egyptian
glass studies but more generally of high-temperature tech-
nologies used throughout antiquity.

PACS 81.05.Kf · 07.78.+s · 07.85.Qe · 61.50.-f · 81.10.Fq

1 Introduction

Glass first appeared in Mesopotamia around the middle of
the 3rd millennium B.C. but the first real ‘production’ of
glass objects took place in Egypt, during the 18th dynasty
(1570–1292 B.C.). These objects are mainly opaque col-
ored glass exhibiting high technical and aesthetic qualities
(Fig. 1). They were dedicated to privileged people linked to
the royal family and were used as perfume or cosmetic con-
tainers [1, 2]. Most of these glasses are opacified by white
crystals of calcium antimonate (CaSb2O6 or Ca2Sb2O7)
[3–5] reflecting and scattering light thanks to their random
distribution, their index of refraction and a size of the or-
der of the wavelength of visible light [6, 7]. Among the
different types of glass opacifiers used throughout history,
antimonates have a predominant role as they are found from
the origin of glass technology in Mesopotamia until modern
times. They are consistently found in ancient Egyptian and
Roman opaque glasses: evidence of an extensive use during
antiquity [3–5, 8–10]. Despite being of prime interest for the
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Fig. 1 Opaque colored glass of the 18th Egyptian dynasty. (a) Small
amphorae (inventory number AF2622; © D. Bagault C2RMF).
(b) Shards (inventory numbers: AF12707 and AF13175; © D. Vigears
C2RMF). These objects come from the Egyptian Antiquities Depart-
ment of the Louvre Museum

history of glassmaking, both the technology and provenance
of the antimonates remain obscure. Consequently, this work
aims to find the processes used to manufacture calcium an-
timonate opacified glasses in ancient Egypt.

Generally, glass opacification relies on two main process-
es. The first consists of the addition of natural or ex situ
synthesized crystals to a translucent glass. The second relies
on the introduction of antimony as an oxide or a sulphide
into glass. It leads to the in situ crystallization of opacify-
ing agents through the separation from the melt of calcium
antimonate crystals. Other opacification processes gener-
ally derive from these two basic methods, like for example
the addition of an opacifier-rich glass, called ‘corpo’ in
Venice, to a translucent glass [11]. Recent studies based on
chemical analyses and micro-structural observations favor in
situ crystallization for ancient Egyptian opaque glass [4, 5].
However, experimental syntheses of opaque glass under
controlled conditions, as well as selective analyses of both
opacifying crystals and vitreous matrices, are indeed lack-
ing. Contributing to an in-depth knowledge of Egyptian
glass technology using a rigorous methodology is the key
objective of this paper.

2 Materials and methods

For the first time, transmission electron microscopy (TEM)
and synchrotron-based micro X-ray absorption near edge
spectroscopy (µ-XANES) are used in the study of Egyptian
opaque glasses. Both high-resolution analytical techniques

proved to be very well suited respectively to the observation
of small-size crystals and to the selective measure of the an-
timony oxidation state in the vitreous matrix. Furthermore,
instead of limiting characterization to early glasses, we com-
pare archaeological samples to reference glasses synthe-
sized in the laboratory following the two main opacification
processes mentioned above. Physical and chemical charac-
teristics (elemental chemical composition, micro-structure,
crystalline phases and oxidation state of antimony in the vit-
reous matrix) are measured in each archaeological and syn-
thetic sample.

2.1 Archaeological material

Nine white, blue and turquoise opaque glasses from the
18th Egyptian dynasty from the Louvre Museum and from
the British Museum are studied in this paper. These ob-
jects are fragments of vessel glasses (Fig. 1b). Samples
(0.2 × 0.5 cm2) were obtained from all the shards using a
diamond saw, and were embedded in a polyvinyl resin block
and polished using diamond pastes down to 0.25 µm.

2.2 Syntheses of reference glasses

In order to simplify the interpretation of the results, anti-
mony compounds are introduced into a previously homoge-
neous synthesized glass rather than into the raw materials.
Indeed, the process chosen allows us to limit the inter-
ferences between the antimony and the other compounds.
Therefore, in a first step, a translucent soda-lime–silica glass
with a composition very close to that of Egyptian samples is
synthesized in Saint-Gobain Recherche.1

Reference glasses opacified by in situ crystallization are
obtained by milling this glass with commercial products
Sb2S3, Sb2O3, Sb2O4 or Sb2O5.2 These mixtures are fired
at 1200◦C for 1 h in a platinum crucible. A second melting is
done after milling, in the same conditions, in order to homo-
genize the glass. The antimony concentration, the melting
and heat-treatment temperatures, as well as the duration of
heat treatment and cooling are monitored over a broad range
of values (Sb2S3, Sb2O3 or Sb2O4 or Sb2O5 concentration
0.5–10 wt%; T 700–1250◦C, t 30 min–13 days, quenching
or 12-h cooling).

Reference glasses opacified by addition of crystals are
obtained by milling the translucent soda-lime–silica glass

1Composition expressed in oxide wt%: Na2O 14.2, MgO 0.3, Al2O3
2.3, SiO2 69.8, SO3 0.4, Cl 0.4, K2O 0.8, CaO 9.8, MnO 0.6,
Fe2O3 1.3.
2Antimony compound providers: Sb2S3: Kremer-Pigmente 10940,
Sb2O3: Acros Organics CAS 1309644, Sb2O5: Aldrich CAS 1314609;
Sb2O4 was obtained by heating Sb2S3 at 500◦C during 48 h.
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Fig. 2 Micro X-ray fluorescence (µ-XRF) analysis of a polished frag-
ment of Egyptian glass (sample C). (a) µ-XRF elemental maps of
Sb (red), Ca (green) and Si (blue). Map size = 72 × 36 µm2, pixel

size = 0.5 × 0.5 µm2 and probe size = 1.1 × 0.3 µm2. (b) Aver-
age µ-XRF spectrum performed in the vitreous matrix and fitted with
PyMca [15]

with Ca2Sb2O7 crystals.3 These mixtures are fired at
1000◦C for 1 h in a platinum crucible.

2.3 Measurement set-up

The samples are first observed by an optical microscope;
then, the microstructure is determined using a scanning
electron microscope (SEM; JEOL 840, Oxford Instruments,
20 kV). Backscattering imagery (BSE) is very well suited
to the study of this type of material as the image contrast
varies according to the atomic number (Z). Therefore, cal-
cium antimonate crystals appear white (high Z) in a grey
soda-lime–silica vitreous matrix (low Z). Elemental com-
positions of vitreous matrices and crystals are determined
using an energy-dispersive X-ray spectrometer (EDX) cou-
pled with the SEM. A metallic cobalt sample is used for
the calibration of the semi-quantitative analysis system. The
ISIS software (Oxford) with the ZAF correction method is
used for data processing. The results in weight oxides are
normalized at 100%.

In order to identify the main crystalline phases, micro
X-ray diffraction (µ-XRD) measurements are carried out
on each sample using equipment recently developed at the
C2RMF [12]. The time measurements used are 5–20 min.
A corundum sample (α-Al2O3) is used for the calibration
of the geometrical system. The software FIT2D [13] allows
us to transform the 2D images into standard XRD diagrams,
and the Bruker-AXS EVA software is used to identify the
crystalline phases.

A thin foil in a calcium antimonate aggregate of a white
Egyptian glass is prepared using focused ion beam (FIB)

3The conditions of synthesis of calcium antimonate crystals are de-
scribed in the section below ‘Results and discussion’.

milling performed with a FEI FIB 200 microscope at the
CP2M (University Paul Cezanne, Marseilles, France) with
the FIB lift-out method [14]. A thin layer of platinum is
deposited on the specimen in order to protect the sample
during the milling process. The FIB system uses a Ga liquid
metal ion source for milling. A 30-kV Ga+ beam operating
at ∼20 nA excavated the glass from both sides of the Pt layer
to a depth of 4 µm. Before removal of the thin section, the
sample is further thinned to ∼80 nm with a glancing angle
beam at much lower beam currents of ∼100 pA. Finally,
a line pattern is drawn with the ion beam along the side
and bottom edges of the thin section allowing its removal.
The ∼10 µm × 4 µm ×100 nm slide is transferred at room
pressure with a micro-manipulator on to the membrane of
a carbon-coated 200 mesh copper grid. TEM observations
are carried out in the IMPMC on a JEOL 2100F micro-
scope operating at 200 kV, equipped with a field-emission
gun, an ultra high resolution (UHR) pole piece and a Gatan
US4000 CCD camera. Particle sizes are analyzed using stan-
dard software of electronic diffraction patterns (Gatan Digi-
tal Micrograph, Scion Image and CaRIne Crystallography).

Synchrotron-based micro X-ray absorption near edge
spectroscopy (µ-XANES) analyses are carried out at the
ID21 beamline at the ESRF (Grenoble, France). This tech-
nique has many assets for the study of calcium antimonate
opacified glasses:

(1) This is a non-destructive method which can be per-
formed directly on polished cross sections.

(2) It allows a high spatial sensitivity (beam size from less
than 0.5 µm to 200 µm). The beam size, reduced to
1.1 × 0.3 µm2 (horiz × vert) thanks to Fresnel zone
plates [15], enables us to selectively measure the anti-
mony oxidation state in the vitreous matrix, eliminating
any interference from crystals (Fig. 2a).
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(3) It gives a high chemical sensitivity with both the direct
identification of the antimony oxidation state and the
concomitant analysis of the chemical elemental compo-
sition by micro X-ray fluorescence (µ-XRF). Indeed, the
beam energy is determined with a resolution of 0.5 eV
thanks to a fixed-exit, double-crystal Si(111) mono-
chromator. XANES spectra at the Sb LI-edge probe di-
rectly the Sb oxidation state since the white line en-
ergy position for SbIII and SbV compounds varies by
4.5 eV [16]. The micro-fluorescence signal is collected
using an HPGe solid-state energy-dispersive detector
[17]. X-ray fluorescence spectra are fitted with PyMca
[15] (Fig. 2b).

3 Results and discussion

Bulk elemental analyses on both crystals and vitreous matri-
ces were performed by energy-dispersive X-ray spectrome-
try (EDX) on nine white, blue and turquoise opaque glasses
from the 18th Egyptian dynasty from the Louvre Museum
and from the British Museum. These results show that all the
samples are plant-ash-based soda-lime–silica glasses (MgO
and K2O > 1 wt%) (Table 1). The amounts of calcium
(CaO 7.2–12.7 wt%) and antimony (Sb2O3 0.4–3.5 wt%),
as well as the nature of the colorants used (cobalt for
dark blue and copper for turquoise glasses), are consistent
with previous measurements in opaque glass of the same
period [1, 4, 5, 18] (Table 1). The white color of calcium
antimonate crystals induces white glasses with colorless

vitreous matrices, and induces brightened blue and turquoise
glasses with colored matrices.

In ancient Egyptian glasses, we identify both Ca2Sb2O7

with an orthorhombic structure and xNa2O–yCaO–zSiO2

crystals (combeite, wollastonite, devitrite) (Figs. 2a and 3a).
These latter are characteristic of the devitrification process
by which glassy substances change their structure into that
of crystalline solids of close composition. The crystals ob-
served are typical of the devitrification of soda-lime–silica
vitreous matrices between 750 and 1200◦C [19, 20], demon-
strating that Egyptian glasses were fired in such a range
of temperature. Previous archaeological and experimental
studies agree that the ancient Egyptian glass melting tem-
perature lies below 1200◦C [21–23]. The same crystalline
phases are observed in a glass we synthesized by adding
Ca2Sb2O7 crystals followed by a heat treatment at 900◦C
for 14 h. Because of their size and their refractive index,
which are very close to the vitreous matrices, these devitri-
fication crystals do not contribute significantly to the glass
opacification.

In the Egyptian glasses, calcium antimonate opacifiers
form abundant aggregates of various rosary shapes and
sizes (Fig. 3b). They have a rather heterogeneous distrib-
ution within the vitreous matrix (Fig. 3c). TEM observa-
tions, performed on a thin foil prepared from a calcium an-
timonate aggregate using focused ion beam (FIB) milling,
show that the crystal sizes in aggregates have about 50-nm
length. Their arrangement is very compact and they corre-
spond to orthorhombic Ca2Sb2O7 (Fig. 3d). These proper-
ties are not compatible with in situ crystallization, where
nucleation of the crystals occurs randomly or at preferen-

Table 1 Bulk elemental compositions of opaque blue, white and turquoise Egyptian glasses of the 18th dynasty from the Louvre Museum and
from the British Museum. Analyses were performed by EDX (expressed in oxide wt%). Standard deviations are indicated in italics (average of
five measurements). Each sample is labeled by a letter from ‘A’ to ‘I’

Blue glasses White glasses Turquoise glasses

Sample A Sample B Sample C Sample D Sample E Sample F Sample G Sample H Sample I

Na2O 17.2 0.7 14.7 0.2 16.3 0.2 16.5 0.7 14.2 0.4 14.7 0.7 13.7 0.4 11.1 0.3 15.2 0.3

MgO 4.0 0.4 4.0 0.1 4.3 0.0 4.0 0.2 4.3 0.2 3.3 0.2 3.2 0.2 3.0 0.0 4.4 0.3

Al2O3 3.9 0.3 2.6 0.1 2.4 0.1 2.8 0.3 1.0 0.2 0.5 0.3 0.2 0.5 0.3 0.2 0.9 0.8

SiO2 62.0 1.4 63.3 0.7 63.9 0.5 58.0 1.0 65.9 0.8 63.3 0.5 63.7 0.8 65.7 0.7 61.2 1.2

SO3 0.8 0.2 0.3 0.1 0.3 0.1 0.4 0.2 0.5 0.2 0.4 0.1 0.5 0.0 0.4 0.2 0.5 0.2

Cl 1.5 0.1 0.7 0.2 0.9 0.0 0.6 0.1 1.0 0.2 0.9 0.1 0.9 0.3 0.6 0.2 0.7 0.1

K2O 0.6 0.1 0.8 0.0 1.3 0.1 2.0 0.2 1.4 0.3 2.2 0.3 2.5 0.1 2.3 0.1 3.1 0.1

CaO 7.2 0.7 10.9 0.3 8.5 0.1 12.3 1.2 10.2 0.3 10.9 0.6 11.2 0.8 12.7 0.1 10.6 1.1

TiO2 0.1 0.1 0.1 0.1 0.2 0.1 0.0 0.0 0.1 0.2 0.2 0.1 0.0 0.0 0.0 0.2 0.0 0.0

MnO 0.5 0.1 0.3 0.1 0.2 0.1 0.6 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1

Fe2O3 0.6 0.2 0.9 0.1 1.2 0.2 0.4 0.2 0.7 0.2 0.4 0.1 0.4 0.2 0.2 0.2 0.8 0.3

CoO 0.5 0.1 0.3 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.2 0.2

CuO 0.2 0.2 0.4 0.1 0.1 0.1 0.4 0.2 0.3 0.4 0.2 0.1 0.2 0.3 1.3 0.2 0.9 0.5

Sb2O3 0.9 0.4 0.5 0.4 0.4 0.4 1.7 0.5 0.5 0.6 2.9 0.4 3.5 0.1 2.6 0.4 1.7 0.3
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Fig. 3 Images of polished fragments of opaque Egyptian glasses.
(a) SEM–BSE image evidencing calcium antimonates and geometrical
devitrification crystals (xNa2O–yCaO–zSiO2) (sample C). (b) SEM–
BSE images of an aggregate of calcium antimonate opacifiers dis-
persed in the vitreous matrix (sample F). (c) SEM–BSE images of

the general micro-structure (sample F). (d) TEM images of calcium
antimonate nano-crystals forming an aggregate. In the inset, a [−110]
zone axis electron diffraction pattern of a Ca2Sb2O7 nano-crystal is
shown (orthorhombic structure) (sample F)

tial nucleation sites in the vitreous matrix [24]. Indeed, in
all the in situ opacified glasses synthesized, we observe
mainly isolated crystals or crystals around bubbles, and
sometimes aggregates resulting from poorly dissolved an-
timony (Fig. 4a). Moreover, in these cases, calcium anti-
monates are polygonal crystals with average sizes greater
than 1 µm (Fig. 4a), indicating that the kinetics of crys-
tallization are relatively fast. Furthermore, in these exper-
imental glasses, both calcium antimonate phases crystal-
lize in such a way that CaSb2O6 is kinetically favored,
although Ca2Sb2O7 is thermodynamically stable. These lat-
ter nucleate and grow at the expense of CaSb2O6. Conse-
quently, the in situ process implies that when Ca2Sb2O7

is the major phase obtained, crystals are not nano-metric.
Therefore, in ancient Egyptian glasses, the predominance
of submicronic Ca2Sb2O7 crystals organized in compact
rosary shapes confirms that in situ crystallization had not
occurred. On the contrary, in experimental glasses opacified
by addition to a translucent glass of preliminary ex situ syn-
thesized Ca2Sb2O7 crystals, both a predominant crystalline
phase, Ca2Sb2O7, and micro-structures similar to Egyptian

samples are observed (Fig. 4b), indicating that this process
could have been used by Egyptian glassmakers. In such a
process, the nature and the structure of the crystals remain
the same after their addition to the soda-lime–silica glass.
Although it is not excluded that part of these added crys-
tals have dissolved and recrystallized in the matrix, the mi-
crostructure proves to be an efficient criterion to distinguish
the in situ crystallization opacification process from the ad-
dition of crystals.

To confirm the preliminary hypothesis of an addition of
crystals, we show that the oxidation state of antimony in
the vitreous matrices is another indicator of the opacifica-
tion process employed. Indeed, this parameter strongly de-
pends upon the glassmaking conditions (chemical compo-
sition, temperature, atmosphere and so on) [25, 26]. It is
assumed to have a direct influence on calcium antimonate
crystallization. Although the amounts of antimony in the
vitreous matrices are very low, the oxidation state of this
element was measured successfully in some samples. We
have first verified with reference powders that antimony is
exclusively SbV in both Ca2Sb2O7 and CaSb2O6 crystals.
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Fig. 4 SEM–BSE images of experimental opacified glasses.
(a) General microstructure and details showing polygonal crystals iso-
lated or in aggregates obtained by in situ crystallization (10 wt% of
Sb2O4 introduced in a translucent soda-lime–silica glass twice melted

for 1 h at 1200◦C ); (b) general microstructure and details showing
small crystals forming aggregates of rosary shapes obtained by ad-
dition of Ca2Sb2O7 opacifiers (10 wt% Ca2Sb2O7 introduced in a
translucent soda-lime–silica glass melted at 1000◦C for 1 h)

Fig. 5 µ-XANES spectra at the Sb LI-edge performed in the vitreous
matrices (average of five measurements). (a) Archaeological Egyptian
white and blue glasses (each sample is labeled with a letter) and exper-
imental glass opacified by addition of 10 wt% Ca2Sb2O7 to a translu-

cent glass. (b) Experimental glass opacified by in situ crystallization
from different antimony sources (10 wt% Sb2S3, Sb2O3, Sb2O4 and
Sb2O5)
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When calcium antimonates are added into a glass, the crys-
tals dissolve in the vitreous matrix during the glass melting
in such a way that the chemical environment and the oxi-
dation state of antimony remain the same. In experimental
glasses opacified by addition of calcium antimonate crys-
tals, a unique peak indicative of the presence of SbV is dis-
played (Fig. 5a). Analogous µ-XANES spectra are obtained
in the vitreous matrix of the three different colored Egyptian
glasses analyzed (Fig. 5a), indicating that a similar opaci-
fication process is used. The predominant presence of SbV

within all the archaeological samples further demonstrates
the use of very similar procedures by Egyptian glassmakers.
A different behavior of the antimony in the vitreous matrix is
observed when antimony compounds such as Sb2S3, Sb2O3,
Sb2O4 or Sb2O5 are directly introduced into the glass to
induce the in situ crystallization. In this case, either SbIII

alone or a mixture of SbIII and SbV are found (Fig. 5b) [24].
Therefore, the oxidation state of antimony in the vitreous
matrix appears to be an efficient criterion to distinguish the
addition of calcium antimonate crystals into a glass from the
in situ crystallization. Our experiments show that this state-
ment is only valid for temperatures below 1200◦C, which is
a range of temperature consistent with ancient glass technol-
ogy [21–23].

4 Conclusions

Our results on the microstructure, the crystalline phases and
the antimony oxidation state not only refute the assertion
that the 18th Egyptian dynasty glasses were opacified by
in situ crystallization, but also demonstrate that they were
made by the addition of crystals into a glass. The use of such
a process has a major consequence: as Ca2Sb2O7 crystals do
not exist in nature [27, 28], it implies that Egyptian glass-
makers managed to synthesize the opacifiers before their
addition to a translucent glass. These findings provide fur-
ther evidence for the sophisticated chemistry and the re-
markable know-how of this civilization. For now, Egyptian
blue and green pigments (calcium copper silicates) were
the only high-temperature compounds known to have been
synthesized in this period [29]. Consequently, these results
raise new questions on the pyrotechnical processes used by
Egyptian glassmakers and on the knowledge possessed by
these craftsmen.

In order to understand the procedures employed by an-
cient Egyptians to synthesize calcium antimonates, we have
tested the conditions of preparation of Ca2Sb2O7 crystals.
Various powdered mixtures of calcium carbonates and anti-
mony compounds (Sb2S3, Sb2O3, Sb2O4 or Sb2O5) were
fired between 700 and 1100◦C for 1 h or 18 h. The na-
ture, the crystallographic structure and the oxidation state
of antimony were investigated on the crystals obtained.

Our results indicate that Ca2Sb2O7 phase preferably crys-
tallizes between 1000 and 1100◦C after 1 h, when Sb2O3

or Sb2O5 are introduced in the raw materials such that
the atomic ratio Sb/Ca is 1.4 Below 1000◦C, a mixture
of CaSb2O6 and Ca2Sb2O7 is produced, as well as other
phases not observed in Egyptian glass. When the ratio Sb/Ca
is 2, the formation of CaSb2O6 is mainly induced, which
is in agreement with previous studies [30–32]. Considering
that specific conditions are required to produce Ca2Sb2O7

crystals (Sb/Ca = 1, Sb2O3 or Sb2O5) and that the time–
temperature ranges are plausible for the period considered
(1000–1100◦C, 1 h), we propose that very close proce-
dures were used in Egypt during the 2nd millennium B.C.
to obtain the glass opacifiers. These results further empha-
size the problem of the choice of antimony products at that
time. Currently, natural (Sb2S3) or roasted stibnite (Sb2O3,
Sb2O4) and metallic antimony are thought to be the main
sources of antimony available during antiquity [3–5]. Our
results suggest that stibnite could have been roasted un-
der controlled conditions entailing the formation of Sb2O3

(∼595◦C) [33], which was used for the ex situ synthesis of
calcium antimonate crystals. The use of such raw materials
and of such a process sheds a new light on the history of
ancient Egypt pyrotechnology. We believe that this work is
the starting point for a complete reassessment not only of
ancient Egyptian glass studies but more generally of high-
temperature technologies used throughout antiquity.
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