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Abstract

A systematic and extensive analytical study was carried
out on the loose inlays discovered in the Ptolemaic
workshop of Tebtynis (Fayum oasis, Egypt). This paper
presents data derived from the multi-methodological
archaeometric investigations (optical microscopy, scan-
ning electron microscopy—energy-dispersive spectros-
copy, electron probe microanalysis, micro-Raman
spectroscopy) performed on a set of intentionally col-
ored and opacified glasses. In particular, we will discuss
the textural, chemical, and mineralogical results related
to the study of the yellow, yellowish-orange, red, and
brown inlays and semi-finished/waste products now pre-
served at the Museo Egizio, Torino. The results high-
light the presence of natron (low-magnesium glasses,
LMG) and plant ash (high-magnesium glasses, HMG)
base glass, coexisting with intermediate composition.
Yellow samples are opacified using lead antimonates
doped with iron and sometimes tin; conversely,
yellowish-orange specimens and the only brown sample
are characterized by nanocrystals of cuprite. Red glasses
are found in two variants: Dull reds are HMG with col-
loidal metallic copper particles, while sealing-wax reds
show LMG composition, associated with dendritic
cuprite dispersed in a transparent, greenish matrix.
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INTRODUCTION

The Ptolemaic period stands as a watershed in the technological evolution of vitreous materials,
as it set the basis for the transformation of glass from a luxury product to a mass-produced
commodity following the introduction and spread of glassblowing (Grose, 1989; Stern, 2012). It
is thus natural to wonder if the birth of glassblowing can be associated with eventual changes in
the composition or technology of glass during the late 4th to 1st century BcE. However, despite
the key role of this phase, only the main points of Ptolemaic recipes have been investigated to
date, and the glass of this period is usually regarded as a predecessor of its Roman counterpart,
without specific chemical or technological markers. Although there are some positive excep-
tions (e.g., Bimson & Freestone, 1988; Brill, 1999; Nenna & Gratuze, 2009), Ptolemaic glass is
generally under-investigated by recent archacometric works. This, of course, is also due to the
problems in accessing and sampling the objects themselves. The major concerns, when reading
the specialized literature, are regarded as the recurrent absence of an accurate chronological or
geographic framework for the archacological materials, the low number of analyzed specimens
in each dataset, and the lack of archacometric data on glasses from actual craft areas.

The study of the colored inlays unearthed in the secondary workshop of Tebtynis offers an
exceptional window into the complexity of the glass-coloring/opacifying technologies employed
by the ancient Egyptian artisans during the Ptolemaic period. In this paper, we will present the
results of a multi-analytical investigation on 59 samples of opaque yellow, yellowish-orange,
red, and brown glasses selected among the inlays from Tebtynis preserved at the Museo Egizio,
Torino. The aim is to contribute to developing a reference database on the distinctive composi-
tional and technological traits of Ptolemaic glasses to shed new light on this crucial moment in
the history of glass.

MATERIALS AND METHODS

The Tebtynis collection of the Museo Egizio comprises more than 800 elements in mono-
chrome, stratified, and mosaic glass. Most of these objects can be interpreted as finished inlays,
but there are also a significant number of semi-finished and waste products. Of the eight main
color classes identified in the set, the yellow, yellowish-orange, red (both sealing-wax and dull
red), and opaque brown glasses comprise 59 analyzed specimens (Supporting Information
Table S1, which includes images of each object). Opaque brown glass is represented only by a
single occurrence in the bichrome bar S-MR-502; similarly, yellow glass was never found on its
own but only in polychrome combinations. Red glasses (dull red and sealing-wax red), on the
contrary, are commonly used for figured inlays (sometimes with surface gold foils) and for
numerous types of monochrome bars, stratified glasses, and mosaic compositions. Yellowish-
orange glasses were never seen in figurative inlays but are frequently found as monochrome
bars and in polychrome pieces.

The analytic protocol used to characterize the samples conforms to the one employed for
the study of the transparent, white, blue, and green glasses from the same set. Thus, the reader
is referred to Bettineschi and Angelini (2022) for details regarding the experimental conditions.
The supplementary materials accompanying that paper also include the measured electron
probe microanalysis (EPMA) data of Corning standards A and B, along with the corresponding
errors compared to the certified values. Those data are also applicable to the set of materials
presented in this study as they were analyzed in the same sessions.

After a first screening of the inlays by stereoscopic microscopy (SM), the objects were sam-
pled, mounted in epoxy resin, polished, and coated with carbon film. The following comple-
mentary techniques were used for the textural, chemical, and mineralogical investigation of the
samples (Supporting Information Table S2): optical microscopy (OM) for preliminary textural
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observations; scanning electron microscopy coupled with energy-dispersive spectroscopy
(SEM-EDS), for high-resolution morphological and chemical imaging, and qualitative chemical
data; EPMA to determine the chemistry of the amorphous phase; and micro-Raman for identi-
fication of the crystalline inclusions (relics of the batch, colorants/opacifiers, and newly formed
phases). Given the wide variability in the composition of the glassy matrix and of the coloring/
opacifying agents, the results will be presented and discussed separately for each of the main
groups identified: yellow glasses; dull red glasses; and brown, yellowish-orange, and sealing-
wax red glasses. The composition of the base glass can be calculated and is referred to in the
paper as a reduced composition (Supporting Information Table S3).

RESULTS
Yellow glasses

According to the EPMA data (Table 1), the alkali composition of yellow samples shows magne-
sia ranging from 0.35% to 1.01%, potash from 0.49% to 0.96%, and soda of the order of 11.82—
15.04%, except in a few weathered samples (Figure 1a). The overall base glass composition is
well consistent with the classic low-magnesium, “natron” glasses (LMG). Moreover, PbO
ranges from 5.34% to 16.04%, and Sb,Os5 reaches values of 0.86-4.15% (Figure 1b).

The opacity and color of the yellow glasses are due to the presence of small, anhedral inclu-
sions of lead and lead-tin antimonates, as demonstrated by SEM-EDS (Figure 2), wavelength-
dispersive X-ray spectroscopy (WDS), and micro-Raman data (Figure 3a; the composition is
discussed in the text below). The dimensions of the aggregates vary widely from 20 pm to sub-
micrometric size. Textural examinations also show that many yellow glasses are characterized
by diffuse chemical zonings with alternating stripes richer and poorer in lead, the latest bearing
the highest concentration of antimonate crystallites (Figure 2a).

However, three of the eight yellow samples show a homogeneous texture. In addition to lead
antimonates, P-A-402-G also includes numerous, rounded quartz grains with unreacted edges
(micro-Raman data), reaching up to 50 pm (Figure 2c¢,d). Considering their very high number
and rather homogeneous distribution, they can most probably be interpreted as intentional
additives, rather than unintentional relics of the sand in the original batch.

P-FL-501-G revealed the presence of abundant, euhedral calcium antimonate crystals
(CaSb,0g), together with lead—tin antimonates as determined by a combination of micro-
Raman and WDS data (Figure 2b). The presence of hexagonal calcium antimonates might have
been voluntary, in order to obtain a clearer yellow, but is more probably related to the conver-
sion from lead to calcium antimonates that takes place during firing at more than 1000°C, as
demonstrated by the experimental replicas of Molina et al. (2014). Other inclusions in this
sample comprise one small crystal of iron oxide, possibly a relic of the sand used, and one newly
formed cluster of pyroxene crystals.

It is interesting to observe that yellow glasses with different textures can be present even
within the same inlay. For examples, FR-422-G1 is characterized by the absence of a banded
texture, in contrast to FR-422-G2, which was used for other parts of the same inlay (Figure 2e¢).

SEM-backscattered electron (BSE) observations showed in FR-422-G1 a very high number
of Pb-Ca-Na silicates, with different stoichiometric ratios (EDS data), sometimes growing in
larger, radial aggregates reaching up to 40-50 pm. Their composition is consistent with the
combination of the main constituents of the vitreous phase and can be interpreted in terms of
devitrification products. The sample also shows a couple of quartz crystals, which are rather
common in yellow glasses, often as residues from the sand (Figure 2f).

Considering the WDS composition of the nine analyzed antimonates in yellow glasses, it is
possible to distinguish two main pigment types: lead antimonates (three occurrences), with PbO
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FIGURE 1 (a)K,0 versus MgO in the base glass of the glasses from Tebtynis (the color of the symbols

corresponds to the color observed from macroscopic examination). (b) PbO versus CuO content in the base glass of the
brown, yellow, dull red, and sealing-wax red glasses from Tebtynis (symbol: colored dots) compared to the coeval
samples from Egypt analyzed by Brill (1999) (symbol: gray triangles), Lucas and Harris (1962) (symbol: gray squares),
and Gedzeviciute et al. (2009) (symbol: gray asterisks).

between 48.56% and 54.60%, Sb,Os between 31.30% and 33.87% and FeO between 4.34% and
4.83% (in P-FR-422-G1, P-A-402-G, and S-GA-411-G), and lead-tin antimonates (six occur-
rences) characterized by PbO ranging from 44.76% to 52.87%, Sb,O5 from 25.05% and 37.25%,
SnO, from 1.71% to as high as 17.02%, and FeO from 1.16% to 4.44%.
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FIGURE 2 Texture and coloring/opacifying agents identified in opaque yellow glasses from Tebtynis: (a) Pb-
banded texture in S-ARG-403-G; (b) calcium and lead-tin antimonates in P-FL-501-G; (c,d) uniform texture with
evenly dispersed lead antimonates and quartz inclusions in P-A-402-G; (e) optical microscopical and backscattered
electron images of P-FR-422, with two different types of opaque yellow glass—one with homogeneous texture (details
of the flower, petals, and pistil) and the other with Pb-banded texture (simple bars); (f) lead antimonates and quartz
inclusion in P-FR-422-Gl1.

Dull red glasses

Considering the alkali content, this class is notably different from the others, being character-
ized by high MgO (1.10-3.00%), K,O (1.91-3.38%), CaO (7.42-9.13%), P,Os (generally 0.16—
0.34%, with two outliers at 0.76% and 0.96%, respectively), and SO3 content (from 0.23% to
peaks of 1.60% and an average of 0.99%), suggesting a plant-ash recipe for the base glass
(Figure 1a). Dull reds exhibit intermediate levels of both CuO and PbO: respectively, 1.33%—
2.45% and 1.92%-3.67% (Figure 1b).
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FIGURE 3 Raman spectra of (a) lead antimonates in the yellow samples P-A-402-G, P-R-423-G, and P-CR-
421-G1; (b) cuprite dendrites and nanocrystals with cuprite reference spectrum (RRUFF web database, red line) in the
yellowish-orange sample M-G-504a, in the brown sample S-MR-502-M, and in the sealing-wax red sample M-RAu-
502.

Looking at OM and SEM-BSE images (Figure 4a), dull red glasses show a diffuse presence
of nano-sized particles homogeneously dispersed in the vitreous phase. Despite their very lim-
ited size, which prevents a specific chemical characterization by EDS or WDS, they were inter-
preted as metallic copper considering textural features and micro-Raman analyses. Instead, the
largest spheroidal inclusions (~1-5 pm) present in most samples were recognized as copper sul-
fides, especially chalcocite (Cu,S), such as in P-A-418-R1 (WDS data: Cu 78.37% and S
18.47%).

Coming to the newly formed mineral phases, euhedral crystals of wollastonite are by far the
most common occurrence, as they appear in most of the dull red glasses, often in large aggre-
gates ranging from 5 to 100 pm. Sample P-FR-422-R also shows large aggregates of Ca-Pb-Na
silicates that can be once more interpreted as devitrification products.
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FIGURE 4 Scanning electron microscopical-backscattered electron and optical microscopical images of the
texture and inclusions identified in the glasses from Tebtynis: (a) S-mix-006-R with nanometric metallic copper drops;
(b) nanometric cuprite crystals in sample S-GB-413-Ar; (c,d) general view and detail of M-Ar-506 showing euhedral
calcium-lead antimonates associated with nano-sized cuprite and areas with incipient dendritic crystal growth; (e) S-
RV-418-R2 with banded texture, cuprite dendrites, and a series of metallic copper drops; (f) multifocal optical
microscopical image (in shifted nicols) of metallic copper and cuprite crystals in S-RV-418-R1.

Residual batch minerals are rather scarce: one pyroxene with stoichiometry close to esseneit
(CaFe3+AISi06), but lower in FeO, was found in P-FR-422-R (EDS data: Al,O; = 25.5%,
SiO, = 39.5%, CaO = 24.0%, FeO = 11.0%), while one alkali felspar with a mix of albite (EDS
data: Na,O =9.8%, Al,O3 =19.5%, SiO, =70.6%) and K-Na feldspar (EDS data:
Na,O = 3.8%, Al,O3 = 17.9%, SiO, = 65.3%, K>O = 13.0%) was identified in sample P-CR-
421-R.
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Orange, sealing-wax red, and brown glasses

From the compositional point of view, yellowish-orange, brown, and sealing-wax red
glasses form a continuous series, with a marked tendency toward higher PbO/CuO levels in red
glasses.

Sealing-wax red and brown glasses were certainly produced starting from an LMG base
glass, given the values of MgO (average 0.8%) and K,O (average 0.67%) (Figure 1a). Sealing-
wax red glasses show the highest PbO (15.50%-40.11%) and CuO (3.21%-7.53%) concentra-
tions; however, the CuO versus PbO (Figure 1b) plot clearly indicates that they can be further
divided into two subgroups on the basis of the PbO content: The first has PbO in the range of
15-20%, while the second has PbO varying from ~25% to 40%. Antimony also shows wide var-
iations: one sample set has medium to high (0.40-1.61 wt%) and one very low Sb,Os content
(from below the detection limit to 0.02%).

Considering its overall chemical composition, the opaque brown glass S-MR-502-M stands
in the lowest compositional range of sealing-wax reds, with PbO at 17.78% and CuO at 7.36%.

Conversely, the yellowish-orange samples exhibit an intermediate HMG-LMG composi-
tion, with low KO, in the range 0.71-1.28%, MgO between 1.56% and 2.06% and Na,O from
13.59% to 17.19% (Figure 1a). They also have PbO from 16.06% to 27.73%, CuO between
6.31% and 9.36%, and low—but always present—antimony (0.17-0.57 wt%), except for sample
M-Ar-506, with Sb,Os at 1.90%.

The major colorant in the yellowish-orange, sealing-wax red, and brown series is cuprous
oxide (Cu,0) associated with a low number of metallic copper crystals (often with small copper
sulfide segregations around the edges), as demonstrated by SEM-EDS and micro-Raman ana-
lyses (Figure 3b). From the textural point of view, yellowish-orange glasses are characterized by
cuprite crystals of ~100-250 nm with octahedral habitus, as emerged from field emission gun
(FEG)-SEM observations (Figure 4b). The brown glass S-MR-502-M has inclusions of a simi-
lar, nanometric size. Interestingly, euhedral crystals of calcium-lead antimonate are associated
with nanoparticles of cuprite in M-Ar-506 (Figure 4¢). This is consistent with the results of the
chemical analyses, which highlighted higher Sb,Os concentrations in this sample than for
the typical yellowish-orange glasses from Tebtynis. M-Ar-506 is also unique for the presence of
a few, small “pockets” depauperated in lead (darker in BSE), with incipient nucleation and
growth of dendritic cuprite crystals (<5 pm), attesting to an intermediate stage between classic
yellowish-orange glasses and sealing-wax red glasses (Figure 4d).

Sealing-wax reds show two different types of texture: samples with PbO > 30% approxi-
mately have well-defined bands of chemical zoning with stripes richer and poorer in lead
(Figure 4e); low-lead areas contain most of the coloring agents, both cuprite dendrites (average
size 1-60 pm) and metallic copper inclusions (average size 2—-10 pm). It should be noted that
SEM-BSE allows us to estimate the dimensions of the dendrite branches only in two dimen-
sions, while the real extension of the inclusions can be studied qualitatively only by OM obser-
vations. In fact, crystals are dispersed in a transparent, greenish glass: by performing a series of
stacked image acquisitions, it is possible to reconstruct the microstructure of the inclusions even
inside the glassy matrix and obtain three-dimensional (3D) images of the crystals (Figure 4f).

Conversely, sealing-wax red samples with PbO comprised between 15% and 20% had very
homogeneous vitreous phase, smaller cuprite dendrites (up to 20 pm), and a lower number of
slightly larger metallic copper inclusions (5-15 pm). In general terms, there is a clear trend in
the dimensions of the crystallites: in low-lead sealing-wax red glasses, they are smaller, with
less-developed branching and cruciform or radial morphologies; conversely, in high-lead
sealing-wax red glasses, they show complex dendritic shapes and exhibit a larger size, especially
considering their tridimensional development as seen in OM observations. Samples with inter-
mediate lead composition (25% < PbO < 30%) may sometimes exhibit evidence of zoning and
incipient crystal growth.
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Considering the newly formed phases in yellowish-orange glasses, wollastonite is the most
frequent inclusion encountered, together with malayaite (i.e., CaSnO(SiOy)), which was found
in four out of 15 samples (S-ArG-506-Ar, S-GA-005-Ar, P-A-408-Ar, and S-GRT-501-Ar).
Sand minerals are generally present within the bubbles or at the interface between glass layers
of different colors and comprise quartz together with a wide number of Al, Fe and Fe-Ti
oxides, and various types of feldspars and pyroxenes.

A similar situation appears in sealing-wax red glasses, which, however, do not show any tin-
bearing crystalline inclusion. This is consistent with the lower levels of SnO, in the base glass,
which has average values of 0.30% in sealing-wax red glasses and of 0.89% in yellowish-orange
samples. Among the most peculiar crystals identified in the sealing-wax red class, the only
occurrence of a lead copper halide mineral was identified with good confidence by WDS data
as chloroxiphite (i.e., PbsCuO,Cl,(OH),). The crystal lies on the external surface of sample
M-R-502d and most likely derives from the alteration of lead and copper-rich minerals in an
evaporitic environment.

DISCUSSION

The glasses of the Tebtynis collection show a wide range of colors, varying from opaque yellow
to red and brown, implying the use of different raw materials and a fully developed awareness
of the pyro-technological processes related to the coloring and opacification of glass.

Principal component analysis (PCA; Figure 5) helps to summarize the main points: dull red
glasses are characterized by significant concentrations of K,O, MgO, CaO, and SOj3, showing
the classic HMG recipe that is typical of plant ash glasses. All other samples have a natron-
based composition, with elemental concentrations linked to the coloring process employed. The
yellowish-orange samples show significant levels of FeO and Al,O3 and noteworthy levels of
SnO,; yellow glasses have the highest Sb,Os and SiO, content in the dataset, associated with
medium to low PbO. Sealing-wax red glasses can be divided into four subsets on the basis of the
ratio PbO/Sb,05 and PbO/CuO. Finally, the only opaque brown glass shares the main chemical
trends of the sealing-wax red and yellowish-orange glasses.

From the textural and mineralogical point of view, these chemical differences correspond to
the presence, size, and distribution of three different coloring and opacifying agents: (1) lead
and lead—tin antimonates in yellow glasses; (2) nano-drops of metallic copper in dull red glasses;
and (3) cuprite associated with micrometric particles of metallic copper in brown, yellowish-
orange, and sealing-wax red glasses.

The color of the earliest yellow glasses found in Egypt and the Near East is invariably due
to lead antimonates in the form of anhydrous, synthetic bindheimite with the formula
Pb,Sb,0-, sometimes labeled as Naples yellow (Mass et al., 1998; Shortland, 2008; Shortland &
Eremin, 2006).

It has been reported that during the 4th century ck this traditional recipe is abandoned in
favor of lead stannates (Lahlil et al., 2011; Tite et al., 2008). Verita et al. (2013), however,
showed that the first examples of the use of tin-based yellow opacifiers can be traced back to
the 2nd century cE in a series of sectilia panels discovered in the villa of the Roman emperor
Lucius Verus.

Lahlil et al. (2011) and later Molina et al. (2014) demonstrated that lead antimonates found
in yellow glasses from the New Kingdom can include traces of iron and zinc, while those found
in Roman glasses (scattered fesserae with no stratigraphic references) generically dated from the
2nd century BCE and the 5th century cE usually contain small amounts of iron and moderate to
high levels of tin. These data constitute an important chronological indicator for distinguishing
the two productions. The lack of analyzed samples dated from the Late Period to the Early
Ptolemaic era cannot clarify when (and where) this transition first took place in Egypt and the

8518017 SUOWILOD) BA 1810 3|qeotidde 8y Aq peusienob 8.8 ssjole VO ‘SN JO Sajnu Joj Ald18UUO AB]IM LO (SUONIPUOD-PUE-SLLBI IO A8 |IMATe.q 1 BUIIUO//SAIY) SUORIPUOD PUe SWIS | 8U3 885 *[G202/20/70] U0 AlqIT8UIUO AB]IA eIl BURIY00D AQ 9062T WOR/TTTT OT/I0p/W00"AB| 1M ARl 1jeul|uo//sdny Wwoly pepeojumod ‘T ‘v20e ‘YSLySLyT



REFLECTIONS INTO PTOLEMAIC GLASS II

133

Component 2 (24% of variance)

Component 2 (24% of variance)

-2

Score Plot (53.5% of total variance)

-

04

0.2

0.0

-0.2

-04

“e . \\
/% .\ PbAntim-
o I Y e o)
\ 1 colored
¢ \ Y;
M-Ar-506 L e NG
L] . PYs
L
o0 + ® o 0%
R
° *
¢ ° L4 :
‘ o .
cuprite-colored & .J,,
LMG * X
T T T I I
4 2 0 2 4

Component 1 (29.5% of variance)

Loading Plot (53.5% of total variance)

« brown
e dull red sio2
. Sb205
« sealing-wax red
» yellowish-orange
o yellow
cl
Na20
— +
MnO
P20S
As205
PbO o0
_ Ca0
Cu0 K20
Ti02 so02
AR03 Hg0
shigQ
- T T T T T
0.4 -02 0.0 02 04

Component 1 (29.5% of variance)

FIGURE 5 Principal component analysis score (up) and loading (down) plots of the yellow-orange-red and brown
glasses from Tebtynis. Sample name is reported only for the outlier, while all other samples are classified according to

their macroscopic color groups (symbols: black dot = brown glass; red dots = dull red glasses; green dots = sealing-wax
red glass; orange dots = yellowish-orange glasses; blue dots = yellow glasses). LMG, low-magnesium glasses; HMG,

high-magnesium glasses.

8518017 SUOWILOD BAIE.ID 3qeotidde au Aq peuienob 88 ssjone VO ‘SN JO S3nu Joj Arld 18U UO AB]IM LO (SUONIPUOD-PUB-SLLBI L0 A8 |IMATe.q 1 BUIIUO//SIY) SUORIPUOD PUe SIS 1 8U} 885 *[5202/20/70] U0 AflqIT8UIUO AB|IM "e1fel BUeI400D AQ 9062T WOR/TTTT 0T/I0p/Wo0" A3| 1M ARl 1jeul |uo//Sdny Wwoiy pepeojumod ‘T *v20e ‘YSLySLyT



134 | BETTINESCHI and ANGELINI

eventual correlations with the cultural, economic, and social context. The evidence provided by
the beads discovered in Sardis suggests that in Anatolia this shift occurred at least as early as
the 8th to 7th century BcE (Van Ham-Meert et al., 2019).

The analyses of a selection of antimonate inclusions in the yellow samples from Tebtynis
show a significant correspondence with the Greco-Roman production, considering both the
presence of iron (FeO ranging from 1.16% to 4.44%) and tin, even in very high amounts (1.71-
6.13% with one crystal reaching 17.02 wt%), sufficient to account for lead—tin antimonates.
These mixed lead—tin compounds are rather common in Roman glasses and were identified by
numerous authors especially in mosaic fesserae and sectilia panels throughout the Imperial
phase and during the Late Antiquity (see, e.g., Basso et al., 2014; Santagostino Barbone
et al., 2008; Verita et al., 2013).

The data acquired during this work confirm that the transition zinc/tin in lead antimonate
inclusions within ancient glasses occurs in Egypt at least from the late Ptolemaic period (~1st
century BCE, but possibly even as early as the 3rd century BCE, according to the specific dating
of the workshop, as discussed in Bettineschi, Deotto, et al., 2019), offering the chance to cir-
cumscribe the chronology for the introduction of this specific technique.

The Raman spectra of the antimonate inclusions in the Tebtynis samples are in good accor-
dance with the results proposed by Rosi et al. (2009), showing that the deformation of the
pyrochlore structure in the presence of tin causes the downfall of the peak at 510 cm ™', which is
the main band in unmodified lead antimonates, the appearance of a shoulder at ~450 cm ™',
and the shift of the band at 110 cm ™! to ~140 cm ™! (Figure 3a).

Interestingly, one yellow sample (P-FL-501-G) shows the combined presence of lead anti-
monates and calcium antimonates, where calcium antimonates are micrometric euhedral crys-
tals in hexagonal form, compatible with an in situ crystallization. This evidence was never
reported in ancient samples but was identified during experimental melts by Molina et al.
(2014). These authors state that lead antimonate particles are stable in glass at temperatures
from ~900 to 1000°C, before converting to calcium antimonate. Moreover, they suggest that
the presence of tin and zinc improves the thermal stability of lead antimonate up to ~1100°C
(Dik et al., 2005). However, the lead antimonates in P-FL-501-G have the highest SnO, content
encountered in all the analyzed inclusions in the Tebtynis yellow glasses, reaching a significant
value of 17.02%. This implies that temperatures higher than 1100°C must have been occasion-
ally surpassed in the production of this specific sample, causing the partial fading of the yellow
color while maintaining the opacification effect.

Considering the ratio PbO/Sb,0s, the yellow samples from Tebtynis exhibit values between
5.8 and 18.7, which are much higher than the stoichiometric ratio of the classic Naples yellow
pigment (1.4). This means that yellow glasses were generally produced in excess of lead, an
expedient possibly aimed at lowering the melting temperature and the viscosity of the glass and
thus favoring stirring and avoiding color fading caused by thermal instability of the lead anti-
monates (Shortland, 2008). Additionally, lead is quite difficult to distribute throughout the glass
because it tends to segregate, which might be one of the causes for the color zoning. The only
exception is again sample P-FL-501-G, whose ratio is closer to that of the pigment, being 1.72.
However, this effect may also be due to the conversion from lead to calcium antimonate, as
noted above.

The idea of an ex situ synthesis of the lead/lead—tin antimonates or the anime compound
(a synthetic lead antimony silicate) has been widely accepted among all authors both for Late
Bronze Age (LBA) and Roman glass production. Freestone and Stapleton (2015) reported that
the reduced composition of Roman yellow glasses usually shows higher silica content with
respect to that of the other color classes. This evidence has been intended as a clue of the use of
anime as coloring and opacifying agent, in contrast to the addition of lead antimonates.
Looking at the reduced CaO versus SiO, concentrations (Supporting Information Table S3), it
appears that yellow samples from Tebtynis do not show higher levels of silica with respect to
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the reduced composition of other colors of the same collection. However, the tendency toward
higher SiO, content in the loading plot of the PCA (Figure 5) may point in the same direction,
for the majority of the samples.

From the textural point of view, antimonate-colored yellow glasses from Tebtynis can be
distinguished in two main categories: five samples show peculiar lines of chemical zoning,
defined by varying concentrations of PbO (as seen in, e.g., Mass et al., 2002; Shortland, 2008),
while three samples have a very homogeneous texture with uniform distribution of the lead anti-
monate and lead—-tin antimonates (also identified by Verita et al., 2013). It has been observed
that zoned yellow glasses, especially common in LBA productions, can be associated with a
higher viscosity of the glass melt, which complicates the even mixing of the pigment (Molina
et al., 2014).

Moreover, sample P-A-402-G is characterized by the presence of numerous large, rounded
quartz particles. Given their number, shape, size, and distribution pattern, they must be consid-
ered as an intentional addition, probably intended to improve the opacity as seen in other
opaque blue or white glasses of different periods (e.g., Angelini et al., 2019; Maltoni &
Silvestri, 2018). From what is published to date, this is the first documented occurrence of such
a texture in yellow glasses that can perhaps be interpreted as one of the technical solutions
tested by the Ptolemaic glassworkers that has never made it into the industrial-scale production
of the Roman period.

Red glasses have always attracted much attention from researchers, as they testify to the
mastery achieved by the ancient glassworkers in the control of the raw materials and of the
firing conditions (Ahmed & Ashour, 1981; Angelini et al., 2004; Bandiera et al., 2019; Barber
et al., 2010; Bimson, 1987; Brill & Cahill, 1988; Brun et al., 1991; Cable & Smedley, 1987,
Driinert et al., 2018; Fiori, 2015; Freestone, 1987; Santagostino Barbone et al., 2008; Silvestri
et al., 2014; Welham et al., 2000; Weyl, 1959). Red glass was also highly valued in antiquity
and is one of the main subjects of the most ancient surviving glass recipes (Oppenheim
etal., 1970).

Nowadays, all authors agree that copper, in different redox conditions, is responsible for the
red color in most ancient glasses (except for gold ruby glasses); however, until the conclusive
evidence presented by transmission electron microscopical analysis (Brun et al., 1991), consider-
able efforts were made to understand whether metallic copper (Cu®) or cuprous oxide (synthetic
cuprite, Cu,0) nanoparticles was used as the main coloring/opacifying agent. It is now clear
that the two forms were contemporary in use during the Roman period, and even in earlier
times.

The first example of cuprite-colored glasses can be traced back to the New Kingdom Egypt:
this technology was especially common at the site of Qantir/Pi-Ramesse, as demonstrated by
Push and Rehren (2007). The typical sealing-wax red is due to the intrinsic color of the cuprite
crystals, which are dispersed in a transparent, greenish glassy matrix.

Nanocrystals of metallic copper were, instead, found in the glasses produced in the Final
Bronze Age site of Frattesina, in northern Italy, home of the so-called low-magnesium high-
potassium (LMHK) mixed alkali glasses (Angelini et al., 2004). Nano-sized colloids of Cu®
were also found in a glass rod from Amarna, Egypt, suggesting that both technologies were
already in use during the New Kingdom (Barber et al., 2010). In this case, the dull red color can
be attributed to the excitation of plasmon surface modes of copper nanoparticles, just like in
the luster decorations known from Medieval times (Borgia et al., 2002).

The earliest cuprite-colored glasses can be distinguished from later productions as they usu-
ally contained very low or negligible amounts of lead. It is only in 9th-century BCE Iran that the
role of lead in improving the formation of the red color is understood (Brill & Cahill, 1988). As
noted by Freestone (1987), there are four main advantages of introducing lead into red glasses:
(1) increasing the cuprite precipitation rate; (2) reducing the melting temperature; (3) reducing
devitrification; (4) increasing the refractive index and thus the brilliance of the glass. This
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technology is thought to have arrived in Egypt during the 7th to 6th century BCE
(Bimson, 1987); it is certainly not the case that the first yellowish-orange inlays appear in Egypt
in the naos of Darius I (British Museum, inv. EA37496), dated between the end of the 6th to
early 5th century BCE.

Cuprite-colored orange and yellowish-orange glasses have been generally treated as a subset
of cuprite-colored red glasses. As a matter of fact, they were probably first synthetized as an
accidental by-product of sealing-wax red glasses, but—at least in the Tebtynis samples—they
show significant compositional differences with respect to red samples in terms of proportions
of the main constituents, quantity of minor and trace elements, and number of undissolved sand
relics, which are significantly higher with respect to the sealing-wax red glasses and all other
color classes. Ahmed and Ashour (1981) demonstrated that the color of the yellowish-orange
glasses derives from the dispersion of cubic/octahedral cuprite crystals of colloidal size. This is
consistent with the micro-Raman results (Figure 3b) on the Tebtynis glasses and with FEG-
SEM observations (Figure 4b), which highlighted the presence of octahedral crystals of cuprite
with size of the order of 100-250 nm.

Among the yellowish-orange glasses, M-Ar-506 shows both nano-sized cuprite and
calcium-lead antimonates (WDS data) dispersed in the glassy matrix, associated with small
pockets depauperated in lead, characterized by the incipient growth of dendritic cuprite crystals.
Calcium antimonates were also noted in a sealing-wax red glass from Toprak Kale by
Freestone (1987), who interpreted them as relics from the batch material. However, in the
Tebtynis sample, this seems not the case. Calcium-lead antimonates are euhedral, thus
suggesting a direct precipitation from the melt, possibly caused by an excess of antimony, which
was found in an abundant set of the analyzed sealing-wax red glasses, as will be discussed later.
Small pockets with preferential dendritic growth were also observed by Ahmed and Ashour
(1981) during their experimental tests and were associated with temperatures of the order of
1000°C. These data constitute an important technological indicator, as they offer new hints on
the production of the yellowish-orange and sealing-wax red glasses and on the delicate equilib-
rium necessary for producing the desired colors.

Contrary to what was proposed by Nenna and Gratuze (2009), this work proved that not all
red glasses from Tebtynis have a plant ash composition. Indeed, the HMG recipe is restricted
to the Cu’-colored dull red glasses, while all the cuprite-colored red samples we analyzed range
in the variability of LMG glasses. However, it should be noted that the technology and raw
materials of MgO- and K,O-rich red glasses have been widely discussed over the years, with
certain authors suggesting that they were produced by adding fuel ashes to an existing natron
glass (Fiori, 2015; Freestone & Stapleton, 2015; Maltoni & Silvestri, 2018) and others arguing
them to be plant ash glasses, independent from the natron production (Bandiera et al., 2020;
Paynter et al., 2015). Judging from the Tebtynis assemblage, which demonstrate that colorless
HMG glasses were also in circulation at the time (Bettineschi & Angelini, 2022), we are more
inclined to sustain this second option.

As already noted, yellowish-orange samples also have higher K,O and MgO contents with
respect to the classic LMG recipe (threshold values of 1.5% for both alkali, according to
Lilyquist & Brill, 1993); however, this difference seems due rather to the use of very impure
sands rich in K- and Mg-bearing minerals (as also observed by SEM-EDS) or most probably to
an intentional or unintentional pollution by the fuel ashes and the charcoal during the coloring
process, as previously proposed also for emerald green Roman glasses (Jackson &
Cottam, 2015). This kind of contamination was surely observed in two sealing-wax red glasses
from Tebtynis, while all other samples show the usual chemical signature of natron glasses, in
terms of potash and magnesia.

Considering the main compositional classes of the copper-colored red (both dull red and
sealing-wax red), brown, and yellowish-orange glasses proposed in the literature
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(e.g., Fiori, 2015; Freestone et al., 2003; Silvestri et al., 2014), the samples from Tebtynis can be
distinguished in the following groups based on the CuO and PbO contents:

1. low copper (CuO 1.46-2.45%), medium lead (PbO 3.67-10.92%), which is associated with
metallic copper nanoparticles;

2. medium copper (CuO 3.21-4.83%), very high lead (PbO 32.68-40.11%), which is characteris-
tic of cuprite-colored sealing-wax red glasses with zoned glassy matrix;

3. high copper (CuO 4.04-6.19%), high lead (PbO 15.50-19.93%), which is typical of cuprite-
colored sealing-wax red glasses with no chemical zoning of the glassy matrix;

4. very high copper (CuO 6.31-9.36%), high lead (PbO 16.26-27.73%), which is typical of
cuprite-colored yellowish-orange glasses, but includes one sealing-wax red and one brown
sample.

The only exception is a sealing-wax red sample (I-RAu-605) showing an intermediate composi-
tion with medium CuO (4.19%) and high PbO (26.93%).

These groups are in good agreement with the textural characteristics of the samples and with
compositional classes emerging from the PCA, which indicates a series of other significant dif-
ferences, especially related to minor and trace elements.

Looking at the microstructure of the sealing-wax red glasses with medium CuO and very
high PbO, they are characterized by bands of chemical zoning, with stripes richer (light gray in
BSE) and poorer (dark gray in BSE) in lead. Inclusions of both dendritic cuprite and metallic
copper are mostly concentrated in the darker areas. Conversely, high-CuO-high-PbO glasses
have a uniform appearance, with uniformly dispersed dendrites.

It has been stated that the color of the cuprite crystallites is a function of their size, which, in
turn, depends on the firing time/temperature, the type of heat treatment, and the composition
of the base glass (Cable & Smedley, 1987, Welham et al., 2000). This pattern is confirmed by
the Tebtynis samples: in fact, the yellowish-orange samples are associated with colloidal-size
cuprous oxide particles. The progressive increase in the crystal size during heat treatment leads
to the development of the red dendrites: the biggest Cu,O crystals can be found in the zoned,
medium CuO-very high PbO glasses, where they reach dimensions up to 70 pm.

Antimony is rather frequent in a set of sealing-wax red glasses, yellowish-orange, and brown
glasses from Tebtyins (up to 1.90 wt%). Brill and Cahill (1988) have suggested that antimony
might have been added as an internal reducing agent and/or as a decolorizer in order to
decrease the greenish tint of the base glass and thus improve the overall color intensity and the
brilliance of the final products. Freestone et al. (2003) pointed out that not all opaque cuprite
red glasses show significant amounts of antimony and that the use of recycled glass may
account for some of the analyzed occurrences. In the case of the Tebtynis glasses, the very high
levels identified in at least some of the samples seem to speak in favor of an intentional, but
non-systematic addition.

Tin is also frequently cited as an additive for facilitating the precipitation of cuprous oxide
(Freestone et al., 2003; Shugar, 2000), so its frequency in the yellowish-orange glasses from
Tebtynis is no surprise. The average values of Cu/Sn in this color class are 8-9 in weight, which
is very close to the ratio of the classic bronze alloys produced in antiquity, thus suggesting that
tin was added to the melt in the form of scrap bronze.

Yellowish-orange samples are also characterized by high FeO (up to 2.44%) and a consider-
able number of residual phases, especially hematite, as emerged from the micro-Raman investi-
gations. Unfortunately, it is not possible to know if the FeO levels are only due to the use of a
particularly impure sand or if iron was intentionally added as a reducing agent, as already pro-
posed in other case studies from the literature (Maltoni & Silvestri, 2018; Silvestri et al., 2014).

Figure 1 shows that lead antimonate yellow glasses are relatively common in the published
sample sets from Greco-Roman Egypt. However, the plot also highlights the lack of analyzed
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yellowish-orange and sealing-wax red samples produced using cuprite as a coloring and
opacifying agent, except for those from Tebtynis considered during this work. This is certainly
due to the low number of published analytical studies related to this period and geographical
area. As already noted, yellowish-orange glasses appeared in Egypt at least from the 6th century
BCE and were already widespread by the second half of the 4th century BCE, as suggested by their
abundant use in the sarcophagi of the brothers Petosiris and Djedthotiuefankh (Bettineschi,
Angelini, & Molin, 2019). Thus, the lack of comparative data in that specific area of the plot
should not be considered in terms of absence from the archaeological record, but only as a bias
created by the selection of samples analyzed to date.

CONCLUSIONS

The chemical, mineralogical, and microstructural analysis of the Tebtynis samples provides the
first systematic study on the coloring and opacifying technologies employed by the Ptolemaic
artisans for producing yellow, yellowish-orange, red, and opaque brown glass.

As already observed in other color classes from the same site and chronology (Bettineschi &
Angelini, 2022), our analyses clearly show the coexistence of glasses produced using two
different alkali sources: while the classic LMG composition, typical of the Middle to Final Iron
Age and of the Roman glass, is clearly predominant, a few samples are consistent with the use
of plant ash as a flux (HMG). This recipe is especially typical (but not exclusive) of dull red
glasses colored by metallic copper and can probably be associated with the strongly reducing
conditions, which were needed for the manufacture of this specific color. Other intermediate
compositions such as those of the yellowish-orange samples were interpreted in terms of natron-
based glasses, which were subject to compositional changes occurring during the coloring
process.

Lead can also decrease the melting point and thus act as a flux. In the investigated samples,
PbO is present in different concentrations, from 5 up to 40 wt%, thus characterizing them as
soda-lime-lead and leaded glasses.

At the same time, it was possible to identify peculiar samples that are apparently unique, at
least according to our current understanding of first-millennium Bce Mediterranean glassmak-
ing: this is the case of the lead antimonate yellow glass with intentional addition of abundant
quartz grains, of the orange sample with pockets of incipient dendritic growth and a number of
clacium antimonate, euhedral crystals, or of the yellow glass with both calcium and lead anti-
monates, and many others. It is thus clear that the Ptolemaic age is a time of innovation and
experimentation, and while some solutions retained a significant success in the following
periods, others were completely lost or discarded.

This work also contributes to offering a chronological staple for the introduction of specific
coloring techniques, such as the cuprite-colored yellowish-orange glasses. It is also interesting to
note that lead antimonate yellow glasses—which can be considered as heir of the LBA
tradition—were found associated (at times even within the same inlay) with cuprite-based
yellowish-orange glasses that represent a novelty of the mid-first millennium BcE and become
increasingly common during the Roman and Byzantine periods.

There is still much to do before we reach a deeper understanding of Ptolemaic glass.
Future investigations are expected to further expand our knowledge on the base glass
production and provenance, the glass-forming, and glass-coloring techniques, the furnace
conditions, and the raw materials used. Yet, this work clearly shows that a systematic,
multi-methodological approach can offer substantial, novel insights and pave the way for
fostering a robust framework aimed at interpreting the development of glass in this key
moment of its history.
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