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ARTICLE INFO ABSTRACT
Article history: There is substantial archaeological evidence to suggest that glass mosaics were ubiquitous throughout late an-
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tique and Byzantine Asia Minor. However, issues about the manufacture of Byzantine glass tesserae, the diffusion
of their technology and the economic implications have been little discussed. This paper presents the results of
the analytical and technological investigation of 28 glass fragments from Kilise Tepe (Cilicia, Turkey), including
22 tesserae, 3 gilded plaques and 1 fragment of a window, a vessel and an ingot. The samples were analysed
by EPMA, LA-ICP-MS and SEM-EDS. Two different base glasses from different primary production sites were

Received in revised form 23 December 2016
Accepted 27 December 2016
Available online xxxx

Keywords:

Mc}),::ics used in the production of the glass: Foy-2 probably from Egypt, and Levantine I produced in Syro-Palestine. Var-
Byzantine glass tesserae iations in the chemical fingerprint and morphology of crystalline particles reveal differences in the colouring and
Asia Minor opacifying techniques that may point to multiple secondary production sites. Whereas the red samples show

Calcium phosphate
Lead stannate

signs of in situ crystallization of metallic copper, ready-made lead stannate was added as yellow pigment for
the colouring of the green and yellow tesserae. In addition, calcium phosphate particles, likely deriving from
Foy-2 . bone-ash, were found in one turquoise specimen. When compared with other late antique sites, our results tes-
Levantine tify to changes in the Roman centralized production tradition and a diversification of supply and secondary

manufacturing practices of mosaic tesserae.

© 2017 Published by Elsevier Ltd.

1. Introduction

Recent scientific studies have highlighted technological changes in
the use of fluxing agents and sand sources, offering an opportunity to
trace the chronological and geographical developments in the manufac-
ture of raw glass (e.g. Bayley et al.,, 2015; Schibille et al., 2016a; Degryse,
2014). Much less is known about the practices of secondary workshops,
how and where, for example, the raw glass was opacified, coloured and
transformed into mosaic tesserae. Therefore, it is still unknown whether
the secondary production of tesserae was a centralized affair, where one
workshop produced tesserae of varying colours, or whether multiple
workshops specialised in one colour at the time (Schibille et al., 2012).
The systematic study of the opacifying and colouring agents in conjunc-
tion with the primary glass production groups can provide valuable in-
sights into the diffusion of specific techniques and by extension into the
organization of production and supply at consumer sites. A comparative
analysis of glass tesserae, whether loose or still in situ, can identify
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potential markers for craft practices and trading networks and help to
refine the chronology of production technologies and materials
(James, 2006; James et al., 2013; Neri, 2016).

Wall and vault mosaics that consist predominantly of glass tesserae
were evidently a common form of architectural decoration and more
widespread during the late antique and Byzantine periods than has pre-
viously been recognized (e.g. James et al., 2013, and the database http://
www.sussex.ac.uk/byzantine/mosaic/). In Asia Minor in particular, glass
mosaics have been found in a variety of archaeological contexts and
states of preservation, including mosaic decorations still in situ as well
as fragments and loose tesserae from archaeological excavations (Fig.
1). However, only few of these mosaics and their materials have been
analysed. Some studies of loose tesserae from sites in Asia Minor have
been published and include wall mosaics from Hagia Sophia
(Moropoulou et al., 2016) and Hagios Polyeuktos at Constantinople
(Schibille and McKenzie, 2014), Sagalassos (Schibille et al., 2012) and
Amorium (Wypyski, 2005), and the wall mosaics from geographically
related regions such as Cyprus (Bonnerot et al., 2016) and Huarte in
northern Syria (Lahanier, 1987). Glass tesserae from some floor mosaics
were studied from Tyana (Lachin et al., 2009; Silvestri et al., 2016) and
Antioch (Wypyski and Becker, 2004). Most of these studies discuss the
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Fig. 1. Map of wall mosaic findings in Asia Minor and Cyprus. Asterisks indicate the sites with analyses of glass tesserae (literature in James et al., 2013 and Neri, 2016). A. In situ mosaics: 1.
Constantinople, St. Sophia, 6th and 9th c.; 2. Constantinople, St. Irene, 6th and 8th c.; 3. Sts. Sergius and Bacchus, 6th c.; 4. Constantinople, Kalenderhane Camii, 6th c.; 5. Mar Gabriel, Sts.
Samuel, Simeon, Gabriel and Kartmin, 6th c.; Anemurium, baths' church (buildingIII, 5), 6th c.; 7. Ferhatli Koy, Akhiza cathedral, 6th c.; 8. Antalya, Cumanin Camii, 6th-7th c.; 9. Trigleia, St.
Stephen, 8th c.; 10. Dereagzi, church, 9th-10th c. B. Mosaics in collapse layers: 11 Alahan, St. John the Evangelist, 5th c.; 12. Laodicea, Cathedral, 5th-6th c.; 13. Kilise Tepe, 5th-6th c.; 14.
Constantinople, St. Polyeuktos, 6th c.; 15. Hierapolis, St. Philip, 6th and 9th c.; 16. Hierapolis, church near the theatre, 6th c.; 17. Hierapolis, Martyrion, 6th c.; 18. Hierapolis, church near the
commercial agora, 6th c.; 19. Polis Chrysochous, 6th c.; 20. Yeroskipou, Ayioi Pente, 6th c.; 21. Amathous, Acropolis basilica, 6th c.; 22. Kalavasos-Kopetra, 6th c.; 23. Xanthos, baptistery, 7th
c.; 24. Amorium, lower city church, 10th c. C. Tesserae in collapse layers: 25. Constantinople, St. John of Studios, 5th and 10th c.; 26. Corycus, transept church, 5th c.; 27. Dag Pazari, church,
5th c.; 28. Huarte, Photios Church, 5th c.; 13. Kilise Tepe, 5th-6th c.; 29. Anazarbus, Rock-cut Church, 5th-6th c.; 30. Germia, St. Michael, 5th-6th c.; 31. Ura, town church, 5th-6th c.; 32.
Yemiskum, church 1, 5th-6th c.; 33. Sagalassos, basilica in the temple of Apollo Clarius, 5th-6th c.; 34. Kourion,, 6th c.; 8. Antalya, Cumanin Camii, 6th-7th c.; 35. Halil Limani, church,
6th-7th c.; 9.Trigleia, St. Stephen, 8th c.; 36. Koloneia, Mavrokastron-Karahisar, 9th-10th c. D. Floor mosaics with glass tesserae (comparative analyses): 37. Antioch, 4th c.; 38. Tyana,

Sthc.

data of only a single context without providing an integrated view by
comparing the data to other assemblages.

The primary aim of the present study is to characterize the chemical
composition and microstructure of the glass mosaic tesserae from Kilise
Tepe (Cilicia) in order to determine the provenance of the base glass and
their opacifying and colouring techniques. By comparing the Kilise Tepe
data to those of other published glass tesserae from late antique con-
texts, we explore the chronological and geographical spread of these
techniques. This in turn enables the identification of commercial and
technological networks that underlie the production and supply of
glass tesserae in early Byzantine Asia Minor.

1.1. Archaeological context

Kilise Tepe is located on a terrace above the Goksu river that links
central Anatolia to the Mediterranean at Seleucia, the metropolis of
[sauria. Occupation of the site is attested from the Early Bronze Age
through to the 13th century CE (Postgate and Thomas, 2007). Excava-
tions carried out during the 1990s and reinitiated in 2007 have
unearthed a Byzantine church and a rural settlement, with vernacular
structures (Postgate and Thomas, 2007; Jackson, 2013, 2015). Judging
from the ceramic finds, Kilise Tepe appears to have been well connected
and part of a larger exchange network during the Roman and late an-
tique period, even though it remained a relatively small settlement. In

addition to the local production of water jars, imported wares such as
late Roman amphorae from the coastal zone of Cilicia and western
Asia Minor have been recovered as well as some examples of red slip
ware from Africa Proconsularis (Jackson, 2015). What is more, the
1990s excavations of the Byzantine church and its immediate surround-
ings yielded almost a thousand loose glass tesserae, reflecting Kilise
Tepe's prosperity at the time (Jackson, 2007, 2013). The tesserae were
retrieved mostly from inside the early Byzantine church, specifically in
the apse, the templon area, the north aisle as well as in the narthex.
They typically come from filling and levelling layers that preceded the
construction of the middle Byzantine church (12th-13th CE). A group
of 767 tesserae was found at the east end of the north aisle of the church
together with broken glass (Collon, 2007). The tesserae were found
mixed also with the powdery remains of mortar and were at first con-
sidered by the excavator to represent a fallen wall mosaic. The context
from which they came lay above the robbed floor of the church and
they were associated with a discrete area of chipped fragments of mar-
ble caused by the breaking up of marble blocks (Jackson, 2007: 190).
This context suggests that the tesserae may have been a collection of
re-usable material after the destruction of the early Byzantine edifice.
Similar practices have been observed in numerous other late antique
churches (e.g. Keller, 2006).

It is thus assumed that the tesserae belonged to the decoration of the
late antique church. The foundation of the church can be attributed to
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the second half of the fourth century based on the range of lamps recov-
ered. The earliest well-dated lamp from the church is a prunted conical
beaker that has been attributed to the fourth century (O'Hea, 2016:
283-284). Additions or major replacements seem to have occurred in
the late fifth century, judging from goblet lamps and hollow-stemmed
hanging lamps in metal polykandela. The circumstantial evidence pro-
vides a tentative dating for the use of the early Byzantine church and
its mosaics between the late fourth and early seventh century CE.

The glass tesserae are generally of small dimensions (0.7-1 cm) and
the colours include gold, blue, turquoise, green, red and black. The abun-
dance of gold leaf tesserae (45%) strongly suggests their use for exten-
sive gold backgrounds. The prevalence of greens, turquoise and blues
is most likely indicative of the depiction of vegetable motifs and water
elements in analogy to other late antique and early medieval mosaic
decorations. In addition to the tesserae, 13 fragments of rectangular
greenish glass slabs with gold foil under a protective thin layer of
colourless glass were found immediately south of the church as well
as scattered across the site. None was complete, but corners survive
(Fig. 2a); the largest were > 4 cm in side length and at least 0.4 cm
thick. All had thickened and semi-folded edges. A grey mortar or grout
was evenly applied to the back of each, which might simply be the re-
mains from forming the slabs in molds and which may have served to
accentuate the gilded effect rather than indicating pre-use, as has
been observed elsewhere (e.g. Neri, 2016). As such, these gilded plaques
were probably the semi-finished products for the manufacture of some
of the gold leaf tesserae often found in association with the gilded
plaques. This interpretation is further corroborated by the fact that
both, the gold leaf tesserae and the gilded plaques, show the same
rounded and thick edges. The coloured tesserae were, instead,
manufactured from bun-shaped ingots or glass-cakes (Fig. 2b). The
fact that gilded plaques and fragments of coloured ingots were found
provides evidence that at least some of the tesserae were cut on site.

1.2. Materials

The 22 tesserae and three gilded plaques as well as the ingot, vessel
and window glass fragments under investigation in this study were
unearthed during the 2007 campaign from outside the church and
cover the full range of colours (Table 1, Fig. 3). Most of the gold leaf tes-
serae preserve only the support and, in some cases, fragments of the
gold leaf. The base of the gold leaf tesserae tends to be slightly amber
or greenish in colour. The blue tesserae are typically translucent. The
lighter shades of blue exhibit a more heterogeneous structure with
many bubbles (Fig. 4a) compared to the darker cobalt blue samples
(Fig. 4b). The majority of the green and turquoise tesserae are more or
less opaque. The green samples have particles of yellow pigment

1cm

Fig. 2. Intermediate semi-finished material for mosaic production. (a) corner of gilded
plaques with rounded edges; (b) cake-shaped red glass ingot. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3. Plan of the Kilise Tepe Byzantine church complex. Find spots of the different tesserae: (a) gold tesserae and gilded plaques; (b) yellow, green and turquoise tesserae; (c) red and cobalt blue tesserae. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 4c) or clay inclusions dispersed in the glass matrix (Fig. 4d). The
red tesserae are either relatively homogeneous (Fig. 4e) or they show
layerings of green transparent and red glass (Fig. 4f).

2. Methods

The 28 samples were analysed by electron probe microanalysis
(EPMA) and laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) to establish their major, minor and trace element pat-
terns. The coloured and opaque tesserae were additionally examined by
scanning electron microscopy with energy dispersive X-ray spectrome-
try (SEM-EDS). Small glass fragments were mounted in epoxy resin and
polished with a series of diamond pastes down to 0.25 um. Polished
blocks were carbon-coated using a Quorum K975X high vaccuum ther-
mal evaporator coater.

2.1. EPMA

The polished and carbon coated blocks were analysed at the Institute
of Archaeology, UCL, using a JEOL JXA 8100 microprobe with three
wavelength dispersive X-ray spectrometers (see e.g. Freestone et al.,
2015). The operating conditions were set at 15 KV accelerating voltage
with a beam current of 50 nA, the beam diameter set to “0”, a working
distance of 11 mm and a magnification of 800 x, resulting in a raster

area of approximately 150 by 110 pm. Three areas were thus analysed
on each sample. Counting times were 30s on peak and 10s on back-
ground. To monitor the precision and accuracy of the analyses, Corning
Museum ancient glass standards A and B (Brill, 1999) were measured at
the beginning and end of each run. The results compare well with the
given values and accuracy is within <5% for most major and minor ele-
ments except for titanium, iron, copper and manganese (Table S1).

2.2. LA-ICP-MS

The polished cross-sections were additionally examined by LA-ICP-
MS at the Centre Ernest-Babelon of the IRAMAT (Orléans) (Gratuze,
2016; Schibille et al., 2016b). The 193 nm laser was operated at an ener-
gy of 5 mJ, a pulse frequency of 10 Hz and a spot size diameter of
100 um. The procedure consisted of 20 s pre-ablation time, followed
by 50 s of analytical time. Fifty-eight elements were determined by
spot-analysis and the spectra were converted by means of an average
response factor Ky into fully quantitative data as previously described
(Gratuze, 2014). Reference materials Corning A and NIST 612 were re-
peatedly measured throughout the analytical run, and accuracy was
within <5% for most major and minor elements and within 5-10% for
minor and trace elements (Table S2).

Comparison of the EPMA and LA-ICP-MS results in relation to the rec-
ommended values for Corning A shows very good agreement for most

Fig. 4. Details of the surfaces of different tesserae under the optical microscope. (a) Bluish turquoise tessera KT NS 018; (b) cobalt blue tesserae KT NS 006; (c) green tessera KT NS 025; (d)
blue green tessera KT NS 017; (e) homogeneous red tesserae KT NS 019; (f) stratified red ingot fragment KT NS 007. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. Comparison of accuracy and precision of the LA-ICP-MS and EPMA analyses. The
graph shows the averages of the Corning A glass standards normalised to the accepted
reference values according to Vicenzi et al., 2002. Error bars indicate the relative
standard deviation of the repeated measurements (n > 9). The graph illustrates the
extent of correspondence between the two analytical methods and between the
analyses and the reference glass. The deviation from the reference values and the
precision is generally better for the LA-ICP-MS data with the exception of lime, soda,
lead and chlorine. Full data are given in Tables S1 and S2.

major and minor oxides with the given values as well as between the two
analytical methods (Fig. 5). Overall, the LA-ICP-MS data corresponds clos-
er to the recommended values than the EPMA results with the exception
of lime, soda, lead and chlorine. However, the accuracy of the LA-ICP-MS
calcium measurements increases significantly (better than 3%) when con-
sidering the NIST 612 standard that has higher calcium levels (Table S2).
As regards the EPMA results, particularly the titanium, iron and manga-
nese levels are somewhat problematic (approximately 10% deviation),
and the LA-ICP-MS data was thus preferred.

2.3. SEM-EDS

The coloured tesserae were examined by SEM-EDS to investigate
crystalline phases present in the glass matrix. The available equipment
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used at IRAMAT-CEB was a FEI Philips XL40 ESEM with an Oxford Instru-
ment EDX system for microanalysis (Link Pentafet Si(Li) detector). Im-
aging and analyses were done at 20 kV acceleration voltage, a beam
diameter of 1 pm and at working distance of 10 mm. Semi-quantitative
determination of the opacifiers and pigments was performed by X-ray
microanalysis for 300 s time. The quantification was done using INCA
software.

3. Results
3.1. Base glass characteristics

All the analysed samples can be classified as soda-lime-silica glass
with low potassium and magnesium oxide contents (<1.5%), indicative
of the use of mineral natron as fluxing agent typical of Roman and early
medieval glassmaking prior to the ninth century CE (Table 1). Two dif-
ferent primary glass production groups can be identified based on the
mineral components associated with the silica source such as

B,
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Fig. 6. Base glass composition of the Kilise Tepe samples. (a) Lime and alumina concentrations separate two groups, reflective of two different silica sources; (b) Potash and magnesia
concentrations indicate the use of natron as fluxing agent; (c) Correlation between zirconium and titanium, while differences in the absolute values confirm the use of different silica
sources; (d) Manganese and strontium to calcium ratios demonstrate that the manganese minerals of the Foy-2 group contribute strontium to the glass batch. Asterisks indicate

reduced and normalised data.
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Fig. 8. SEM image of blue tesserae KT NS 028. Undissolved grains of cobalt oxide and
crystals in the centre caused by devitrification (wollastonite).

aluminium, calcium, titanium and zirconium (Fig. 6). The largest com-
positional group (n = 19) is defined by elevated levels of magnesium,
titanium and zirconium (Fig. 6b, ¢) and corresponds to the primary pro-
duction group Foy-2, originally defined as série 2.1 by Foy et al. (2003;
see also the definition in Schibille et al., 2016 a & b). This type of glass
has variously been referred to as weak HIMT (Rosenow and Rehren,
2014), HIMT 2 (Conte and Chinni, 2014; Foster and Jackson, 2009),
HLIMT (Ceglia et al., 2015) or CaO-rich HIMT (Gliozzo et al., 2016).
This group has on average also higher strontium to calcium ratios,
which are strongly correlated with manganese, providing evidence for
the use of a source of manganese rich in strontium (Fig. 6d). The produc-
tion and circulation of Foy-2 (série 2.1) is attested in the sixth and sev-
enth centuries (Bonnerot et al., 2016; Ceglia et al., 2015; Cholakova et
al.,, 2016; Conte and Chinni, 2014; Schibille et al., 2016a & 2016b), but
manufacturing may have already begun in the fifth century (Foy et al.,
2003). Judging from the compositional characteristics, the primary pro-
duction location of this glass group is assumed to be in Egypt (Foy et al.,
2003; Schibille et al., 2016a). The Foy-2 group encompasses all the red,
yellow, black, blue and gold leaf tesserae as well as the gilded plaques
and the vessel fragment (Table 1). The group of transparent gold glasses
and vessel samples can be divided into two sub-groups, one that com-
prises tesserae KT NS 004 and KT NS 009 and the three gilded plaques
with somewhat higher aluminium, calcium, magnesium, potassium, ti-
tanium, manganese and iron concentrations, the other group includes
the remaining gold leaf tesserae and vessel fragment KT NS 008 (Table
1).

The remaining nine tesserae from Kilise Tepe show a typical Levan-
tine I glass composition (Table 1), with high alumina and lime concen-
trations (Fig. 6a). Compared to the Foy-2 group, Levantine I glass has
lower soda and magnesia contents and lower heavy element contami-
nations (Fe, Ti, Zr, V, Hf) (Table 1, Fig. 7). Levantine I glass was relatively
widespread in the Mediterranean. It was produced in Syro-Palestine, for

Fig. 9. SEM SE images of tesserae with metallic inclusions. (a) Lead-rich copper alloy
particles in green tessera KT NS 025 partially dissolved (small particles on the right); (b)
slightly rounded iron oxide particle in black tessera KT NS 016; (c) dispersed small
metallic copper particles in red ingot KT NS 007; (d) inclusion of iron in sample KT NS 007.

Fig. 10. SEM SE images of tesserae opacified with lead stannate. (a) Agglomeration of lead
stannate particles in yellow tessera KT NS 014; (b) detail of amorphous crystals of the lead
stannate cluster in KT NS 014; (c) cluster of partly melted amorphous crystals with needle-
shaped crystals newly formed from the dissolution of the former in light green sample KT
NS 001; (d) detail of the relationship between the amorphous and needle-shaped crystals;
(e) light green tessera KT NS 001 showing streaks of concentrated lead stannate; (f)
layering of lead rich phases with concentrated lead stannate in red tesserae KT NS 019.

instance, in the furnaces of Jalame in the fourth century (Brill, 1988;
Freestone et al., 2000) and in Apollonia in the sixth century (Tal et al.,
2004; Freestone et al., 2008). With the exception of one sample (KT
NS 020) no significant amounts of manganese (typically <300 ppm)
was detected that would indicate its deliberate addition as colourant
or decolourant (Fig. 6d). The low levels of manganese in the Levantine
I tesserae from Kilise Tepe point to a sixth century date or later. Earlier
Levantine glasses regularly contain elevated concentrations of manga-
nese, such as the fourth-century assemblage at Jalame (Brill, 1988) or
fifth-century Aquileia (Gallo et al., 2014), whereas the sixth- to sev-
enth-century glasses from the primary production sites in Syria-Pales-
tine (Freestone et al., 2000, 2008; Tal et al., 2004) do not typically
contain added manganese. Interestingly, all the green and turquoise tes-
serae are of a Levantine I composition, plus the bluish aqua window
glass fragment. A similar colour-specific trend was observed in relation
to the turquoise and green tesserae from Hagios Polyeuktos in Constan-
tinople (Schibille and McKenzie, 2014).

When comparing the rare earth element (REE) patterns, Foy-2
glasses tend to have on average higher values, especially for the heavy
elements associated with iron and titanium such as vanadium and nio-
bium, respectively (Fig. 7). However, even the lanthanides are slightly
elevated in the Foy-2 samples compared to the Levantine I group.
Taken together, this proves the use of different silica sources for the
two glass groups and by extension, different geological and geographi-
cal origins.

3.2. Colour and opacity

Except for the seven gold leaf tesserae that exhibit only natural hues
due to the iron oxide contained in the raw materials, all other tesserae
are intensely coloured. The colour in glass can derive from the addition
of transition metal ions dissolved in the glass, from metal nanoparticles
in the glass (Cu), or from the dispersion of crystalline pigments in the
matrix (Biron and Chopinet, 2013). In the Kilise Tepe samples, transition
metal ions are used for blue (CoO) and turquoise (CuO) tesserae, metal
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Fig. 11. SEM BSE images of tesserae KT NS 002. (a) Partially dissolved particle of calcium phosphate inclusion (lighter grey) surrounded by black gas bubbles; (b) gas bubbles in areas of
higher phosphorus concentrations caused by the partially dissolved calcium phosphate particle.

particles in the black (Fe), green and red samples (Cu), while pigments
of yellow stannate (Pb,Sn0,4) were detected in the yellow and green, as
well as unexpectedly also in the red tesserae.

3.2.1. Cobalt and copper oxides as colourants

The dark blue tesserae contain cobalt as colourant that is associated
with slightly elevated copper and iron concentrations. These elements
were probably introduced unintentionally with the cobalt ore as
shown in sample KT NS 028, where the undissolved sub-rectangular
grains contain cobalt, iron and copper (Fe,03 82%, CoO 16%, CuO 0.9%)
(Fig. 8). The association with iron is consistent with the known
Roman-type colourant of blue glass (Gratuze et al., 1992).

The different shades of green and turquoise tesserae have significant
quantities of copper in the oxidized form (Table 1). Copper oxide brings
about a light blue or turquoise colour. In the two turquoise tesserae the
copper oxide is completely dissolved in the glass matrix, resulting in a
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i i Amorium
Hierapolis

Levantine |
Roman / Foy 2 / Levantine | evantine
0 3
2 @00
Sagalassos
Roman / HIMT

Kilise Tepe
Foy 2/ Levantjné |

translucent rather than an opaque quality. The opacification of sample
KT NS 002 is caused by calcium phosphate particles (discussed below).

3.2.2. Metallic inclusions: Copper and iron

Some authors have hypothesised that by-products of metalworking
were used for the colouration of glass (Mass et al., 1998; Freestone et al.,
2003). The detection of metallurgical by-products in Roman glass is rel-
atively rare (Wypyski and Becker, 2004), but it has been frequently
attested in the late antique and Byzantine periods (Maltoni and
Silvestri, 2016; Neri, 2016; Wypyski, 2005).

The Kilise Tepe tesserae provide clear evidence for this practice. Two
green tesserae (KT NS 020 and 015) exhibit a combination of the yellow
pigment lead stannate, and undissolved metallic particles in the glass
matrix (Fig. 9a). Interestingly, these inclusions (50 um-200 pm) corre-
spond to a leaded copper alloy (Cu-Pb-Zn, 78.3%, 20.3%, 1.4%, respective-
ly) that was used in late antique and Byzantine metallic objects
(Ponting, 1999; Ashkenazi et al., 2015). The red tesserae are likewise

Opagque phases

Q Antimonate

Y% Cassiterite

< Stannate

— Calcium phosphate

-g} Stannate + calcium phosphate

A Quartz

Tyana
Levantine |
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Antioch
Roman
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o

Fig. 12. Distribution of glass groups and opacifiers used for mosaic tesserae. Sixth-century mosaic assemblages (Amorium, Antioch, Constantinople, Cyprus, Hierapolis, Kilise Tepe and
Tyana), and earlier fourth- to fifth-century material (Hierapolis, Huarte and Sagalassos). Data from Bonnerot et al., 2016; Lahanier, 1987; Neri et al., forthcoming; Schibille and
McKenzie, 2014; Schibille et al.,, 2012; Silvestri et al., 2016; Wypyski, 2005; Wypyski and Becker, 2004.



Table 1

LA-ICP-MS data of the Kilise Tepe samples.
Major and minor oxides [wt%], including chlorine, and trace elements [ppm]. The crystalline phases have been stoichiometrically calculated based on semi-quantitative analyses
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by SEM-EDS.
No Context Type Colour Opacity Crystalline phases Na,O0 MgO Al,05
Levantine I
KT NS 001 J15/008 86,303 Tessera Light green Opaque Lead stannate 13.28 0.49 2.65
KT NS 005 114/252 75,316 Tessera Blue green Opaque 15.38 0.59 2.99
KT NS 015 M16/105 95,120 Tessera Light green Opaque Lead stannate 13.11 0.49 2.61
Metallic inclusions: Cu-Sn-Pb-Zn
KT NS 017 M16/074 95,104 Tessera Blue green Opaque Lead stannate 15.56 0.59 3.03
KT NS 020 L16/006 93,201 Tessera Dark green Opaque Metallic inclusions: Cu-Sn-Pb-Zn 15.09 0.62 240
KT NS 025 J15/014 86,307 Tessera Green Opaque Lead stannate 15.37 0.58 3.00
KT NS 002 J15/008 86,303 Tessera Light turquoise Opaque Calcium phosphate 16.74 0.71 2.72
KTNS 018 L18/160 93,102 Tessera Bluish turquoise Translucent 16.25 0.65 3.25
KT NS 021 M17/131 95,030 Window pane Bluish aqua Transparent 14.19 0.62 334
Foy-2
KT NS 003 L18/006 73,000 Tessera Red Opaque Lead stannate 17.65 0.79 224
KT NS 007 M18/326 78,801 Ingot Red Opaque Lead stannate 16.21 0.77 2.25
Metallic inclusion: Fe
KT NS 019 L16/036 93,212 Tessera Red Opaque Lead stannate 17.18 0.81 227
KT NS 006 L16/006 93,201 Tessera Blue Translucent 17.95 0.76 2.67
KT NS 012 K15/118 95,402 Tessera Blue Translucent 18.46 0.73 2.75
KT NS 028 K15/028 86,414 Tessera Blue Translucent Cobalt oxide: CoO + Fe,04 18.74 0.68 2.54
KT NS 014 L16/011 93,200 Tessera Yellow Opaque Lead stannate 17.83 0.72 2.07
KT NS 016 L16/027 93,211 Tessera Black Translucent Metallic inclusions: Fe-Mn 18.15 0.79 2.29
KT NS 010 L17/039 93,303 Gold tessera Amber tinge Transparent 18.79 0.89 2.30
KTNS 011 L17/006 93,302 Gold tessera Amber tinge Transparent 18.49 0.94 2.29
KT NS 013 L17/013 93,302 Gold tessera Amber tinge Transparent 18.45 0.76 2.19
KT NS 026 J15/012 86,306 Gold tessera Amber tinge Transparent 18.26 0.73 2.14
KT NS 027 J15/14 86,307 Gold tessera Amber tinge Transparent 18.79 0.78 2.09
KT NS 008 M17/181 95,005 Bowl base Amber tinge Transparent 19.63 0.85 2.13
KT NS 004 K15/023 86,409 Gold tessera Greenish tinge Transparent 17.62 1.11 2.71
KT NS 009 M16/111 95,124 Gold tessera Greenish tinge Transparent 18.19 1.09 2.53
KT NS 022 K15/111 95,400 Gold plaque Greenish tinge Transparent 20.09 1.18 2.68
KT NS 023 L18/164 93,102 Gold plaque Greenish tinge Transparent 17.88 1.08 249
KT NS 024 L18/160 93,102 Gold plaque Greenish tinge Transparent 17.85 1.10 2.49
Li B Ti \% Cr Co Ni Zn Ga As Rb Sr Y Zr Nb Mo Ag cd Sb Cs Ba
Levantine |
KTNS001 3.10 90 333 642 1318 266 2036 3224 305 2108 928 371 570 3280 1.13 063 3904 007 9984 0.10 180
KTNS005 3.70 97 371 742 1438 241 2292 2979 354 17.06 10.58 456 6.71 3507 130 080 1365 003 2022 009 205
KTNSO15 326 88 318 6.15 11.08 275 2082 3180 3.02 2303 897 358 547 31.02 110 064 5027 0.12 10714 0.10 175
KTNS017 4.07 100 366 743 1439 250 2325 2959 349 1846 10.50 453 652 3430 129 077 1374 004 2258 0.10 200
KTNS020 493 117 472 1405 1543 1020 3286 134 339 95 849 445 599 46.04 148 124 2383 0.2 21955 0.12 231
KTNS025 355 100 368 737 1374 245 2260 2975 370 1849 1041 451 6.66 3508 128 0.80 13.74 0.06 20.11 0.09 201
KTNS002 383 130 501 931 26.03 297 17.09 2648 3.16 1046 867 364 6.01 5050 151 080 640 000 3.94 0.08 181
KTNS018 435 109 395 794 1571 6.06 1716 31.75 369 1595 1093 483 690 3795 131 078 1286 0.03 7.32 0.10 214
KTNS021 456 81 486 10.50 1846 2.16 6.09 11.03 373 159 967 432 697 4144 154 044 0.6 0.03 1.21 0.10 244
Foy-2
KTNS003 6.05 145 678 2333 1885 739 2190 5955 377 1101 739 563 653 66.14 207 185 548 005 8043 0.13 247
KTNS007 465 125 743 2311 1882 172 14346 2721 4.09 135 727 481 641 6218 201 245 433 0.01 20862 0.09 237
KTNS019 549 146 868 26.08 23.50 137 99.23 1719 420 97 7.03 501 6.64 7444 221 225 537 0.04 25394 0.11 442
KTNS006 444 136 898 22.03 29.52 461 3235 2491 442 175 947 462 7.07 8410 221 268 053 004 445 0.09 242
KTNS012 472 141 876 2024 25.67 247 19.91 1948 4.16 231 878 455 690 8197 208 181 043 004 1.53 0.08 228
KTNS028 482 134 612 2328 16.82 489 1980 2771 685 335 778 519 6.65 59.05 179 391 055 0.07 529 0.12 289
KTNS014 514 153 638 2457 1437 546 1165 23.04 393 110 624 509 628 6358 184 214 2195 0.08 16636 0.06 279
KTNS016 6.65 148 644 2253 17.14 1509 1243 2723 375 1350 817 538 648 6302 193 180 340 005 7252 014 252
KTNSO010 540 163 725 2343 1854 623 915 2356 4.14 3.11 676 570 6.84 7209 213 1.80 044 0.02 18896 0.08 228
KTNSO11 588 222 711 2579 17.17 7.80 9.68 2220 415 293 644 638 677 6846 217 175 037 004 67.15 006 234
KTNS013 548 196 646 2516 1422 535 9.58 1775 398 189 674 571 635 63.89 195 281 029 471 0.06 275
KTNS026 5.62 189 662 24.82 1736 531 942 1799 421 276 675 580 6.55 6548 198 273 024 005 727 0.08 277
KTNS027 489 185 637 2623 1628 537 933 1479 4.07 291 6.03 562 664 6493 196 178 033 0.06 2043 0.07 279
KTNS008 5.08 167 608 2261 1571 418 7.67 1203 375 214 652 566 636 6277 185 202 023 005 1050 0.08 230
KTNS004 825 192 996 30.56 2491 6.70 1148 2278 479 186 863 773 820 9890 3.10 1.66 059 005 15095 0.12 260
KTNS009 7.46 167 849 33.00 20.81 10.65 1291 25.04 492 1032 757 679 750 8061 246 288 142 005 8759 0.16 319
KTNS022 853 187 849 3167 1893 852 16.84 2212 497 493 744 657 7.71 8284 261 409 033 009 14270 0.11 356
KTNS023 726 162 847 30.66 20.00 920 1195 2367 460 390 746 685 759 8172 254 249 043 006 8290 011 297
KTNS024 722 162 858 32.08 2056 9.67 1227 2454 497 416 7281 696 7.77 8291 254 266 079 0.08 8829 0.10 310
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SiO, P05 Cl K,0 Cao MnO Fe,03 PbO Cu0 SnO,
Levantine |

56.97 0.09 0.87 0.72 7.00 0.02 033 14.20 0.96 2.16
62.69 0.08 0.96 0.82 8.39 0.02 0.37 5.37 1.38 0.75
55.12 0.08 0.84 0.70 6.80 0.02 0.33 16.36 0.95 2.35
62.58 0.08 0.97 0.82 8.37 0.02 0.37 5.22 1.40 0.80
58.03 0.25 0.81 0.65 7.31 0.49 0.56 10.23 1.96 1.29
62.93 0.08 1.00 0.81 8.35 0.02 0.38 5.17 1.39 0.72
67.83 0.46 0.86 0.75 7.87 0.05 0.45 0.08 1.20 0.06
66.57 0.11 0.97 0.87 9.10 0.04 0.40 0.14 1.33 0.09
70.44 0.11 0.90 0.74 8.88 0.04 0.53 0.001 0.001 0.0001
Foy-2

62.69 0.17 0.79 0.57 7.75 1.13 4.80 0.094 0.98 0.06
59.67 0.47 0.80 0.70 7.13 0.84 3.62 3.63 1.21 1.98
60.75 043 0.83 0.62 7.19 1.03 3.08 2.59 0.82 1.78
66.79 0.19 0.92 0.86 7.68 0.57 1.15 0.023 0.053 0.0014
66.76 0.16 0.97 0.73 7.63 0.52 0.91 0.015 0.039 0.0010
66.19 0.14 0.88 0.60 7.89 0.82 1.11 0.010 0.082 0.0017
60.96 0.04 0.86 0.48 6.56 1.32 0.68 7.37 0.019 0.76
63.50 0.10 0.83 0.64 7.57 1.05 3.72 0.86 0.12 0.09
66.26 0.07 0.85 0.54 7.92 1.27 0.75 0.038 0.009 0.0039
66.14 0.07 0.82 0.55 8.20 1.33 0.80 0.024 0.008 0.0025
67.31 0.06 0.86 0.58 7.31 1.48 0.70 0.004 0.004 0.0008
67.64 0.05 0.88 0.55 7.34 1.43 0.68 0.004 0.004 0.0008
67.68 0.05 0.91 0.49 6.92 1.30 0.67 0.002 0.003 0.0004
65.92 0.06 0.93 0.50 7.61 1.45 0.64 0.001 0.003 0.0002
64.35 0.09 0.81 0.68 9.61 1.56 1.04 0.008 0.006 0.0017
64.85 0.12 0.85 0.65 8.56 1.70 1.05 0.035 0.011 0.0019
63.32 0.12 0.95 0.74 7.84 1.65 1.04 0.006 0.007 0.0006
65.53 0.11 0.79 0.63 8.62 1.48 1.01 0.025 0.009 0.0017
65.32 0.11 0.80 0.63 8.69 1.58 1.04 0.029 0.010 0.0018
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta w Pt Au Bi Th 0]
Levantine

525 9.66 119 511 1.04 038 111 021 095 020 059 0.074 051 0072 083 0.067 0.060 0.0050 0.16 546 0.68 043
6.08 1149 138 597 120 044 126 024 106 022 070 0.083 055 0084 087 0.074 0.069 0.0070 0.26 8.87 0.74 0.51
486 9.10 115 478 101 035 113 019 09 019 056 0.071 051 0070 081 0.066 0.057 0.0030 0.20 613 064 043
573 1076 135 563 118 042 132 023 103 023 065 0.082 057 0081 084 0.077 0.065 0.0010 0.28 8.86 0.72  0.50
554 9.73 126 534 111 038 125 021 095 021 060 0.084 054 0081 114 0.090 0.709 0.0038 0.33 105 082 0.79
598 1112 140 588 121 040 127 022 102 023 065 0.084 055 0077 088 0.078 0.074 0.0030 0.30 8.70 0.73 049
581 1038 129 546 112 037 118 021 097 021 064 0075 055 0083 122 0.082 0.061 0.0037 0.20 0.77 084 0.59
6.10 1134 140 597 125 044 142 024 108 023 069 0.088 061 0088 094 0.082 0.069 0.0024 031 0.87 0.75 0.51
639 1173 144 623 124 045 142 023 111 023 069 0.087 062 0088 106 0.086 0.058 0.0012 nd 0.01 085 0.79

Foy-2

6.66 1142 145 599 122 041 129 024 112 023 071 0.09 062 0.094 167 012 015 0.0046  0.14 0.60 1.09 127
634 1069 136 575 116 039 120 023 107 022 064 008 060 0.091 152 012 025 0.0037  0.01 9.16 1.02 107
637 1082 144 595 123 044 140 024 113 024 071 0.093 068 0.098 179 0.13 0.32 0.0039  0.19 7.52 1.08 1.12
699 1233 155 648 129 044 134 026 115 025 075 0.095 067 0097 196 0.13 0.15 0.0037 nd 0.012 1.13  1.03
635 1125 145 607 130 042 145 024 116 025 073 0.093 067 0.100 198 012 013 0.0052 0.018 0.010 1.03 099
640 1098 143 589 119 040 128 022 108 022 069 0.092 062 0092 143 010 026 00032 0.11 0.024 099 1.18
6.06 9.75 131 547 121 037 134 021 1.07 022 066 0.090 0.62 0089 149 0.11 0.32 0.0031 0.074 1114 095 1.17
625 1054 137 571 118 039 136 023 109 024 069 0.087 058 0.094 149 012 020 00037 0.047 13.97 1.01 115
648 11.07 144 615 127 040 150 025 116 024 071 0.089 069 0.104 173 0.13 0.14  0.0061 0.020  0.029 1.08 1.18
6.50 1097 147 620 129 041 153 025 111 024 076 0.094 068 0.09 173 012 0.11 0.0040 0.014  0.045 1.06 1.46
598 1007 133 566 119 037 138 022 104 023 067 0.083 065 0089 149 0.11 0.16  0.0044 0.020 0.025 094 1.28
633 1052 139 593 122 039 128 022 109 023 067 0.084 062 0.10 152 011 0.17  0.00048 0.008  0.027 1.01 125
6.65 1093 145 607 118 038 132 023 115 022 069 0.08 0.67 0.09 155 0.11 0.16  0.0012  0.0043 0.014 1.00 132
6.01 1030 135 576 116 038 138 021 105 022 069 0.09 062 008 155 0.11 0.16  0.0026  0.0025 0.0088 1.00 1.06
830 1425 180 766 164 046 163 030 138 028 089 0.11 082 012 234 019 0.16 0.0058 nd 0.017 150 1.53
714 1174 159 694 148 046 167 026 126 026 079 010 076 0.11 191 014 023 0.0040  0.039  0.047 123 120
737 1254 164 697 146 048 159 027 131 027 081 012 0.76 0.11 195 016 024 00046 0.0022 0.024 127  1.09
740 1250 165 685 147 043 152 027 131 027 080 0.10 073 010 201 0.5 0.18 0.0041 0.0094 0.045 129 129
752 1264 169 693 146 045 158 027 125 027 080 010 073 0.11 196 014 020 00039 0.0066 0.051 127 125
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coloured by a copper compound. Judging from the associated elements
and comparative materials, copper is present presumably in the form of
nanoparticles of metallic copper (Fig. 9b). In the ingot fragment (KT NS
007) and one of the tesserae (KT NS 019), copper is linked to increased
tin and zinc contents suggesting the use of a metallurgical by-product as
shown in previous studies (Barber et al., 2009; Freestone, 1987;
Freestone et al., 2003; Nakai et al., 1999; Santagostino Barbone et al.,
2008).

The production of red tesserae is technically demanding, and re-
quires a strongly reducing atmosphere and/or the addition of reducing
agents. Partial re-oxidation or incomplete reduction of the copper can
render red glass a darker red (Freestone et al., 2003). The iron present
in high quantities (2.5-3.8%) suggests its intentional use, maybe to
help reduce the cuprous ions to metallic copper. In fact, an inclusion of
iron oxide (with traces of manganese and titanium) was detected in
the ingot (Fig. 9d). Tin can have similar reducing effects (Freestone et
al., 2003). One of the tesserae (KT NS 003) as well as the ingot (KT NS
007) exhibit opaque dark red streaks alternated with transparent
green ones (Fig. 4f). The chemical composition of the red and transpar-
ent green streaks is similar, because in the latter, the pigment has simply
dissolved and the copper ion determines the dark green colour
(Wypyski and Becker, 2004; Neri et al., 2013).

The black tessera is translucent, it is black with a shade of green rath-
er than purple or blue, which is probably produced by a combination of
a large amount of iron and reducing conditions (Wypyski and Becker,
2004; Biron and Chopinet, 2013). Copper and lead are also slightly ele-
vated, probably as a result of the use of a copper alloy, that in the re-
duced form can form metallic droplets. The SEM image clearly shows
the large grey inclusion of metallic iron and small round crystals of me-
tallic copper (Fig. 9b).

3.2.3. Pigments: Lead stannate

The high amount of lead and tin in the green tesserae and in two red
samples (KT NS 019 and 07) is caused by the introduction of yellow pig-
ments that consist mainly of lead and tin (PbO 35-60%; SnO, 28-49%),
in addition to silica (SiO, around 7%) and iron (Fe,03 1.4%). This compo-
sition corresponds to yellow lead stannate crystals that are either slight-
ly rounded squares (2.5 um) aggregated in clusters (10 um-200 pum)
(Fig. 10a, b), or minute needle-like crystals dispersed in the matrix or
again aggregated in clusters (10 pm-150 pm) (Fig. 10c). In some cases,
these needle-like crystals are associated with round crystals and appear
to be newly formed from the dissolution of the latter (Fig. 10d). These
crystals generate a yellow colour and tend to be more concentrated in
the light green tesserae than in the blue green ones (Table 1). They
are arranged in layers (Fig. 10 e, f), because lead stannate was probably
added to the molten glass as a pre-formed pigment similar to what is
known about the use of lead antimonate, called anime. To avoid dissolu-
tion of the pigment, it would have been stirred in quickly and immedi-
ately poured into slabs (Moretti and Hreglich, 1984; Lahlil et al., 2008;
Neri, 2016). Yellow lead stannates are often considered typical
of Byzantine tesserae, in contrast to the Roman tradition where lead
antimonate was commonly used. Recent studies have shown, however,
that lead stannates occasionally appear already in yellow glasses of the
Roman period (Verita et al., 2013).

3.2.4. Calcium phosphate

One light turquoise tessera (KT NS 002) has many voids and air bub-
bles and exceptionally high phosphorus contents that are evident in
some of the individual EPMA area measurements (not shown). Small
white patches (2-4 pm) high in calcium and phosphorus point to the
use of calcium phosphate possibly in the form of bone ash (Fig. 11).
The addition of calcium phosphate to a glass melt generates bubbles
as well as a crystalline phase, due to devitrification processes, thus caus-
ing opacification (Silvestri et al., 2016). The use of this type of
opacification is attested in turquoise, blue and green tesserae from the
fifth century on, and seems to replace antimony-based opacifiers used

until the fourth century CE (Turner and Rooksby, 1959; Lahlil et al.,
2008; Lahlil et al., 2009; Silvestri et al., 2012). It is a peculiar technique,
widespread above all in the Levantine area (Syria, Jordan, Cyprus, south-
ern and central Turkey: Lahanier, 1987; Marii, 2013; Lachin et al,, 2009;
Wypyski, 2005; Bonnerot et al., 2016) and in some rare cases in north-
ern Italy (Ravenna, Milan, Padua: Verita, 2010; Neri, 2016; Silvestri et
al., 2012, 2016), where it was probably imported from the Levant by
the Adriatic route.

4. Discussion
4.1. Kilise Tepe tesserae

Although the re-use of older mosaics from the dismantling of ancient
buildings is a common phenomenon during late antiquity (e.g.
Freestone, 1993; Freestone et al., 1990; DeLaine, 1997; Greenhalgh,
1989; Cutler, 2002; Frangois and Spieser, 2002; Freestone, 2015), the
tesserae of Kilise Tepe have evidently been produced from new,
imported raw materials, rather than being recycled. Both the raw glass
types as well as the opacification with calcium phosphate can generally
be attributed to the fifth century or later and thus strongly suggest that
the tesserae were newly produced for the decoration campaign of the
early Byzantine church at Kilise Tepe.

The presence of undissolved colourants, like yellow pigments and
metallic inclusions, proves that the glasses were coloured with additives
and not through a simple mixture of coloured glass (Freestone, 1993;
Gratuze et al., 1992). For example, the light turquoise tessera bears wit-
ness to a particular opacification technique using calcium phosphate.
The green and yellow tesserae were coloured by adding lead stannate
under oxidizing conditions, whereas the black and the red tesserae
were coloured by metallic inclusions in a reducing atmosphere. The
wide range of different colouration and opacification techniques possi-
bly reflect the output of different secondary workshops, making a
local production of the different tesserae most unlikely.

The colouring and opacifying technologies in the Kilise Tepe assem-
blage do not necessarily correspond to differences in the base glass com-
position. On the contrary, while the green tesserae are made from
Levantine I glass, the base glass of the yellow tessera is of the Foy-2
type despite using the same or at least similar yellow lead stannate com-
pound as colouring and opacifying agent. Generally, however, tesserae
of the same colour were produced from the same primary glass at Kilise
Tepe. This may imply secondary workshops that specialised in the pro-
duction of a single colour and that received supplies from one primary
production centre alone. Similar observations have been made in con-
nection with the late antique mosaics from Sagalassos and Padua
(Schibille et al., 2012; Silvestri et al., 2014) and as regards specific col-
ours such as red (Freestone et al., 2003; Barber et al., 2009), flesh
tones (Verita and Santopadre, 2010), yellow (Verita et al., 2013), and
blue (Gratuze et al., 1992), as well as gold leaf tesserae (Neri and
Verita, 2013; Neri et al.,, 2016).

The gold leaf tesserae from Kilise Tepe are somewhat exceptional in
that they can be divided into two compositional sub-groups of the Foy-2
type (Table 1). One group comprises most of the gold leaf tesserae as
well as the vessel fragment (samples KT NS 010, 011, 013, 026, 027
and 008), demonstrating that the glass used for tesserae production
was the same as the glass employed for other artefacts. The other
group consists in only two gold leaf tesserae and the three gilded
plaques (samples KT NS 004, 009, 022, 023 and 024). The two groups
differ in terms of their magnesium, aluminium, calcium, titanium and
iron concentrations. These differences imply that workshops
specialising in the production of gold leaf tesserae acquired their raw
material from more than one primary producer. It has previously been
demonstrated that the same secondary workshops (above all in the Le-
vantine area) used different raw glasses for the production of gold leaf
tesserae with different optical properties (Neri et al., 2016). The samples
of the two different groups from Kilise Tepe indeed express slightly
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different shades as the higher iron contents of the second group shifts
the colour towards green. The difference is not very pronounced and
cannot unequivocally be ascribed to aesthetic choices. However, the
chemical data confirm our previous assumption that at least some of
the gold leaf tesserae could have been cut from the larger gilded plaques
found at Kilise Tepe.

In general, the main type of glass used in the production of the Kilise
Tepe tesserae was the Foy-2 glass group with a likely provenance in
Egypt. Levantine | was used for only a third of the analysed samples
and it is associated with a specific range of colours, namely green and
turquoise as well as the bluish aqua window glass fragment. Similar col-
our-specific trends have been noted as regards the late antique tesserae
from the church of Hagios Polyeuktos in Constantinople (Schibille and
McKenzie, 2014). What was then designated as the low manganese
group (equivalent to Levantine I), comprises likewise only different
shades of green and turquoise. All other samples from Hagios
Polyeuktos correspond more closely to the Foy-2 type glass. These
shared characteristics in terms of base glass to colour relationship fur-
ther substantiate a production model whereby secondary workshops
specialised in the manufacture of a limited colour range.

4.2. Mosaic tesserae from Asia Minor

The Kilise Tepe assemblage fits the overall pattern in the use of mo-
saic tesserae in Asia Minor and related areas that relied on imports from
Egypt and the Levante (Fig. 12). Egyptian glasses (HIMT, Foy-2) were
identified among the mosaic assemblages from Amorium, Antioch,
Huarte, Cyprus, Hagios Polyeuktos and Hierapolis (Wypyski and
Becker, 2004; Lahanier, 1987; Bonnerot et al., 2016; Schibille and
McKenzie, 2014). As far as can be deduced from the published SEM-
EDS data, Foy-2 glass seems to have been used for most of the manga-
nese-containing tesserae from Cyprus (Bonnerot et al., 2016). Levantine
glass makes up the majority of the tesserae from Huarte, Antioch, Tyana
and Hierapolis (Lahanier, 1987; Wypyski and Becker, 2004; Wypyski,
2005; Lachin et al., 2009; Neri et al., forthcoming). The tesserae from
Sagalassos are of a Levantine origin, but with some high titanium sam-
ples particularly among dark blue and red tesserae from the Apollo
Klarios Temple (Schibille et al., 2012).

The Kilise Tepe tesserae differ from earlier Roman tesserae both in
terms of the base glass as well as the opacification technologies.
Roman tesserae are usually produced from a raw glass originating on
the Levantine coast and opacified by calcium antimonate (Wypyski
and Becker, 2004). For example, in fourth-century Antioch, late
Roman Sagalassos, sixth-century Constantinople (blue tesserae) and in
the church of the theatre of Hierapolis the majority of tesserae are
opacified by antimony-based compounds, according to the Roman tra-
dition. The tesserae from all other sites in Asia Minor for which data
are available (Amorium, Tyana, Hierapolis, Huarte, Constantinople and
Cyprus) testify to new opacification techniques that we also detected
at Kilise Tepe. Bone ash appears mostly among mosaic assemblages
from the south-eastern part of Asia Minor, Cyprus and Jordan starting
in the fifth century CE (Werner and Bismon, 1967; Lahanier, 1987,
Newton and Davison, 1999; Marii and Rehren, 2009). This confirms
what has been noted elsewhere, namely that antimony-based
opacifiers, used from about 1500 BCE to the fourth century CE, were
gradually replaced by alternatives during the fifth to sixth centuries CE
(Turner and Rooksby, 1959; Uboldi and Verita, 2003; Tite et al., 2008;
Gratuze, 2012; Neri et al.,, 2013). Nonetheless, antimony continues to
be used as an opacifier, most notably in the imperial capitals,
in Constantinople until the sixth century (Schibille and McKenzie,
2014) and in Ravenna and Rome until the medieval period (Verita, in
press). Generally, antimony appears to have been more widely
employed in the production of tesserae in the western Mediterranean
and Italy (Silvestri et al., 2011; Neri and Verita, 2013; Neri et al., 2016).

4.3. Workshop practices and supply

The variations in the opacification technique imply different second-
ary workshop traditions. Firstly, a uniform technique with antimony-
based opacifiers and a typical late Roman base glass of Levantine origin,
as identified in the blue, green, turquoise and yellow tesserae from
Antioch, Sagalassos and Hierapolis (church of the theatre). From the
sixth century on, tesserae exhibited a greater variety both in terms of
the base glass as well as the opacification techniques. This change is
documented, for instance, in the sixth-century mosaic tesserae from
Constantinople, Cyprus, Hierapolis (St. Philip), Amorium and Kilise
Tepe, providing clear evidence for a certain degree of diversification in
the production of mosaic tesserae and consequently a multiplication
of suppliers.

The comparison of the Kilise Tepe data with other recent analytical
studies for Byzantine mosaic tesserae from the eastern Mediterranean
(Moropoulou et al., 2016; Schibille and McKenzie, 2014; Schibille et
al., 2012; Wypyski, 2005; Bonnerot et al., 2016; Lahanier, 1987; Lachin
et al., 2009; Silvestri et al., 2016; Wypyski and Becker, 2004) highlights
some geographical affinities of the opacification techniques and raw
materials (Fig. 12). Blue tesserae produced with Foy-2 glass and
coloured with an iron-rich cobalt source were found in Cyprus, Antioch,
Sagalassos and Constantinople. Light blue or turquoise tesserae, con-
taining copper or cobalt as colourant and calcium phosphate (CazPOy4)
as opacifier in a Levantine I glass matrix were identified in Huarte,
Tyana, Amorium and Cyprus (Lahanier, 1987; Lachin et al., 2009;
Silvestri et al., 2016; Wypyski, 2005; Bonnerot et al., 2016). Lead-tin
opacification was detected in the green and yellow tesserae from
Amorium, Constantinople, Cyprus and Hierapolis (Moropoulou et al.,
2016; Schibille and McKenzie, 2014; Wypyski, 2005; Bonnerot et al.,
2016; Neri et al., forthcoming). Interestingly, the lead-tin opacified sam-
ples can be either of a Levantine I or a Foy-2 base glass, depending on the
colour. Green seems to be predominantly made of Levantine I, while the
yellow samples correspond instead to the Foy-2 primary production
group.

The production of red and black tesserae does not vary significantly
from the Bronze age to the Byzantine period (Freestone et al., 2003;
Barber et al., 2009; Wypyski and Becker, 2004). However, from the
sixth century on some differences can be seen in the metallurgical by-
product used (Fiori et al., 2004; Freestone et al., 2003; Gliozzo et al.,
2012, Santagostino Barbone et al., 2008; Shugar, 2000; Verita et al.,
2008). At Kilise Tepe and Hierapolis, iron and lead stannate was added
to obtain a brown hue and/or to act as reducing agents. This has not pre-
viously been observed. Substantial amounts of either manganese, as in
Constantinople and Amorium, or iron as in Kilise Tepe and Antioch
were employed to produce black tesserae.

5. Conclusion

The close similarities between the tesserae from Kilise Tepe and
those of other roughly contemporary sites in south-western Asia
Minor, Cyprus and northern Syria appear to indicate that the different
sites were part of a well-established supply network. The variability of
the raw glass and secondary working techniques identified among the
Kilise Tepe samples in comparison to other assemblages shed further
light on the chronological developments of tesserae production. The
raw glasses employed (Foy-2, Levantine I) circulated during the early
Byzantine period, and most likely post-date the fifth century CE. Con-
current with a fifth-century date is also the tradition of using calcium
phosphate as opacifier. This seems to confirm a late antique date for
the mosaic tesserae. Technically, all the samples investigated here
could have been part of the same mosaic programme, no repairs or res-
toration from later periods are evident. The multiplicity of production
techniques marks a diversification in the supply, a phenomenon that
is also observed in other eastern Mediterranean sites. Our data thus
add to the mounting evidence indicating the multiplication of
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secondary workshops for the production of glass tesserae during the
fifth or sixth century CE and a modification of the more centralized
Roman glass working tradition. This is reflected, in both, the variability
of the raw glass as well as the colouring and opacifying agents found
at a single site.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jasrep.2016.12.036.
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